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Abstract
Background: Alzheimer's disease (AD) is characterized by extensive loss of neurons in the brain
of AD patients. Intracellular accumulation of beta-amyloid peptide (Aβ) has also shown to occur in
AD. Neuro-inflammation has been known to play a role in the pathogenesis of AD.


Methods: In this study, we investigated neuro-inflammation and amyloidogenesis and memory
impairment following the systemic inflammation generated by lipopolysaccharide (LPS) using
immunohistochemistry, ELISA, behavioral tests and Western blotting.


Results: Intraperitoneal injection of LPS, (250 μg/kg) induced memory impairment determined by
passive avoidance and water maze tests in mice. Repeated injection of LPS (250 μg/kg, 3 or 7 times)
resulted in an accumulation of Aβ1–42 in the hippocampus and cerebralcortex of mice brains
through increased β- and γ-secretase activities accompanied with the increased expression of
amyloid precursor protein (APP), 99-residue carboxy-terminal fragment of APP (C99) and
generation of Aβ1–42 as well as activation of astrocytes in vivo. 3 weeks of pretreatment of sulindac
sulfide (3.75 and 7.5 mg/kg, orally), an anti-inflammatory agent, suppressed the LPS-induced
amyloidogenesis, memory dysfunction as well as neuronal cell death in vivo. Sulindac sulfide (12.5–
50 μM) also suppressed LPS (1 μg/ml)-induced amyloidogenesis in cultured neurons and astrocytes
in vitro.


Conclusion: This study suggests that neuro-inflammatory reaction could contribute to AD
pathology, and anti-inflammatory agent could be useful for the prevention of AD.


Background
Alzheimer's disease (AD) is a progressive neuro-psychiat-
ric disorder. The major neuropathological hallmarks of
AD are the formation of senile plaques (SPs) following


neurofibrillary tangles (NFTs) which cause neuronal
degeneration and synaptic loss. SPs are extracellular
deposits of fibrillar and amorphous aggregates of amyloid
beta-peptide (Aβ) whereas NFTs are intracellular fibrillar
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aggregates of the microtubule-associated protein tau that
exhibit hyperphosphorylation. The formation of SPs and
NFTs in brain regions such as the entorhinal cortex, hip-
pocampus, basal forebrain and amygdala impaired learn-
ing and memory functions [1]. AD brains also exhibit a
number of pathological abnormalities, including a pro-
found loss of synapses, reactive gliosis, and inflammatory
processes [2].


The brain has an endogenous immune system that is coor-
dinated by immunocompetent cells such as microglia.
The brain is also vulnerable to constitutive defense
responses, such as inflammation [3,4]. The inflammation
associated with the brain, neuro-inflammation, differs
from that found in the periphery. Although edema and
neutrophil invasion, typical features of inflammation, is
not seen in the AD brain, tissue levels of inflammatory
mediators including cytokines, chemokines, oxygen free
radicals and reactive nitrogen species, are altered [5,6].


Numerous reports have indicated that neuro-inflamma-
tory process contributes to the pathogenesis of AD. Study
performed in transgenic animals suggest that neuro-
inflammation plays an important role in the process of
cerebral amyloid deposition [7]. It has been shown that
inflammatory cytokines such as Interleukin (IL)-1β, IL-6,
Tumor necrosis factor-αgTNF-α) or Transforming growth
factor-β (TGF-β) can augment APP expression [8,9] and
Aβ formation [10]. It was also reported that cytokines are
able to transcriptionally upregulate β-secretase mRNA,
protein and enzymatic activity [11]. β-secretase is a key
rate-limiting enzyme that initiates Aβ formation [12].
Without β-secretase, Aβ synthesis is either abolished or
considerably reduced [13]. Moreover, McGeer and Rogers
proposed possible therapeutic effects of anti-inflamma-
tory agents on the patients with AD [14]. Inflammatory
mediators present in AD lesions are thought to stimulate
underlying key events of the pathological cascade that
result in increased Aβ production with recruitment and
activation of microglial cells [15].


Many persons with AD die with systemic inflammation
such as a lung or bladder infection. The systemic inflam-
mation will lead to the generation of circulating
cytokines, which will have in turn an impact on the cen-
tral nervous system [16]. Furthermore, it was also reported
that intraperitoneal injection of lipopolysaccharide (LPS)
induces cognitive impairment in mice [17,18]. However,
underlying mechanisms involved in LPS induced cogni-
tive impairment are not known. To investigate the impact
of systemic inflammation on memory impairment and its
role in cortical amyloid formation and deposition, mice
were intraperitoneally injected with LPS to generate sys-
temic inflammation, and then investigated for the possi-


ble mechanisms of LPS-induced memory impairment and
amyloidogenesis in vivo and in vitro.


Methods
Animals
Male ICR mice (Damool Science, Korea) weighing 25–30
g and Sprague-Dawley rats weighing 200–300 g, were
used in all experiments. Animals were maintained in
accordance with the National Institute of Toxicological
Research, Korea Food and Drug Administration guide-
lines for the care and use of laboratory animals. Animals
were housed in two cages (five per cage) and in a 22 ± 2°C
and 45~65% relative humidity environment under a 12-
hr light/12-hr dark cycle (8:00 a.m. ~8:00 p.m.). All ani-
mals had free access to food (Samyang Foods, Seoul,
Korea) and water. The anti-inflammatory sulindac sulfide
(3.75 or 7.5 mg/kg) was given orally for 3 weeks prior to
the injection of LPS in in vivo study.


The mice were randomly divided within each cage and
injected intraperitoneally with either 250 μg/kg of
Lipopolysaccharide (LPS) or sterile saline (0.9% NaCl).
For all experiments, LPS (Escherichia coli, serotype 055:B5,
Sigma, St. Louis, MO, USA) was used to induce an inflam-
matory response and was injected once on day 1 of behav-
ioral testing. All injections were administered 4 hrs prior
to testing. This allows enough time for the development
of neuro-inflammation expressing central IL-1β gene
(most notably in circumventricular organs, meningeal tis-
sue, and choroid plexus) at this dose and similar doses of
intraperitoneal LPS [19].


Behavioral test
1. Passive avoidance test (Step-through test)
The passive avoidance test is a widely accepted simple and
rapid means of memory testing. Passive avoidance
response was determined using a "step-through" appara-
tus (Med Associated Inc., St. Albans, VT, USA), which con-
sisted of an illuminated and dark compartment (each
20.3 × 15.9 × 21.3 cm) adjoining each other through a
guillotine door. Floors were constructed of 3.175 mm
stainless steel rods set 8 mm apart. The test was conducted
for 2 consecutive days at the same time each day. On the
first day (learning trial) each mouse was placed in the illu-
minated compartment facing away from the dark com-
partment. Once the mouse enters completely into the
dark compartment, it receives an electric shock (1 mA, 3
s) through the stainless steel grid floor. The amount of
time it took for the mouse to enter into the dark compart-
ment was recorded automatically, and described as step-
through latency. On the second day (testing trial), the
same test procedure was followed. When the mouse did
not enter the dark compartment within 300s, the test was
terminated and a latency of 300s was recorded.
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2. Water maze test
The water maze test was performed as described by Morris
et al. [20] using the SMART-CS (Panlab, Barcelona, Spain)
program and equipment. A circular pool (height: 35 cm,
diameter: 100 cm) was filled with water, dyed black by
dissolving food colorings and maintained at 22~25°C. An
escape platform (height: 14.5 cm, diameter: 4.5 cm) was
then submerged 0.5~1 cm below the surface of the water
in the northeastern quadrant of the pool. On training tri-
als, the mice were placed in the pool of water and allowed
to remain on the platform for 10 s and were then returned
to their cage during the second-trial interval. The mice that
did not find the platform within 120 s were placed on the
platform for 10 s at the end of trial. 24 hrs after 6 trials
(two times per day for 3 days), mice were given LPS. Four
hrs after the treatment of LPS (designated as day 1), they
were allowed to swim until they sought the escape plat-
form. Escape latency, escape distance, swimming speed
and swimming pattern of each mouse was monitored for
3 days (1 time/day) by a camera above the center of the
pool connected to a SMART-LD program (Panlab, Barce-
lona, Spain).


Tissue preparation
After the behavioral tests, animals were perfused with PBS
under inhaled diethyl ether anesthesia. Brains were imme-
diately collected, stored at -20°C, and separated into cor-
tical and hippocampal regions. The brain regions
(hippocampus and cerebralcortex) were immediately
stored at -80°C before an assay of secretase activities, Aβ1–


42 level as well as western blotting.


Astrocyte culture
As described elsewhere [21,22], 2-day-old rat pups were
ice-anesthetized and decapitated. After the skin was
opened and the skull was cut, the brain was released from
the skull cavity. After washing with PBS, the cerebrum was
separated from the cerebellum and brain stem, and the
cerebral hemispheres were separated from each other by
gently teasing along the midline fissure with the sharp
edge of forceps. The meninges were gently peeled from the
individual cortical lobes and the cortices were dissociated
by mechanical digestion [using the cell strainer (BD Bio-
sciences, Franklin Lakes, NJ, USA)] with Dulbecco's mod-
ified Eagle's medium (DMEM) containing F12 nutrient
mixture (Invitrogen, Carlsbad, CA). The resulting cells
were centrifuged (1,500 rpm, 5 mins), resuspended in
serum-supplemented culture media, and plated into 100
mm dishes. Serum-supplemented culture media was com-
posed of DMEM supplemented with F12, FBS (5%),
NaHCO3 (40 mM), penicillin (100 units/ml), and stepto-
mycin (100 μg/ml). The cells were incubated in the cul-
ture medium in a humidified incubator at 37°C and 5%
CO2for 9 days. At confluence (9 days), the flask was sub-
jected to shaking for 16–18 hrs at 37°C. The cultures were


treated for 48 hrs with cytosine arabinoside and the
medium was replaced with DMEM/F12HAM containing
10% FBS. The monolayer was treated with 1.25% trypsin-
EDTA for a short duration after which the cells were disso-
ciated and plated into uncoated glass coverslips. The
astrocyte cultures formed a layer of process-bearing,
GFAP-positive cells. The purity of astrocyte cultures was
assessed by GFAP-immunostaining. Under these condi-
tions, we can assume that over 95% of the cells were astro-
cytes. The cultured cells were treated with LPS or TNF-α or
IFN-γ for 24 hrs, and cells were harvested for the assay of
Aβ and western blotting.


Embryonic neuronal cell culture
The Sprague-Dawley pregnant rats were sacrificed by cer-
vical dislocation and the embryos were removed on the
18th day of gestation. The embryonic brain tissues were
mechanically dissociated into individual cells in NEURO-
BASAL medium (Invitrogen, Carlsbad, CA, USA). The
resulting cells were centrifuged (1,500 rpm, 5 min), resus-
pended in NEUROBASAL medium containing B-27 sup-
plement (Invitrogen, Carlsbad, CA), L-glutamine (0.5
mM), penicillin (100 units/ml), steptomycin (100 μg/ml)
and plated into 60 mm dishes. The culture media was
changed every 2 days. Greater than 90% of the cells in
these cultures were neurons as assessed by cell morphol-
ogy and immunostaining with mouse monoclonal anti-
bodies against neurofilaments (1: 5,000). 7 day cultured
cells were treated with LPS or TNF-α or IFN-γgor 24 hrs,
the cells were harvested for the assay of Aβ and western
blotting.


Western blotting
Brain tissues and cells were homogenized with protein
extraction solution (PRO-PREP™, Intron Biotechnology,
Korea), and lysed by 60 min incubation on ice. The lysate
was centrifuged at 15,000 rpm for 15 min. Equal amount
of proteins (40 μg) were separated on a SDS/10% or 15%-
polyacrylamide gel, and then transferred to a polyvinyli-
dene difluoride (PVDF) membrane (GE Water & Process
technologies, Trevose, PA, USA). Blots were blocked for 2
hrs at room temperature with 5% (w/v) non-fat dried milk
in Tris-Buffered Saline Tween-20 [TBST: 10 mM Tris (pH
8.0) and 150 mM NaCl solution containing 0.05% tween-
20]. After a short wash in TBST, the membrane was incu-
bated at room temperature with specific antibodies. Rab-
bit polyclonal antibodies against iNOS and COX-2 (1:
1,000 dilution, Cayman Chemical, Ann Arbor, MI, USA),
APP (1:500 dilution, ABR, Golden, CO, USA), BACE1
(1:500 dilution, Sigma, St. Louis, MO, USA), C99 (1:500
dilution, Sigma, St. Louis, MO, USA) and mouse mono-
clonal antibody against phospho-ERK (1:500 dilution,
Santa Cruz Biothechnology Inc. Santa Cruz, CA, USA)
were used in the study. The blot was then incubated with
the corresponding conjugated anti-rabbit or mouse
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immunoglobulin G-horseradish peroxidase (1:2,000
dilutions, Santa Cruz Biotechnology Inc. Santa Cruz, CA,
USA). Immunoreactive proteins were detected with the
BM Chemiluminescence blotting substrate (Roche
applied science, Mannheim, Germany).


Immunohistochemistry and immunofluorescence
Mice were euthanized with diethyl ether and perfused
with 0.1 M PBS then with 4% paraformaldehyde. The
brains were collected from mice following perfusion and
immediately fixed in 4% paraformaldehyde for 24 hrs.
The brains were transferred successively to 10%, 20% and
30% sucrose solutions. Subsequently, brains were frozen
on a cold stage and sectioned in a cryostate (40 μm-thick).
Sections were treated with endogenous peroxidase (3%
H2O2 in PBS), and then with 0.01 M PBS blocking buffer
containing 10% bovine serum albumin in PBS for 40 min.
Then the sections were incubated with rabbit polyclonal
antibody against Aβ1–42 (1:2,000 dilution, Covance, Ber-
keley, CA, USA), and iNOS and COX-2 (1: 1,000 dilution,
Cayman Chemical, Ann Arbor, MI, USA), overnight. After
the incubation, sections were washed in PBS and incu-
bated with the biotinylated secondary antibodies (ABC
kit, Vector Laboaratories, Burlingame, CA) for 30 min.
The sections were washed with PBS, incubated with the
avidin-biotin complex (Vector Laboratories, Burlingame,
CA) for 30 min, and visualized by chromogen DAB (Vec-
tor Laboratories, Burlingame, CA) reaction. The sections
were dehydrated in ethanol, cleared in xylene, and
mounted with permaunt (Fisher Scientific, Hampton,
NH). For the detection of cellular location of Aβ1–42, we
did an immunofluorescence immunostaining. Sections
were rinsed in 0.01 M PBS buffer. After washing in PBS,
the sections were incubated for 1 hr at room temperature
with 10% bovine serum albumin diluted in PBS. The sec-
tions were incubated overnight at 4°C with Rabbit Poly-
clonal Aβ1–42 antibody (1:2000 dilution, Covance,
Berkeley, CA, USA). After washing in PBS, the sections
were washed and incubated with Alexa Fluro 568 conju-
gated Rabbit Polyclonal antibody (1:200 dilution, Molec-
ular Probe, Carlsbad, CA, USA) for 2 hrs at room
temperature. Next, the sections were incubated with DAPI
for 15 min at 37°C. Finally, the sections were rinsed,
mounted on slides, and coverslipped for fluorescence
microscopy and photography using ApoTome microscope
(Carl Zeiss, Inc., Thornwood, NY, USA). For detection of
apoptotic cell death in tumor tissue, the paraffin embed-
ded sections were then incubated in the mixture of labe-
ling solution (450 μl) and enzyme solution (50 μl) for 1
hr at 37°C and washed 3 times in 0.1 M PBS for 5 min
each according to manufacturer's instructions. Next, the
sections were incubated with DAPI for 15 min at 37°C.
Finally, the sections were rinsed, mounted on slides, and
coverslipped for fluorescence microscopy (DAS micro-


scope). Positive TUNEL stains were recorded by counting
the number of positively stained DAPI in the definite area.


α-, β- and γ-secretase activity assays
The total activities of α-, β- and γ-secretase present in cor-
tical and hippocampal regions were determined using a
commercially available α-secretase activity kit (R&D sys-
tems, Wiesbaden, Germany), β-secretase fluorescence res-
onance energy transfer (BACE 1 FRET) assay kit
(PANVERA, Madison, USA) and γ-secretase activity kit,
(R&D systems, Wiesbaden, Germany) according to the
manufacturer's instructions, respectively. Each tissue was
homogenized in cold 1 × cell extraction buffer (a compo-
nent of the kit) to a final protein concentration of 1 mg/
ml.


To determine α (or γ)-secretase activity, 50 μl of lysate was
mixed with 50 μl of reaction buffer. The mixture was incu-
bated for 1 hr in the dark at 37°C after 5 μl of substrate
was added. Substrate conjugated to the reporter molecules
EDANS and DABCYL was cleaved by α (or γ)-secretase
and released a fluorescent signal. This fluorescence was
measured using a Fluostar galaxy fluorometer (excitation
at 355 nm and emission at 510 nm) equipped with Felix
software (BMG Labtechnologies, Offenburg, Germany).
The level of α (or γ)-secretase enzymatic activity was pro-
portional to fluorescence with the intensity of fluorescene
which was expressed as fluorescence units.


To determine β-secretase, 10 μl of lysate was mixed with
10 μl of BACE1 substrate (Rh-EVNLDAEFK-Quencher).
The reaction mixture was then incubated for 1 hr at room
temperature in a black 96-microwell plate. The reaction
was stopped by adding 10 μl of BACE1 stop buffer (2.5 M
sodium acetate). Fluorescence was determined using a
Fluostar galaxy fluorometer (excitation at 545 nm and
emission at 590 nm) equipped with Felix software (BMG
Labtechnologies, Offenburg, Germany). Enzyme activity
was linearly related to fluorescence increases, and the
activity was expressed as fluorescence units. All controls,
blanks and samples were run in triplicate.


Measurement of Aβ level
Lysates of brain tissue prepared as described in the West-
ern blotting section were obtained through protein extrac-
tion buffer containing protease inhibitor. Media from
neuronal cell culture was collected, then briefly spun to
remove cell debris and mixed with 4-(2-aminoethyl)-ben-
zene sulfonyl fluoride serine protease inhibitor. Aβ1–42
and Aβ1–40 levels were determined using specific ELISAs
(IBL, Immuno-Biological Co., Ltd., Japan). In short, 100
μl of sample was added into the precoated plate and was
incubated overnight at 4°C. After washing each well of the
precoated plate with washing buffer, 100 μl of labeled
antibody solution was added and the mixture was incu-
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bated for 1 hr at 4°C in the dark. After washing, chro-
mogen was added and the mixture was incubated for 30
mins at room temperature in the dark. After the addition
of stop solution, the resulting color was assayed at 450 nm
using a microplate absorbance reader (Sunrise™, TECAN,
Switzerland).


Statistics
The experimental results were expressed as mean ± S.E. A
one-way analysis of variance (ANOVA) was used for mul-
tiple comparisons followed by Dunnett. Differences with
P < 0.05 were considered statistically significant.


Results
LPS induced memory impairment
In the passive avoidance test, at the learning trial (day 0),
mice of all groups entered the dark compartment, and
there were no significant differences among the animals.
However, in the testing trial (day 1), the mice which
received a single intraperitoneal injection of LPS (250 μg/
kg) showed a significantly reduced step-through latency
compared to those injected with vehicle (Fig. 1A). In the
water maze test, the mice exhibited progressively
decreased escape latency by the training (3 days after
training; 2 times/day, total of 6 times training), and the
escape latency at the end of training (7th escape latency) to
the platform was about 403 ± 44 cm and 19 ± 1 s (data not
shown). LPS was then administered into the mice. Similar
to the result in the step through test, LPS-treated mice


Effect of LPS on step-through type passive avoidance test (A) and water maze test (B, C, D)Figure 1
Effect of LPS on step-through type passive avoidance test (A) and water maze test (B, C, D). (A), Each value is mean ± S.E. 
from 7–9 mice. *Significantly different from control (p < 0.05). Memory function was determined by the escape latencies (B, 
sec), distance (C, cm) and speed (D, cm/sec) for 3 days at 4 hr (designated 1 day) after administration of LPS. Each value is 
mean ± S.E. from 7–9 mice. *Significantly different from control (p < 0.05).

Page 5 of 14
(page number not for citation purposes)







Journal of Neuroinflammation 2008, 5:37 http://www.jneuroinflammation.com/content/5/1/37

showed longer escape latency (the time required to find
the platform) and escape distance (the distance swam to
find the platform) than the control group (Fig. 1B). This
tendency continued throughout the 3-day trial period
although the difference between the two groups was get-
ting smaller. The LPS-treated group traveled a further dis-
tance to reach the platform than the control group did
(Fig. 1C). It is considered that these differences between
the two groups reflected the difference in memory func-
tion since there was not much difference in swimming
speed (Fig. 1D).


LPS induced Aβ generation in mice brains
A single intraperitoneal injection of LPS increased the
Aβ1–42 level in the cortex and hippocampus (Fig. 2A). In
contrast, a single intraperitoneal injection of LPS
decreased the Aβ1–40 level in the cortex and hippocampus
(Fig. 2A). To assess the pattern of Aβ1–42 deposition, we
analyzed the Aβ1–42 immunoreactivity in the cortex and
hippocampus following daily LPS injections for 3–7 days.
An increase of Aβ1–42 immunoreactivity was observed in
the LPS injected group compared to that of the control
group (Fig. 2B). Aβ1–42 immunoreactivity progressively
increased with the duration of LPS adminstration and was


Effect of LPS on Aβ accumulation in the cortex and hippocampusFigure 2
Effect of LPS on Aβ accumulation in the cortex and hippocampus. The levels of Aβ1–42 and Aβ1–40 (A) were assessed 
by using a specific Aβ ELISA as described in the Materials and methods section. Values measured from each group of mice were 
calibrated by amount of protein and expressed as mean ± S.E. (n = 5) *Significant different from control (p < 0.05). Immunos-
taining of Aβ1–42 in the cortex and hippocampus (B). Mice were injected intraperitoneally with either 250 μg/kg LPS or sterile 
saline (0.9% NaCl) daily for 3 or 7 days before sacrifice. Forty μm-thick sections of brains from mice were incubated with rab-
bit polyclonal anti-Aβ1–42 antibody and counterstained with hematoxylin. Arrow indicates Aβ1–42 accumulation which is clearly 
higher in the cerebral cortex and hippocampus of LPS-treated mouse and was the highest in the mouse treated with daily injec-
tion for 7 days. Figure in box shows the intracellular accumulation of Aβ1–42 (detected anti-Aβ1–42 immunofluroscene staining 
after DAPI staining the cells) in the pyramidal neurons of the hippocampus at the high magnification. Arrow bar indicates accu-
mulation of Aβ1–42.
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much more intense in the hippocampus compared to the
control.


LPS decreased α-secretase activity but increased βg and γ-
secretase activities as well as expression of APP, BACE and 
C99 proteins in mice brains
Following a single injection of LPS, the activities of β and
γ-secretase in the cortex and hippocampus increased (Fig.
3B and 3C), whereas, the activity of α-secretase decreased
in mice brains (Fig. 3A). Moreover, LPS treatment
increased expression of APP, BACE and C99 accompanied
with the increase of inflammatory proteins iNOS and
COX-2 expression (Fig. 3D).


Inflammatory agents promoted amyloidogenesis in vitro
It is known that microglia and astrocytes are major
sources of neuro-inflammation. Moreover, recent data
showed that neuronal cells also have cytokine receptors
such as LPS receptor (toll like receptor) as well as TNF
receptor [23,24]. Neurons may be directly involved in
neuro-inflammation or indirectly via the interaction with
microglia and astrocytes. In order to analyze the effect of
LPS induced inflammation on amyloidogenesis in vitro,
cultured astrocytes from rat pups and neuronal cells from
rat embryos were used. Astrocytes lend both mechanical
and metabolic support for neurons, regulating the envi-
ronment in which they function. Interferron-gamma
(IFN-γ) and tumor necrosis factor-alpha (TNF-α) as well
as LPS were treated to induce an inflammatory reaction.


Effect of LPS on secretase activities and amyloidogenic proteins expressionFigure 3
Effect of LPS on secretase activities and amyloidogenic proteins expression. The activities of α-, β-secretase (A, B) 
and γ-secretase (C) were assessed by using commercially available assay kits. Data represent mean ± S.E. (n = 5). *Significant 
different from control group (p < 0.05). The expression of APP, BACE and C99 (D) were detected by Western blotting using 
specific antibodies. Each blot is representative for five experiments. β-actin protein was used here as an internal control.

Page 7 of 14
(page number not for citation purposes)







Journal of Neuroinflammation 2008, 5:37 http://www.jneuroinflammation.com/content/5/1/37

Similiar to the in vivo results, inflammatory stimuli con-
comitantly increased expression of amyloidogenic pro-
teins (such as APP, BACE and C99) accompanied with the
increase of expression of inflammatory proteins (such as
COX-2 and iNOS) in both astrocytes (Fig. 4A) and neuro-
nal cells (Fig. 4B). These results further indicate amy-
loidogenic pathway could be promoted by neuro-
inflammatory stimulation in in vitro and in vivo.


Anti-inflammatory drug inhibited LPS-induced 
amyloidogenesis and memory impairment
The effect of sulindac sulfide, a COX-1, 2 non-selective
drugs, in vivo and in vitro system was assessed. Sulindac
sulfide has been known to decrease the Aβ secretion in
N2a neuroblastoma cells stably transfected with human
APP695 bearing the Swedish mutation [25]. As shown in
Fig. 4C, the cells expressed low levels of APP, β-site APP
cleavage enzyme (BACE) and C99 protein in an unstimu-
lated condition, whereas, expression of BACE, APP and
C99 proteins increased in response to LPS (1 μg/ml) after
24 hrs. Treatment with sulindac sulfide (12.5, 25, 50 μM)


Effect of anti-inflammatory agents on expression of amyloidogenic proteins (A, B)Figure 4
Effect of anti-inflammatory agents on expression of amyloidogenic proteins (A, B). The expression of APP, BACE and C99 
were detected by Western blotting using specific antibodies in astrocytes (A) and neuronal cells (B). β-Actin protein was used 
as an internal control. Each blot is representative for five experiments. Sulindac sulfide inhibits expression of amyloidogenic 
proteins (C) and Aβ1–42 secretion (D) induced by LPS in cultured neuronal cells. Combined Sulindac sulfide (12.5, 25, 50 μM) 
and LPS treatment for 24 hr were used. (C), The expression of APP, BACE and C99 in neuronal cells was detected by West-
ern blotting using specific antibodies. β-Actin protein was used as an internal control. (D), Media were collected to determine 
an Aβ1–42 secretion by ELISA. Data represent mean ± S.E. of three experiments with duplicated. *Significant different from LPS 
treated group (p < 0.05).
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caused concentration-dependent decreases in LPS-
induced BACE, and C99 expression in neuronal cells, but
did not change the expression of APP. In addition, sulin-
dac sulfide decreased LPS-induced Aβ1–42 secretion into
culture media (Fig. 4D). Furthermore, oral pretreatment
with sulindac sulfide (3.75 and 7.5 mg/kg) for 3 weeks
suppressed memory impairment caused by LPS, and
reduced increased Aβ1–42 levels (Fig. 5D) in concentra-
tion-dependent manners. This was evaluated with the pas-
sive avoidance test (Fig. 5A) and the water maze test (Fig.
5B and 5C). It is considered that sulindac sulfide may


have an endogenous Aβ-lowering effect in neuronal cells,
and suggests that inflammatory reaction could influence
the amyloidogenesis, and thus could improve memory
function.


LPS caused neuronal cell death in the brain
To verify the relationship between LPS-induced accumula-
tion of Aβ and neuronal cell death, we investigated the
induction of cell death by LPS in vivo. Substantial increase
of apoptotic cells was found in the hippocampus of LPS
treated mice. A significant increase in the percentage of the


Effect of sulindac sulfide on the LPS-induced memory impairment (A-C) and elevated Aβ1–42 level (D)Figure 5
Effect of sulindac sulfide on the LPS-induced memory impairment (A-C) and elevated Aβ1–42 level (D). Sulindac sulfide was pre-
treated for 3 weeks by oral administration. For the passive avoidance performance test, mice were trained one time. At 24 hr 
later, mice were given LPS (250 μg/kg, i.p.). After 4 hr treatment of LPS, the latency period was measured. Each value is means 
± S.E. from 15 mice. *Significantly different from LPS treated control (p < 0.05). (B-C), Mice were pretreated with Sulindac 
sulfide for 3 weeks, and then trained for 3 days (2 times/day, 6 times training), and then LPS (250 μg/kg, i.p.) was administered 
into mice. Memory function was determined by the escape latencies (cm, B) and distance (sec, C) at 4 hr (designated day 1). 
Each value is means ± S.E. from 15 mice. D, The levels of Aβ1–42 were assessed after finishing the behavioral tests by using a 
specific Aβ1–42 ELISA. Values measured from each group of mice were calibrated by amount of protein and expressed as mean 
± S.E. (n = 15) *Significant different from LPS treated group (p < 0.05).
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number of apoptotic cells was detected in the LPS treated
animals (36.2 ± 3.6%) verses the control (2.1 ± 0.8%).
The percentage of the number of apoptotic cells in the
brains of LPS treated animals was significantly reduced by
the sulindac sulfide pretreatment. The values were 11.4 ±
2.8% (3.75 mg/kg), and 6.1 ± 1.8% (7.5 mg/kg), respec-
tively (Fig. 6A).


The activation of astrocytes was analyzed by their immu-
noreactivity for GFAP which was more intensive in LPS


treated mice brains than in controls. It was also reduced
by sulindac sulfide pre-treatment (Fig. 6B).


Discussion
Epidemiological and genetic evidences have shown that
an inflammatory process may contribute to AD pathol-
ogy. However, the exact relationship and mechanisms are
not clear. Therefore, we tried to establish a convincing the-
oretical link between neuro-inflammatory reaction and
amyloidogenesis. Our results demonstrated that systemic
injections of LPS induced memory impairment. LPS also


Effect of LPS on activation of astrocytes (A) and apoptotic cell death (B)Figure 6
Effect of LPS on activation of astrocytes (A) and apoptotic cell death (B). Mice were injected intraperitoneally with either 250 
μg/kg LPS or sterile saline (0.9% NaCl) daily for 7 days before sacrifice. Forty μm-thick sections of brains from mice were 
immunostained with rabbit polyclonal anti-GFAP antibody for evaluation of activation of astrocytes. The broad distribution and 
deep intensity of GFAP reactive cells increased in the LPS injected mice brain. Each panel is representative of 6 animals. Apop-
totic cell death was determined by DAPI staining and TUNEL assay. Apoptosis (%) was defined as the percentage of the 
number of TUNEL-positive cells per surface of unit. Values are mean ± S.E. (n = 6). *P < 0.05 indicates significantly different 
from LPS-treated cells.
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induced Aβ1–42 generation in both the cortex and hippoc-
ampus. In in invo and in vitro studies, expression of the
genes involved in inflammation and in amyloidogenesis
was also concomitantly increased by the LPS treatment.
Moreover, the anti-inflammatory drug sulindac sulfide
inhibited the LPS-induced memory impairment and amy-
loidogenesis. These results indicate that systemic inflam-
mation induced by LPS could cause memory impairment
through enhancement of amyloidogenesis.


Recent studies have demonstrated that LPS influences Aβ
deposition [25], and anti-inflammatory agents prevent Aβ
deposition [26]. Ibuprofen, a commonly used nonsteroid
anti-inflammatory drug, decreased cytokine-stimulated
Aβ production in human neuronal cells and astrocytes
[27]. It also reduced Aβ levels and brain inflammation in
Tg2576 AD mice [28]. Indometacin given to Tg2576 mice
also reduced insoluble Aβ1–42 in the hippocampus [29].
Our previous data also showed a co-elevated expression of
Aβ1–42 and COX-2 as well as IL-1 in presenlinin 2 mutant
AD transgenic mice [30]. Our present study demonstrated
that co-expression of inflammatory proteins COX-2 and
iNOS, and amyloidogenic proteins BACE and C99 was
higher in the LPS-treated mice brains, and LPS alone or
LPS with IFN-γ or TNF-α treated cultured astrocytes and
neuronal cells. However, the anti-inflammatory drug
sulindac sulfide decreased the LPS-induced expressions of
BACE and C99 as well as COX-2 and iNOS. These data
indicate that expression of inflammatory proteins could
be linked with expression of the proteins related with
amyloidogenesis. We also found that LPS treated brains
showed higher levels of Aβ1–42 but lower levels of Aβ1–40.
It may be interesting to note that several other investiga-
tors demonstrated that Aβ1–40 could be cytoprotective.
Kuperstein et al. reported that Aβ1–40 protects fetal rat
brain from intrauterine ischemic stress [31]. Zou et al. also
demonstrated that Aβ1–40 protects neurons from damage
induced by Aβ1–42 in culture and in rat brains [32] via serv-
ing as an antioxidant molecule against metal-induced oxi-
dative damage [33]. This increase of Aβ1–42 with
concomitant decrease of Aβ1–40could be related with the
elevation of the expression of amyloidogenic proteins in
LPS-treated mice brains, and could also be involved in
neuronal damages causing memory dysfunction. Very
similar to our findings, Hauss-Wegrzyniak and Wenk
showed that LPS induced extracellular deposition of beta-
amyloid fibrils into the hippocampus [34]. Therefore, our
results suggest that there is a close connection between
amyloidogenesis and neuro-inflammation induced by
systemic injection of LPS, and thus neuro-inflammation
enhances Aβ generation which impairs memory function.


The way LPS induces amyloidogenesis is not clear. How-
ever, it could be related with the change in secretase activ-
ities. APP is first cleaved by β-secretase at its β-cleavage site


generating a membrane bound C99 whose subsequent
proteolysis by a second enzyme, γ-secretase produces Aβ1–


42. Thus, we determined secretase activities. Consistent
with the increasing effect on Aβ1–42 generation and expres-
sion of APP, BACE and C99, LPS treatment increased β-
and γ-secretase activities. It has been shown that inflam-
matory cytokines IL-1β, IL-6, TNF-α and TGF-β aug-
mented APP expression [8,9], and Aβ formation [10], and
these processes may be related with the activation of tran-
scriptional upregulation of β-secretase mRNA, protein
and enzymatic activity [11]. It has also been observed that
TNF-α, IL-1β and IFN-γ stimulate γ-secretase so as to con-
trol Aβ generation [35]. Sheng et al. also reported that the
systemic injection of LPS increases APP expression and
processing with accumulation of Aβ in APPswe transgenic
mice [36]. LPS-induced increase of APP level in the
present study is in agreement with the observation by Rog-
ers et al. [37] who demonstrated that the primary inflam-
matory cytokine enhanced APP gene expression at the
translational level through the well characterized IL-1
responsive element of APP mRNA. Taken together, these
data indicated that LPS-enhanced inflammatory reactions
could influence APP processing through the enhancement
of β and γ-secretase activities, thereby affecting amyloido-
genesis. Bandyopadhyay et al. showed that cytokine inter-
leukin-1α stimulates non-amyloidogenic pathway by the
alpha-secretase (ADAM-10 and ADAM-17) cleavage of
APP in human astrocytes [38]. It was observed that IL-1β
induced sAPPα release via α-secretase cleavage in neurog-
lioma U251 cells [39]. We also found that LPS decreased
α-secretase. These findings suggest that one of other
mechanism increasing of β-amyloid by LPS may be in part
due to the inhibition of α-secretase activity.


The signals in LPS treatment induced amyloidogenesis
could be involved with the activation of AP-1 since APP
gene promoter contains potential activator protein-1 (AP-
1) recognition site [40-42], and LPS could activate AP-1
activity [43]. Activation of the MAP kinase pathway may
relay the amyliodogenesis signal as demonstrated in other
studies [44,45,30,46] in which MAP kinase plays a role in
neuro-inflammatory and neurodegenerative pathology of
relevance to AD. In the present study, it was also found
that phosphorylation of ERK, a type of MAP kinase, was
elevated in the LPS treated group, and sulindac sulfide
decreased the activation of ERK and Aβ1–42 secretion in
neuronal cells (data not shown). These data indicate that
ERK/AP-1 signal pathway may be important in the LPS-
induced amyloidogenesis.


The consequence of elevated Aβ1–42 by LPS could cause
neuronal cell death, and this may be associated with
memory impairment. In fact, we found that LPS-treated
mice brains showed increased number of cell death in
vivo. However, treatment of sulindac sulfide inhibited
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LPS-induced neuronal cell death, suggesting that induc-
tion of neuronal apoptotic cell death by LPS may directly
result from the induction of amyloidogenesis by neuro-
inflammation. Noble et al. reported that acute systemic
inflammation induces central mitochondrial damage and
amnesic deficit in adult Swiss mice [47]. Sparkman [17],
and Milatovic et al. [48] and Szczepanik and Ringheim
[49] reported that intraperitoneal injections of LPS cause
AD-like neuronal degeneration. We have also found that
mutant presenilin 2 (a genetic AD model) mice brains
showed increased inflammation and accumulation of Aβg
accompanied by an increase of apoptotic neuronal cell
death. LPS induced neuro-inflammatory signal activation
(Cox-2 and ERK activation) could be involved in the LPS-
induced neuronal cell death. Jang and Surh showed that
beta-amyloid-induced apoptosis is associated with
cyclooxygenase-2 up-regulation through activation of NF-
κB, which is mediated by upstream kinases including ERK
and p38 MAPK [50]. We also previously demonstrated
that Bcl-2 overexpression protects neuronal cells against
Aβ-induced cell death in differentiated PC12, and its pro-
tective effect was related to the reduction of Aβ-induced
activation of p38 MAP kinase [51]. Even though the exact
signal pathways in the LPS-induced neuronal cell death
and amyloidogenesis are not clear, the increase of apop-
totic neuronal cell death via the elevation of Aβ1–42 could
be an important mechanism in LPS-induced memory
impairment. The activation of astrocytes by treatment
with LPS may induce several cytotoxic cytokines which
could also hurt neighboring neuronal cells via directly
killing mechanisms [52-54] or via elevation of Aβ1–42
[9,10]. In conclusion, systemic inflammation by treat-
ment with LPS causes elevation of amyloidogenesis and
neuronal cell death which finally result in memory
impairment.


Conclusion
In conclusion, our current study showed that systemic
inflammatory stimuli elevated amyloidogenesis through
activation of β- and γ-secretases accompanied with inhibi-
tion of α-secretase leading to elevated Aβ1–42 levels in vivo
and in vitro. This co-elevated inflammation and amyloido-
genesis resulted in neuronal cell death, and thus memory
impairment. Moreover, the anti-inflammatory drug sulin-
dac sulfide inhibited both amylodogenesis and neuro-
inflammation which led to recovery effects on the LPS-
induced memory impairment. Therefore, the present data
suggest that systemic inflammation could be involved in
the development and/or progression of AD, and anti-
inflammatory drugs might be useful for the prevention of
AD.
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Suprasegmental Patient Inventory Sheet 


Patient Name                                                                                       Date 


  
Please mark the following in each category by ranking each one 0-4. 


0=Never, 1=Rarely, 2=Occasionally, 3=Frequently, 4=Very Frequently 
  


 DLC 


  Feelings of Sadness   Decreased interests in Others 


  Moodiness   Feelings of hopelessness about the future 


  Negativity   Feelings of helplessness or powerlessness 


  Low Energy   Feeling dissatisfied or bored 


  Irritability   Excessive Guilt 


  Suicidal Feelings   Crying Easily 


  Low Self Esteem   Lowered Interest in things considered fun 


  Sleep changes   Appetite changes 


  Forgetfulness   Decreased interest in sex 


  Poor concentration   Negative sensitivity to smells and odors 


 
 BG 


  Panic Attacks   Feelings of nervousness or anxiety 


  Poor handwriting   Tremors / Shakiness 


  Shyness or timidity   
Heart pounding, rapid heart rate, chest  
pain 


  Tics   
Troubled breathing or feelings of being 
smothered 


  Conflict Avoidance   Feeling dizzy, faint or unsteady on feet 


  Low motivation   
Avoidance of public places from fear of 
anxiety 


  Excessive motivation   Periods of nausea and stomach upset 


  Quick startle reaction   Tendency to predict the worst 


  Persistent phobias   Fear of being judged or scrutinized 


  Easily embarrassed   
Excessive worrying about what others 
think 


  Easily sweats   
Tendency to freeze in anxiety provoking 
situations 


  Hot or cold flashes / hot or cold hands     


 
 PFC 


  Trouble listening   
Trouble sustaining attention in routine 


situations 


  Distractibility   
Inability to give close attention to detail or 
avoid mistakes 


  Poor planning skills   Lack of clear goals or forward thinking 


  Boredom   Difficulty expressing feelings 


  Lethargy   
Difficulty following through or finishing 


things 


  Lack of motivation   Difficulty expressing empathy for others 







  Excessive daydreaming   Feelings of spaciness or being in a fog 


  Conflict seeking   
Trouble learning from experience, makes 
repetitive mistakes 


  Difficulty awaiting turn   Difficulty remaining seated when expected 


  Restlessness    Interruption of or intrusion on others 


  Impulsivity   
Blurting out of answers before question is 
completed 


  Talking to much or to little     


 
 CS 


  Senseless worrying   
Tendency to say no without first thinking 
about  the question 


  Dislike of change   
Perception by others that you worry to 
much 


  Hold grudges    
Being upset unless things are done a 
certain way 


  Compulsive behaviors   Upset when things do not go your way 


  Repetitive negativity   Upset when things get out of place 


  Trouble shifting behavior from task to task   Being argumentative or oppositional 


  
Tendency to hold onto own opinions and 
to listen to others 


  
Trouble shifting attention from subject to 
subject 


  
Tendency to get locked into a course of 
action, whether or not it is good 


  Difficulty seeing options in situations 


  Tendency to predict negative outcomes    


 


 TL 


  Mild paranoia   History of family violence or explosiveness 


  Memory problems   History of head injury or trauma   


  Periods of forgetfulness   Short fuse or periods of extreme irritability 


  Spaciness or confusion   Periods of rage without provocation 


  Periods of déjà vu   Dark thoughts or suicide, homicide 


  Periods of panic   
Preoccupation with moral or religious 
ideas 


  
Frequent misinterpretation of comments 
as negative when they are not 


  Reading comprehension problems 


  Auditory or visual hallucinations   
Irritability that tends to build, then 
explode 


  
Headaches or abdominal pain of an 
uncertain etiology 


  Ringing in the ears 


 
 


 


 


 
 


 


 







Please indicate which of the following you are interested in or good at or what you are not interested in or 
poor at with a (Y for yes or an N for no) 
 
 RB 


  Recognizing faces   Recognizing out of focus objects 


  Good memory for location   Recognition of emotional tone of voices 


  Good memory for direction   Good responses to new situations 


  Understand nonverbal communication   
Understand the big picture of words / 
phrases 


  Good abstract thought   Recognition of rotated objects 


  Understand humor and metaphors   Appropriate social behavior and responses 


  Ability to fight off compulsion   Ability to focus 


  Ability to do math   Music skills 


  Good self image   Ability to rhyme 


  Ability to think clearly   Ability to tune out irrelevant stimuli 


  Ability to have good imagination   Ability to decode the emotions of others 


  Ability to read books   Ability to understand symbolism 


  Ability to predict what others will do   Ability control repetitive thought 


 Ability to control hyperactivity  Ability to understand false perceptions 


 Ability to control what you say  Ability to have good motor control 


 Ability to sleep  Ability to have emotional tone in voice 


 Ability to have relationships  Ability to have smooth, fluid movement 


 Ability to deal with feelings  Ability to cry or be spontaneous 


 Ability to express fantasies  Ability to avoid alcohol and drugs 


 Ability to control anxiety and fear  Do you get motion sickness 


 Do you have autoimmune illness  Do you have an irregular heart rate 


 
 LB 


  Ability to comprehend reading   Ability to understand when spoken to 


  Ability to remember facts and figures   Ability to identify objects 


  Ability to speak clearly   High level of intelligence 


  Ability to find words   Ability to focus on smaller details 


  Ability to care for self (grooming)   Ability to enjoy music 


  Ability to draw pictures   Ability to have a positive, happy attitude 


  Do you have dyslexia   Ability to control shyness 


  Are you athletic   Ability to follow directions 


  Do you have any cysts or tumors   Are you prone to chronic infections 


  Ability to understand math/science   Do you have good language skills 


  Do you drink alcohol excessively   Do you drink coffee or other stimulants 


  Do you take illegal party drugs   Do you exercise regularly 


  Do you have a good diet   Are you under significant stress right now 


 
Please sign the bottom of the page.  Upon signature it is understood that you the patient have answered 
the aforementioned questions as accurate as possible understanding that the material contained is private 
and confidential. 
 
Patient Signature______________________ Date: __________ 








Name: ___________________________________________  Age: ______ Sex: _____     Date: ______________ 
 
Please list the 5 major health concerns in your order of importance:
1. __________________________________________________________________________________________ 
2. __________________________________________________________________________________________
3. __________________________________________________________________________________________
4. __________________________________________________________________________________________
5. __________________________________________________________________________________________


Please circle the appropriate number “0 - 3” on all questions below. 0 as the least/never to 3 as the most/always.


Metabolic Assessment Form


Symptom groups listed in this flyer are not intended to be used as a diagnosis of any disease condition.  
For nutritional purposes only.


Category I     
Feeling that bowels do not empty completely . . . . . .  
Lower abdominal pain relief by passing stool or gas .  
Alternating constipation and diarrhea . . . . . . . . . . . . .   
Diarrhea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Constipation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   
Hard, dry, or small stool . . . . . . . . . . . . . . . . . . . . . . .   
Coated tongue of “fuzzy” debris on tongue . . . . . . . . . 
Pass large amount of foul smelling gas . . . . . . . . . . . .
More than 3 bowel movements daily . . . . . . . . . . . . . . 
Use laxatives frequently . . . . . . . . . . . . . . . . . . . . . . . . 


Category II    
Excessive belching, burping, or bloating . . . . . . . . . . . 
Gas immediately following a meal  . . . . . . . . . . . . . . .
Offensive breath . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Difficult bowel movements  . . . . . . . . . . . . . . . . . . . . 
Sense of fullness during and after meals . . . . . . . . . . .
Difficulty digesting fruits and vegetables;    
    undigested foods found in stools . . . . . . . . . . . . . . . 
    
Category III     
Stomach pain, burning, or aching 1- 4 
     hours after eating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Use antacids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Feel hungry an hour or two after eating . . . . . . . . . . . 
Heartburn when lying down or bending forward . . . .  
Temporary relief from antacids, food,     
    milk, carbonated beverages . . . . . . . . . . . . . . . . . . .  
Digestive problems subside with rest and relaxation . 
Heartburn due to spicy foods, chocolate, citrus,    
    peppers, alcohol, and caffeine . . . . . . . . . . . . . . . . .  
    
Category IV 
Roughage and fiber cause constipation . . . . . . . . . . . . 
Indigestion and fullness lasts 2-4     
    hours after eating . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Pain, tenderness, soreness on left side     
    under rib cage . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   
Excessive passage of gas . . . . . . . . . . . . . . . . . . . . . . .  
Nausea and/or vomiting . . . . . . . . . . . . . . . . . . . . . . .    
Stool undigested, foul smelling,     
    mucous-like, greasy, or poorly formed  . . . . . . . . .  
Frequent urination . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Increased thirst and appetite . . . . . . . . . . . . . . . . . . . .  
Difficulty losing weight . . . . . . . . . . . . . . . . . . . . . . . 
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Category V
Greasy or high-fat foods cause distress . . . . . . . . . . .
Lower bowel gas and or bloating  
    several hours after eating  . . . . . . . . . . . . . . . . . . . .
Bitter metallic taste in mouth, 
    especially in the morning  . . . . . . . . . . . . . . . . . . . 
Unexplained itchy skin  . . . . . . . . . . . . . . . . . . . . . . . 
Yellowish cast to eyes . . . . . . . . . . . . . . . . . . . . . . . . 
Stool color alternates from clay colored 
    to normal brown . . . . . . . . . . . . . . . . . . . . . . . . . .  
Reddened skin, especially palms . . . . . . . . . . . . . . . . 
Dry or flaky skin and/or hair . . . . . . . . . . . . . . . . . . . 
History of gallbladder attacks or stones . . . . . . . . . . .
Have you had your gallbladder removed . . . . . . . . . . . .


Category VI 
Crave sweets during the day . . . . . . . . . . . . . . . . . . . . 
Irritable if meals are missed . . . . . . . . . . . . . . . . . . . .
Depend on coffee to keep yourself going or started . . 
Get lightheaded if meals are missed . . . . . . . . . . . . . .
Eating relieves fatigue . . . . . . . . . . . . . . . . . . . . . . . .  
Feel shaky, jittery, or have tremors . . . . . . . . . . . . . . .  
Agitated, easily upset, nervous . . . . . . . . . . . . . . . . . 
Poor memory/forgetful . . . . . . . . . . . . . . . . . . . . . . . . 
Blurred vision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 


Category VII 
Fatigue after meals . . . . . . . . . . . . . . . . . . . . . . . . . . .
Crave sweets during the day . . . . . . . . . . . . . . . . . . . . 
Eating sweets does not relieve cravings for sugar . . . 
Must have sweets after meals . . . . . . . . . . . . . . . . . . . 
Waist girth is equal or larger than hip girth . . . . . . . . 
Frequent urination . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Increased thirst and appetite . . . . . . . . . . . . . . . . . . . .
Difficulty losing weight . . . . . . . . . . . . . . . . . . . . . . . 


Category VIII 
Cannot stay asleep . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Crave salt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Slow starter in the morning . . . . . . . . . . . . . . . . . . . .
Afternoon fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Dizziness when standing up quickly . . . . . . . . . . . . . . 
Afternoon headaches . . . . . . . . . . . . . . . . . . . . . . . . . . 
Headaches with exertion or stress . . . . . . . . . . . . . . . .
Weak nails . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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How many alcoholic beverages do you consume per week?  ________    How many caffeinated beverages do you consume per day?  _________
How many times do you eat out per week?  ___________            How many times a week do you eat raw nuts or seeds?  _____________
How many times a week do you eat fish?  ___________                           How many times a week do you workout?  _______________________
List the three worst foods you eat during the average week: _____________________,     ______________________,   _____________________        
List the three healthiest foods you eat during the average week: _____________________,     _____________________,   __________________
Do you smoke?_______   If yes, how many times a day: ____________ 
Rate your stress levels on a scale of 1-10 during the average week:  __________________ 
Please list any medications you currently take and for what conditions:
____________________________________________________________________________________________________________________
Please list any natural supplements you currently take and for what conditions:  
____________________________________________________________________________________________________________________


Category IX     
Cannot fall asleep . . . . . . . . . . . . . . . . . . . . . . . . . . . .   
Perspire easily . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Under high amounts of stress . . . . . . . . . . . . . . . . . . .  
Weight gain when under stress . . . . . . . . . . . . . . . . . .  
Wake up tired even after 6 or more hours of sleep . . .
Excessive perspiration or perspiration with    
    little or no activity . . . . . . . . . . . . . . . . . . . . . . . . . .  
    
Category X
Tired, sluggish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Feel cold – hands, feet, all over . . . . . . . . . . . . . . . . . .
Require excessive amounts of sleep to    
    function properly . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Increase in weight gain even with low-calorie diet . . . 
Gain weight easily . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Difficult, infrequent bowel movements . . . . . . . . . . . . 
Depression, lack of motivation . . . . . . . . . . . . . . . . . .  
Morning headaches that wear off     
    as the day progresses . . . . . . . . . . . . . . . . . . . . . . . .   
Outer third of eyebrow thins . . . . . . . . . . . . . . . . . . . .  
Thinning of hair on scalp, face, or genitals or    
excessive falling hair . . . . . . . . . . . . . . . . . . . . . . . .   
Dryness of skin and/or scalp . . . . . . . . . . . . . . . . . . . .   
Mental sluggishness . . . . . . . . . . . . . . . . . . . . . . . . . . .


Category XI 
Heart palpitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Inward trembling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Increased pulse even at rest . . . . . . . . . . . . . . . . . . . . .   
Nervous and emotional . . . . . . . . . . . . . . . . . . . . . . . .  
Insomnia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Night sweats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Difficulty gaining weight . . . . . . . . . . . . . . . . . . . . . . .  


Category XII
Diminished sex drive . . . . . . . . . . . . . . . . . . . . . . . . . .  
Menstrual disorders or lack of menstruation . . . . . . . .  
Increased ability to eat sugars without symptoms . . . .  


Category XIII 
Increased sex drive . . . . . . . . . . . . . . . . . . . . . . . . . . .    
Tolerance to sugars reduced . . . . . . . . . . . . . . . . . . . .   
“Splitting”  type headaches . . . . . . . . . . . . . . . . . . . . .  
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Category XIV (Males only)    
Urination difficulty or dribbling . . . . . . . . . . . . . . . . .   
Frequent urination  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pain inside of legs or heels . . . . . . . . . . . . . . . . . . . . 
Feeling of incomplete bowel evacuation . . . . . . . . . . 
Leg nervousness at night . . . . . . . . . . . . . . . . . . . . . . 
 
Category XV (Males only)
Decrease in libido . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Decrease in spontaneous morning erections . . . . . . . . 
Decrease in fullness of erections . . . . . . . . . . . . . . . .  
Difficulty in maintaining morning erections . . . . . . . . . .  
Spells of mental fatigue . . . . . . . . . . . . . . . . . . . . . . .   
Inability to concentrate . . . . . . . . . . . . . . . . . . . . . . . .  
Episodes of depression . . . . . . . . . . . . . . . . . . . . . . . .  
Muscle soreness . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Decrease in physical stamina . . . . . . . . . . . . . . . . . . .  
Unexplained weight gain . . . . . . . . . . . . . . . . . . . . . .  
Increase in fat distribution around chest and hips . . . 
Sweating attacks . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
More emotional than in the past . . . . . . . . . . . . . . . . .  


Category XVI (Menstruating Females Only)
Are you perimenopausal . . . . . . . . . . . . . . . . . . . . . . . . .    
Alternating menstrual cycle lengths . . . . . . . . . . . . . . . .    
Extended menstrual cycle, greater than 32 days . . . . . .  
Shortened menses, less than every 24 days . . . . . . . . . .   
Pain and cramping during periods . . . . . . . . . . . . . . .  
Scanty blood flow . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Heavy blood flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Breast pain and swelling during menses . . . . . . . . . .  
Pelvic pain during menses . . . . . . . . . . . . . . . . . . . . . 
Irritable and depressed during menses . . . . . . . . . . . . 
Acne breakouts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Facial hair growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Hair loss/thinning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 


Category XVII (Menopausal Females Only)
How many years have you been menopausal?    
Since menopause, do you ever have uterine bleeding?  
Hot flashes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mental fogginess . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Disinterest in sex . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mood swings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Depression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Painful intercourse . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Shrinking breasts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Facial hair growth . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Acne . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Increased vaginal pain, dryness or itching  . . . . . . . .  
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		0002: Off
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		00132: Off
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		0006: Off

		0007: Off
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		0046: Off
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		0048: Off
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		00184: Off

		00188: Off

		00192: Off

		00200: Off

		00205: Off

		00169: Off

		00173: Off

		00185: Off

		00189: Off

		00193: Off

		00197: Off

		00201: Off

		00174: Off

		00176: Off

		00186: Off

		00190: Off

		00194: Off

		00198: Off

		00202: Off

		00167: Off

		00066: Off

		0055: Off

		0056: Off

		0054: Off

		0052: Off

		0057: Off

		0059: Off

		0060: Off

		00168: Off

		00170: Off

		00172: Off

		00175: Off

		00177: Off

		00178: Off

		00179: Off

		00183: Off

		00181: Off

		00182: Off

		00191: Off

		0058: Off

		0062: Off

		0063: Off

		00067: Off

		00068: Off

		00171: Off

		00187: Off

		00196: Off

		00195: Off

		0071: Off

		0064: Off

		0072: Off

		00069: Off

		00199: Off

		0077: Off

		0073: Off

		0074: Off

		00213: Off

		00214: Off

		00211: Off

		00215: Off

		00209: Off

		00207: Off

		00204: Off

		00208: Off
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		00212: Off
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		0075: Off

		0076: Off

		0079: Off
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		00092: Off
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		0090: Off
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		0087: Off

		00094: Off

		00095: Off

		00099: Off

		000100: Off

		00222: Off

		00255: Off

		00106: Off

		00203: Off

		00227: Off

		00231: Off

		00251: Off

		00238: Off

		000104: Off

		000102: Off

		000103: Off

		000105: Off

		00245: Off

		00243: Off

		00241: Off

		00239: Off

		00236: Off

		00249: Off

		00107: Off

		00244: Off

		00242: Off

		00109: Off

		00108: Off

		00111: Off

		00112: Off

		00113: Off

		00247: Off

		00114: Off

		00248: Off

		00252: Off

		000115: Off

		00116: Off

		000117: Off

		000118: Off
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		00237: Off
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		00123: Off

		00126: Off

		00119: Off

		00120: Off

		00121: Off

		00124: Off

		00128: Off

		00129: Off

		00127: Off

		00220: Off

		00224: Off

		00232: Off

		00225: Off

		00226: Off

		00235: Off

		00260: Off

		00262: Off

		00261: Off

		00256: Off

		00253: Off

		00264: Off

		00257: Off

		00265: Off

		00240: Off

		00263: Off

		00246: Off

		00250: Off

		00254: Off

		00258: Off
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		000259: Off
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		000256: Off

		000249: Off

		000253: Off
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		000132: Off
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		000148: Off

		000152: Off

		000156: Off

		000160: Off

		000164: Off

		000133: Off

		000134: Off

		000140: Off

		000144: Off

		000135: Off

		000137: Off

		000138: Off

		000141: Off

		000145: Off

		000274: Off

		000265: Off

		000267: Off

		000269: Off

		000271: Off

		000149: Off

		000153: Off

		000273: Off

		000277: Off

		000289: Off

		000293: Off

		000290: Off

		000294: Off

		000275: Off

		000291: Off

		000295: Off

		000276: Off

		000280: Off

		000292: Off

		000296: Off

		000168: Off

		000157: Off

		000165: Off

		yes00001: Off

		000142: Off

		000146: Off

		000150: Off

		000154: Off

		000158: Off

		000162: Off

		000166: Off

		000169: Off

		000139: Off

		000143: Off

		000147: Off

		000151: Off

		000155: Off

		000159: Off

		000161: Off
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Abstract
Chronic exposure to glutamate (glutamate excitotoxicity) exacerbates neuronal damage in the aftermath
of stroke and is implicated in a variety of neurodegenerative disorders. Mitochondria play a central role in
the survival or death of the exposed neuron. Calcium, oxidative stress and ATP insufficiency play closely
interlocked roles that may be investigated with primary neuronal cultures.


Glutamate as an excitotoxin
The ability of the ubiquitous amino acid glutamate to
act as a specific neurotransmitter at synapses relies on
the strict control of its compartmentation. In the absence
of synaptic stimulation, glutamate in the synaptic cleft is
maintained at approx. 1 μM [1], a concentration insufficient
to activate glutamate receptors. The concentration in the
neuronal cytoplasm may be close to 10 mM, whereas
further concentration within synaptic vesicles may raise the
concentration to approx. 100 mM. The gradients across
the plasma and vesicle membranes are directly or indirectly
dependent upon ATP generated by the in situ mitochon-
dria, and the bioenergetic disruption induced by brain
ischaemia and consequent abolition of oxidative phos-
phorylation leads to a rapid energy failure, inhibition of
the Na+/K+-ATPase at the plasma membrane and collapse
of the Na+ electrochemical gradient responsible for
maintaining the 10 000-fold glutamate gradient across the
plasma membrane. As a consequence, extracellular glutamate
concentrations can rise up to 100-fold within a few minutes of
the initiation of ischaemia [2]. Cells in the ischaemic core die
rapidly, but neural damage is exacerbated by the diffusion of
glutamate into the partially oxygenated penumbra surround-
ing the core. Excitotoxicity is the process by which neurons
undergo predominantly necrotic cell death in response
to this pathological exposure to glutamate [3]. Whereas
artificial excitotoxicity can be induced by kainate-induced
non-desensitizing activation of AMPA (α-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid) receptors (e.g. [4]),
in vivo excitoxicity is ascribed predominantly to NMDA (N-
methyl-D-aspartate) receptors. NMDA receptors are central
to learning and memory, and two features necessary for these
processes underlie the toxicity of chronic NMDA receptor
activation. First, the receptor only partially desensitizes in
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the continued presence of glutamate; secondly, in addition to
Na+, the receptor also conducts Ca2+.


The role of oxidative stress
Aspects of glutamate excitotoxicity can be studied
in vitro using primary neuronal cultures. Early work by
Choi et al. [5] established the importance of Ca2+ entry,
whereas Tymianski et al. [6] and Randall and Thayer [7]
each described the in vitro phenomenon of DCD (delayed
Ca2+ deregulation) whereby individual neurons in culture
maintaining a stable elevated [Ca2+]c (cytoplasmic free Ca2+


concentration) in the presence of glutamate underwent a
stochastic failure of Ca2+ homoeostasis, followed shortly
after by necrotic cell death. An extensive subsequent literature
has focused on the mechanisms underlying excitotoxicity.
An early influential paper [8] reported that superoxide
anion, O2


−, could be detected by EPR upon NMDA
receptor activation of cerebellar granule neurons, and this
led to a widely accepted concept that NMDA-receptor-
mediated oxidative stress played a key role in DCD. In
its simplest form, the hypothesis states that free radicals
produced as a consequence of receptor activation and Ca2+


entry into the cell-induced damage to the mitochondria
and the cell precipitating DCD and cell death. The nature of
the EPR technique meant that DCD could not be measured
during exposure of the cells to glutamate in the EPR tube.
Some years later we investigated the relationship between
NMDA receptor activation, [Ca2+]c elevation, O2


− levels
and DCD at a single-cell level using multiple fluorescent
indicators and additionally monitoring �ψm (mitochondrial
membrane potential) [9]. It was found that activated NMDA
receptor caused no change in the levels of O2


− detected by
dihydroethidine oxidation to fluorescent ethidium, but that,
in individual cells, the initiation of DCD was associated
with a massive increase in superoxide. This experiment
did not in itself distinguish cause and effect, but parallel
experiments in the presence of a potent superoxide dismutase
mimetic trapped virtually all the superoxide, but was totally
without effect on the timing or extent of DCD. We
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concluded that the increase in O2
− reported previously was


a downstream consequence of DCD with the consequent
failure of antioxidant defences.


The role of mitochondria
Although mitochondrial oxidative stress appeared not to
be the primary mechanism underlying DCD, there was
increasing evidence for a central role of mitochondria. In
neuronal cultures, where glycolysis was sufficiently active
to supply the cell’s ATP demands even in the presence of
glutamate, it was found that mitochondrial depolarization
by the combination of respiratory inhibition by rotenone
and ATP synthase inhibition by oligomycin protected the
cell against DCD [10,11]. No such protection was afforded
by oligomycin alone, suggesting that mitochondrial depol-
arization and the consequent inhibition of mitochondrial
Ca2+ uptake were responsible for the protection. Isolated
mitochondrial show a net accumulation of Ca2+ when the
cation’s concentration rises above the ‘set-point’, which for
brain mitochondria is at approx. 0.5 μM [12]. Measurements
of [Ca2+]c during NMDA receptor activation report
maintained values in excess of this [13], suggesting that the
mitochondria should be continually loaded with the cation.
Massive Ca2+ accumulation by the in situ mitochondria in
glutamate-exposed neurons has been shown by several groups
[10,14,15]. Although the ability of isolated mitochondria
to accumulate Ca2+ with no apparent bioenergetic damage
is massive, it is not infinite, and ultimately the MPT
(mitochondrial permeability transition) is induced, with con-
sequent inner membrane permeabilization, Ca2+ dumping
back to the cytoplasm, depolarization and energetic collapse
[16].


Evidence for the MPT in DCD has been controversial
[11,17–19]. Using a semi-quantitative method for monitoring
�ψm in cultured cerebellar granule neurons, Ward et al. [20]
showed that DCD in individual neurons was accompanied
by a total mitochondrial depolarization in the affected cell.
Since mitochondria must depolarize when exposed to the
very high [Ca2+]c that occurs during DCD, this does not
show that the MPT was responsible. The conventional
technique for establishing a role for the MPT is to see
whether cyclophilin D inhibitors such as cyclosporin A delay
the MPT. However, most experimenters failed to see any
protection. Since it was later reported that mitochondria
isolated from cerebellar granule neurons were not sensitive
to cyclosporin A [21], these experiments were inconclusive.
Individual mitochondria visualized in neuronal processes
swell and cease movement after glutamate exposure [22],
but this reflects Ca2+ accumulation and can generally be
reversed by glutamate removal. Some of the best evidence
for the MPT has come from structural studies by Pivovarova
et al. [18], who observed excitotoxic Ca2+ overload in a sub-
population of mitochondria in cultured hippocampal neurons
using conventional and electron microscopy coupled with
electron probe X-ray microanalysis [18].


Spare respiratory capacity
Is DCD then simply a matter of mitochondrial Ca2+ overload
and induction of the MPT or do additional factors come
into play? Although the NMDA receptor has a typical 10:1
selectivity for Ca2+ over Na+ [23], the cell is exposed to 100-
fold higher concentration of Na+ over Ca2+, with the result
that Na+ fluxes greatly exceed those for Ca2+. Indeed [Na+]c


(cytoplasmic free Na+ concentration) rises dramatically on
NMDA receptor activation [24]. It would be predicted that
the consequent Na+/K+-ATPase activation would impose
a high ATP demand on the cell, which would be reflected
in an increased rate of in situ mitochondrial respiration.
Until recently there has been no suitable technique for
monitoring the respiration of neurons and other cells attached
to glass coverslips. However, in 2004, we published a
technique in which oxygen uptake by cultured neurons in
a closed confocal perfusion chamber could be detected by
quantifying the downstream oxygen tension as medium was
slowly superfused over the cells [25]. The prediction of an
increased respiration rate by the in situ mitochondria was
immediately confirmed, indeed maximal NMDA receptor
activation (100 μM glutamate plus 10 μM glycine in a Mg2+


free medium) utilized 100% of the respiratory capacity
of the in situ mitochondria, since an identical respiratory
stimulation was attained with an optimal concentration of
protonophore [26]. The consequence of this finding was
that any reduction in respiratory capacity might lead to
an energy deficit that would facilitate DCD, and this was
demonstrated with low concentrations of the complex I
inhibitor rotenone [26]. Several years earlier, Novelli et al. [27]
had proposed the ‘energy-linked excitotoxicity, hypothesis
based on a rather different hypothesis, namely that an energy
deficit would result in plasma membrane depolarization,
which would remove the voltage-dependent block from the
NMDA receptors.


The current hypothesis is in apparent conflict with the
proposed benefits of ‘mild uncoupling’ [28], which states
that a decrease in ROS (reactive oxygen species) generation
can be achieved by a modest increase in mitochondrial
proton conductance and consequent slight mito-
chondrial depolarization. The hypothesis is based on
observations with isolated mitochondria, particularly
utilizing succinate, where the generation of ROS could
be decreased by protonophore [29]. Sustained electron
transport in intact cells cannot occur in the absence of
NAD+-linked respiration and so it is superoxide generation
in the presence of such substrates that is more relevant in the
present context. The generation of ROS with NAD+-linked
substrates is much lower than that of succinate, and reports
are ambiguous as to whether ROS production still responds
to mild uncoupling [30]. In cultured neurons metabolizing
glucose, we found a negligible decrease in mitochondrial O2


−


production in the presence of low-nanomolar concentrations
of protonophore [31], and, of course, since uncouplers
uncouple, i.e. divert the proton current away from the
ATP synthase, the capacity for ATP generation decreases.
In response to glutamate this decrease in ATP generating
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capacity outweighed any effect on ROS production
and increased DCD at all protonophore concentrations
[31].


Although our focus has been on ATP generation, it is
not our intention to diminish the importance of oxidative
damage. We investigated this by depleting endogenous
glutathione stores in cultured neurons by complexation to
monochlorobimane [32]. The advantage of this technique
is that the formation of the complex can be monitored
by its fluorescence. Theoretical calculation predicts that
glutathione depletion will lead to an oxidative shift in the
thiol redox potential of the residual glutathione [33], and
this was confirmed in parallel experiments with cells trans-
fected with the redox-sensitive roGFP (reduction/oxidation-
sensitive green fluorescent protein) [32]. The bioenergetic
consequences of glutathione depletion were unexpected. In
parallel with the formation of the fluorescent adduct, the
respiration of the cells linearly declined. No initial change
in cell viability was found, nor was there any effect on
oligomycin-insensitive respiration (monitoring proton leak)
or maximal respiration in the presence of FCCP (car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone). The
decline was focused on a decrease in oligomycin-sensitive
respiration, reflecting mitochondrial ATP synthesis. To
distinguish between a decrease due to lowered cellular
ATP demand and one due to difficulty in mitochon-
drial ATP generation or export, extra-mitochondrial ATP
demand was increased by activation of voltage-sensitive
Na+-channel using brevetoxin. Control cells coped with
this increased demand, but monochlorobimane-treated
cells showed little capacity to enhance their respiration
and showed enhanced DCD. The conclusion was that
the oxidative shift in thiol redox potentially damaged
ATP generation or its export to the cytoplasm, with the
most likely locus being the adenine nucleotide translocator
[32].


Most of this research was performed at the Buck Institute
for Age Research, where the central aim was to understand
why aging is the primary risk factor in neurodegenerative
diseases. It is therefore relevant to try to relate the acute
cell death experiments similar to those reported in this
review to the slow neuronal loss that may occur over
decades in the human disease. Our ‘spare respiratory capacity
hypothesis’ focuses on the stochastic changes in ATP demand
in individual neurons in response to patterns of input and
synaptic activity. As long as the spare capacity of an individual
neuron exceeds that maximal ATP demand that the neuron
will ever be called upon to supply then and ATP crisis
is avoided. Since mitochondrial ATP-generating capacity
declines with age, the statistical chances of an ATP crisis
in individual neurons will increase with age. The role of
oxidative damage in this view is primarily to decrease maximal
ATP-generating capacity and thus to increase the statistical
chances of an ATP deficit. This is consistent with the Ca2+-
overload hypothesis discussed above, since one of the first
manifestations of an ATP deficit will be a failure of plasma
membrane Ca2+ pumps and exacerbated Ca2+ accumulation


by the cell, whereas a lowered �ψm is known to enhance the
MPT [16].
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Abstract
Head injury is common, sometimes requires intensive care unit admission, and is associated with
significant mortality and morbidity. A gap still remains in the understanding of the molecular
mechanism of this condition. This review is aimed at providing a general overview of the molecular
mechanisms involved in traumatic brain injury to a busy clinician. It will encompass the
pathophysiology in traumatic brain injury including apoptosis, the role of molecules and genes, and
a brief mention of possible pharmacological therapies.


Introduction and epidemiology
Our understanding of the molecular mechanisms of trau-
matic brain injury (TBI) has improved over the last dec-
ade, but a gap still exists between these advances and their
translation into direct clinical care. About 0.5–1 million
patients present to hospitals in the UK with TBI. It is the
leading cause of disability in people under 40, and
severely disables 150–200 people per million annually
[1,2]. In the US, TBI affects 1.4 million people, at an esti-
mated annual cost of $56 billion [3]. Diseases of the nerv-
ous system (International Classification of Diseases-
revision 9) accounted for 8.4% of the total health and
social services net public expenditure for 1992 and 1993
in England [4]. The purpose of this review is to look at
genetic and molecular influences after an acute head
injury and the long term outcome.


Although our ability to assess and predict neurological
outcome following TBI has improved, most of the prog-
nostic tools are still poorly validated and therefore rarely
used [5]. Understanding the molecular mechanisms and


integrating these into clinical practice will help us to pre-
dict outcomes more accurately, and will also pave the way
for newer treatment modalities and further research.


Current understanding of the basic molecular mecha-
nisms resulting in neurological damage following TBI has
sparked several significant attempts to synthesise drugs
(e.g. Selfotel) [6]. So far these attempts have universally
met with little success clinically, but they have provided
some insights for future research [6]. Such research has
been hampered by a lack of translation of results from ani-
mal models into humans. Despite this it is likely that such
work, both in animal models and observational studies in
patients with acute TBI will continue to shed light in this
important subject.


Pathophysiology of brain injury
Acute TBI is characterised by two injury phases, primary
and secondary. The primary brain injury is the direct
injury to the brain cells incurred at the time of the initial
impact. This results in a series of, biochemical processes
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which then result in secondary brain injury. The primary
aim for the acute management of TBI is to limit the sec-
ondary injury. The secondary brain injury is caused by a
dynamic interplay between ischaemic, inflammatory and
cytotoxic processes. Studies with microdialysis techniques
have shown that one of the most significant factors caus-
ing secondary brain injury is the excessive release of exci-
totoxins such as glutamate and aspartate that occurs at the
time of the primary brain injury. These excitotoxins act on
the N-methyl-D-aspartate channel, altering cell wall per-
meability with an increase in intracellular calcium and
sodium and activation of calcineurin and calmodulin.
This ultimately, leads to destruction of the axon [7,8].
Potassium is also released from the cells and absorbed by
the astrocytes, in an attempt to restrict the ionic imbalance
causing swelling of the cells and ultimately cell death.


There is a complex cascade of cellular inflammatory response
following TBI which propagates secondary brain damage.
This inflammatory process lasts from hours to days contrib-
uting continuously to secondary brain damage. The inflam-
matory response resulting from an acute TBI is not limited to
the brain and multiple organ dysfunction syndromes are
commonly seen. The major molecules in the brain involved
in this cascade are growth factors, catecholamines, neuroki-
nins, cytokines and chemokines [9].


Interleukins (IL) are proinflammatory cytokines, the lev-
els of interleukins seen in intracerebral bleeds, and clini-
cal signs of inflammation at admission, have correlated
well with the magnitude of perilesional oedema and mor-
tality [10,11]. There is a rise in IL-6 and 10 in children fol-
lowing a TBI. The increased level of IL-10 was directly
related to mortality in TBI [12]. The rise in inflammatory
cytokines (e.g. IL-6) following TBI is a double edged
sword; both neurotoxicity and neuroprotection may be
induced by it. Inflammatory cytokines facilitate neurotox-
icity by encouraging excitotoxicity and the inflammatory
response, but simultaneously they facilitate the neuro-
trophic mechanisms and induction of cell growth factors
which are neuroprotective [13]. It has also been shown by
Vuylsteke et al that there is an increased gradient of
inflammatory marker IL-8 in the brain after cardiopulmo-
nary bypass, which is attenuated by hypothermia [14].
This gradient continued into the postoperative period.


The primary insult also results in an immediate distur-
bance of the cerebral circulation, resulting in cerebral
ischaemia and which contributes significantly to about
90% of deaths after closed head injuries. [15]. Ischaemic
brain damage is perpetuated by factors such as hypoten-
sion, hypoxia, raised intracranial pressure, oedema, focal
tissue compression, damage to microvasculature, and in
late phases, vasospasm in the remaining vessels [16,17].
The time sequence after TBI can be arbitrarily divided into
an early (phase 1, immediate, with hypoperfusion), inter-
mediate (phase 2, on days 1–3, when hyperaemia can be


seen) and a late vasospastic phase (phase 3, on days 4–15,
with a marked reduction in blood flow) [17]. These differ-
ent phases are associated with marked regional variations
in cerebral blood flow, with a reduction in blood flow to
the surrounding of the ischaemic core, which does not
respond to augmentation of cerebral perfusion pressure
[18].


Surviving apoptosis
Programmed cell death (which is often referred to as apopto-
sis although strictly speaking this refers to the distinct mor-
phological changes after programmed cell death) is a genetic
mechanism by which cells are eliminated during develop-
ment, and is the physiological mechanism by which cells are
normally removed in the adult animal [19]. This involves
specific genes and proteins which were first described in neu-
ronal development of the round worm [20]. Following TBI
there is increased expression of two main sets of genes which
are genes encoding for the caspase family of cysteine pro-
teases [including interleukin-1β converting enzyme (ICE)
and cpp32] and a family of genes that are homologous to the
oncogene Bcl-2 that either promote or suppress cell death.
The Bcl-2 gene family controls both caspase dependent and
independent apoptosis. [19,21-23]. The endpoint of all
these steps is fragmentation of cellular DNA with collapse of
the nuclear structure, followed by the formation of mem-
brane-wrapped apoptotic bodies, cleared by macrophages
[24].


Apoptosis is now recognised as an important factor in sec-
ondary brain injury [25]. Following TBI, two different
types of cells are visible; type 1 and 2 cells. The type 1 cells
show a classic necrotic pattern (this follows the primary
brain injury) and type 2 cells shows a classic apoptotic
pattern on microscopy [25,19]. Cells undergoing apopto-
sis die without membrane rupture and therefore elicit less
inflammatory reactions. This is in contrast to the cells
undergoing necrosis [26]. There is therefore a suggestion
that neuronal apoptosis after TBI may be a protective
response by the brain in order to remove injured tissue
cells whilst having little effect on remaining brain tissue
[27]. Apoptotic cells have been identified within contu-
sions in the acute post-traumatic period, and in regions
remote from the site of injury days and weeks after
trauma.


Pharmacological strategies to reduce apoptotic cell death
have been investigated, [28] For example, rats treated with
the caspase-3 inhibitor N-benzyloxycarbonyl-Asp-Glu-
Val-Asp-fluoromethylketone (DEVD) demonstrate a 30%
reduction in lesion volume measured 3 weeks after TBI
when compared with vehicle-treated controls [19].


Long term pathophysiology
Recent advances in the management of severe acute TBI has
resulted in improved outcomes for patients who might pre-
viously have had poor outcomes. In particular the manage-
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ment of such patients in specialist units has had a
significant impact, although the definitive factors contrib-
uting to improved outcomes remain elusive. [29]. In recent
years there has been increasing interest in elucidating the
long term problems experienced by patients following TBI.
Further, there have been reports of people developing
dementia-like symptoms following relatively minor head
injuries (Brain injury with a GCS greater than 13 and with-
out loss of consciousness, as well as an increased incidence
of post traumatic stress disorders and depression [30]. TBI
causes a generalised atrophy of brain which is proportional
to the severity of the injury. [31]. The mechanisms for this
are yet to be fully determined. In rats it has been shown that
there are multiple antibodies to the amyloid precursor pro-
tein and amyloid precursor protein-like proteins for up to
six months, which predisposes them to degeneration of the
striatum and corpus callosum. This degeneration then
leads to progressive brain atrophy and calcifications [32].
In moderate to severe TBI there is a high incidence of hip-
pocampal atrophy which predisposes patients to cognitive
decline. When anoxic brain damage was compared to TBI
there was no overwhelming evidence of localised nerve
damage. This supports the theory that the final mechanism
for neurological injury is the same irrespective of the type
of initial insult [33].


Surviving the ischaemic insult: the role of genes
Surprisingly humans are made up of only 20,000 – 25,000
protein-coding genes, and these genes have profound
implications on our survival [34]. The genetic constituents
not only modify the risk of development of disease and its
severity, but also the ability of an organ to repair, heal and
function after an injury. In head injured patients the out-
comes are variable and cannot easily be predicted. This var-
iability cannot be fully explained by clinical features or by
the character of the injury [35]. One of the mechanisms
which could explain this is genetic polymorphism. This
may also contribute to variability in outcome in the acute
response, and functional recovery. A greater understanding
of the genetics could aid in the prediction of outcomes and
could be targeted for treatment strategies.


Studies in animals using cDNA microarray hybridization
technique have shown differential regulation of 86 genes
(seven classes) which take part in the physiological and
pathological response to TBI. The key classes they encom-
pass include transcription factors, signal transduction
genes and inflammatory proteins [36]. Such changes in
gene expression are interlinked with both disease proc-
esses (for example IL-6 and haemoxygenase-1), and out-
come in TBI.


Genes regulating the inflammatory process
Genetic polymorphisms which involve interleukin-6 (IL-
6) and haemoxygenase -1 (HO-1) may influence the
inflammatory effects seen after TBI [37]. There are two


genetic polymorphisms associated with increased IL-6 lev-
els in blood -174G>C and -572G>C, the presence of
which not only increased the risk of development of cor-
onary and cerebral aneurysms but also increased the mor-
tality when they ruptured [38]. Haemoxygenase is a rate-
limiting enzyme in haem catabolism and the inducible
form of haemoxygenase is haemoxygenase-1 (HO-1).
There is an increased expression of HO-1 in the injured rat
brain model. The end product molecules influence tissue
redox homeostasis under a wide range of pathophysiolog-
ical conditions including TBI [38].


Genes regulating the vascular responses
Cerebral ischaemia results in an activation of the hypoxia-
inducible factor-1 and 2 (HIF 1&2) genes. HIF-1 activates
the transcription of numerous genes including vascular
endothelial growth factor (VEGF), glucose transporter-1
(Glut1), Epo, transferrin (Tf), and the transferrin receptor
(TfR) all of which have been shown to be neuroprotective
in animal models after TBI [39]. Vascular endothelial
growth factor (VEGF) is the main regulator of angiogen-
esis, and in the normal adult brain and is predominantly
expressed in the epithelial cells of the choroid plexus,
astrocytes and neurons (such as granule cells of the cere-
bellum) [40]. Following cerebral ischaemia there is upreg-
ulation of both VEGFR-2 and VEGF expression. [41].
Somewhat confusingly HIF-1 upregulation and increased
VEGF expression have been associated with the develop-
ment of cerebral oedema and neuronal death following
brain injury [Chen et al, 2008, Neurobiology of Disease]
whilst also being implicated in peri infarct neuroprotec-
tion [42] Deficiencies of HIF genes in mice are associated
with embryonic death due to cardiac, vascular, and neural
malformations [43].


Genes regulating the neuronal response to TBI
Apolipoprotein epsilon (APOE) is a multifunctional pro-
tein involved predominantly in the transport of choles-
terol, maintenance of microtubules, neurones, and neural
transmission. This gene is important in the neuronal
response of the brain to injury and in the subsequent
repair processes. There are three different variants (ε2, ε3,
and ε4) to this gene and the variant ε4 situated on chro-
mosome 19 is associated with the development of Alzhe-
imer's disease, and predisposes to worse outcome in TBI
[44-46].


The presence APOE-ε4 is associated with a poor outcome
in cognitive dysfunction and functionality following
brain injury rehabilitation [47-49]. It is also associated
with a rapid cognitive decline in Alzheimer's disease [50]
and in autopsy studies has been demonstrated to incur a
significantly increased risk of development of cerebral
amyloid angiopathy [51]. In larger retrospective studies of
outcome following TBI, the presence of APOE-ε4 corre-
lates with a significantly worse outcome in young patiens

Page 3 of 6
(page number not for citation purposes)







World Journal of Emergency Surgery 2009, 4:7 http://www.wjes.org/content/4/1/7

(aged 0–15 years). This correlation reduces with age, with,
neutralisation at 55 years [45].


The P53 gene is important in the regulation of apoptosis;
this gene exhibits a common polymorphism that results
in either proline or arginine at amino acid 72. Arg/Arg
genotype of the Arg72Pro polymorphism in p53 is associ-
ated with an increased likelihood of a poor outcome at
discharge from the surgical intensive care unit following
TBI. [52]


Genes regulating the catecholamines
There are three isoforms of the enzyme catechol-o-meth-
yltransferase (COMT) encoded by 3 genetic polymor-
phisms (COMT Val/Val, COMT Val/Met, and COMT Met/
Met). This enzyme is associated with inactivation of
dopamine and norepinephrine and is thought to func-
tionally modulate dopamine neurons, thus influencing
frontal-executive functioning. In a study by Lipsky et al
(2005) in patients with TBI, polymorphism (Val/Val), and
presumably lower cortical DA levels, resulted in worse
performance on the Wisconsin Card Sorting Test com-
pared to patients with the low activity polymorphism
(Met/Met) and presumably higher cortical DA levels [53].


Pharmacological therapies
A variety of pharmacological agents have been trialed, all
of which have shown promising results in animal models,
but when translated into the clinical setting have univer-
sally failed to influence outcome following TBI. These
agents include Selfotel, Cerestat, CP 101–606, D-CPP-ene,
Steroids, tirilazad, PEG-SOD, IGF-1/growth hormone,
Nimodipine, Bradycor, Dexanabinol, SNX-III, and anti-
convulsants (such as Valproate and Magnesium Sul-
phate). The neuroprotective actions of these agents result
from a variety of mechanisms of action, including antag-
onism of glutamate (Selfotel and CP 101–606), and free
radical scavenging (PEG-SOD) [6].


Dexanabinol is a synthetic chemical analogue of the active
component of marijuana. It is a non-competitive inhibi-
tor of the NMDA receptor, a free radical scavenger and
antioxidant, and an inhibitor of the pro-inflammatory
cytokine TNF alpha [6].


Steroids are used with good effect in the treatment of brain
oedema associated with brain tumours, and have been
shown in laboratory studies to reduce free radical produc-
tion and have a protective effect on the brain. However, sev-
eral clinical studies in TBI have shown no clear beneficial
effect on outcome or intracranial pressure [6].


Catecholamines
One of the key factors in the management of TBI is main-
tenance of cerebral perfusion pressure and cerebral blood
flow, and systemic administration of catecholamines is


often used to achieve this. Circulating endogenous cate-
cholamines are increased in TBI due to stimulation of the
sympatho-adrenal axis. Endogenous circulating catecho-
lamines are a readily quantifiable marker that predicts the
outcome in TBI [52,54]. It has been shown in rodents that
optimal synthesis of catecholamines in the brain is critical
to a working memory. TBI results in activation of tyrosine
hydroxylase (TH) in the brain. This is the rate limiting step
in catecholamine synthesis and changes in activation of
TH result in altered catecholamine signalling in the pre-
frontal cortex which impacts on memory [55].


Neurotrophins
Neurotrophins are normally found in cell bodies and the
projections of neurons, and they facilitate neuronal sur-
vival and differentiation [56,57]. They include nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4)
and neurotrophin-5 (NT-5). Of the neurotrophic agents,
BDNF shows the most promise in the future management
of brain injury. Animals treated with BDNF following TBI,
showed an improvement in cognitive function and regen-
eration of the neural network which resembled develop-
mental neuroplasticity. This was directly related to
improvement in synchronized movement and spatial ori-
entation [58,59]. Unfortunately there is no convincing
evidence for the use of these drugs in humans [60].


Conclusion
This review emphasises that the molecular mechanisms
underlying secondary brain damage following TBI are
complex. Our understanding of these mechanisms has
increased significantly in recent years, but is far from com-
plete. Advances in the acute management of TBI, is likely
to be dependant both on an improved understanding of
these mechanisms, as well as the translation of such
knowledge into the development of new molecules and
techniques to improve the clinical outcome.
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INTENDED USE STATEMENT


The content of this course is intended for informational purposes only. The medical information in this


course is intended as general information only and should not be used in any way to diagnose, treat, cure,


or prevent any disease. The goal of this course is to present and highlight nutritionally significant


information, and offer suggestions and protocols for nutritional support and health maintenance.


Homeopathic protocols are intended for use in symptom relief and OTC indications only.


It is the sole responsibility of the user of this information to comply with all local and federal laws regarding


the use of such information, as it relates to the scope and type of user’s practice.


The nutritional protocols and suggestions presented in this course are based on the presenter’s clinical


experience and research and are not intended to represent any claims regarding product performance or


benefits by the manufacturer, its distributors, or the sponsors of this seminar.


Statements regarding nutritional products in this seminar have not been evaluated by the Food and Drug


Administration. Nutritional products presented in this seminar are not intended to diagnose, treat, cure, or


prevent any disease.







References


• You have copies of many of the articles and 
references as part of your notes in the 
neurodegeneration PDF portfolio.  Use this, 
the portfolio is full of amazing stuff. 


• Your portfolio has all the articles referenced, 
the full version, intake forms, websites and 
notes.    











Why are we degeneration so FAST!


“We live in a world that is progressively 
becoming more and more about all things 
hydrolyzed, synthesized, modified, stressed, 
processed over worked, inflamed, drugged up, 
sedentary, under educated, misdirected and 
polluted ---- topped off with a heaping helping 
of allergies that is sweetened with a load of 
excitotoxins all packed into a gut that is 
damaged and full of infectious agents”.  







Basic Module Outline


• Day One:  Stories related to 
Pathophysiology.


• Day Two:  Stories related to disease 
specific conditions.


• Day three:  Review, treatment options, 
evaluations and summarizations.  







Goals of the Class 
• Understand terminology.


• Understand physiology and the stories related to dysfunction.


• Learn terms that are relevant.


• Learn to diagnose and determine “the condition”.


• Learn to layer and develop treatment plans and options.


• Learn to monitor the patient for changes.  


• Never stop learning.


• Next module will deal more with neurological circuitry and 
medications.   


• The class will also contain some practice management, office 
organization, treatment protocols and business strategies.   
The course will also contain practicals.  


• There is a test online that you can take to test your knowledge 
over the topic material.     







The Plan


• The next two courses are going to be part of a 
continuous series.  


• The material may contain information that is useful 
to you and some that you may not be as interested 
in.  All of it is important to get the big picture we are 
trying to establish.  I will try to keep it as clinical as 
possible.


• The material given will vary regarding its degree of 
difficulty.  


• I will teach the course in multiple short stories to 
allow you better memorization of the content.







Terms and Concepts to Get Us 
Started







Terminology Review 


• Plasticity (Multiple theoretical causes).


• L.T.P. (How it applies clinically and pathologically).


• T.N.D. (How it looks clinically).


• C.I.S. (What it means to survival).


• Synaptogenesis (What happens if it stops).


• Neurogenesis (Does it exist).


• Neurodegeneration (Multiple theoretical causes).


– I will be using these terms throughout the module without 
defining them over and over so get used to their meaning.







Who are the players in the first stories?    


• Receptors: (Surface and peripheral).


• Cytosol: (Intracellular reactions).


• Organelles: (Mitochondria – lysosomes – E.R. – Tubules).


• Nucleus: (RNA / DNA).


• Cytokines: (The good and the bad).


• Blood brain barrier: (Does it work).


• Glial cells: Microglia, Oligodendrocytes, Astrocytes).


• Neurochemicals: (Dopamine,sorotonin, ACH, GABA, Glutamate, Nepi).


• Peripheral nerves: (Myelin, axons, vasculature).


• Metabolic disorders: (GI, blood sugar, thyroid, adrenal,  infection, 
paraneloplastic, lipid). 







Huge Questions to Ask


• What are your clinical strengths?


• What are your clinical weaknesses?


• Can you Diagnose?


• Do you understand pathophysiology?


• Do utilize all of your available tools?


• Are you cross training?


• Can you formulate treatment 
strategies?


• Can you recognize and monitor clinical 
failure and success?







MedicineNutrition


Neurological 


Dysregulation


Autoimmunity 


will screw this 


whole story







Treatment thoughts


• Do I utilize receptor based therapy?


• Do I utilize nutrition based therapy?


• Do I utilize or refer for medicinal treatment?


• Do I utilize a combination approach?


• Do I utilize labs?


• Do I utilize ancillary diagnostics?


• Do I refer to another practitioner?







Conditions that Apply







What are we dealing with?


• Every 70 seconds someone is 
diagnosed with Alzheimer's 
disease....


• In 2009, Alzheimer's caregivers 
provided 12.5 billion hours of 
unpaid care, this healthcare 
service contribution to the 
country is worth almost $144 
billion. 


• In 2009, Alzheimer's caregivers 
provided 12.5 billion hours of 
unpaid care, this healthcare 
service contribution to the 
country is worth almost $144 
billion. 







Condition Total cases (million) Costs/year ($ billion)


Neurological Illnesses 50 400


Mental disorders (in addition to 44 148


neurological illnesses)
Hearing Loss 28 56 


Alzheimer’s Disease (AD) 5.3 100


All depressive disorders 20.5 44


Schizophrenia 2 32.5


Multiple Sclerosis  (MS) 2.5 9.5 


Parkinson’s Disease (PD) 1 5.6 


Huntington’s Disease (HD) 0.3 2 


Amyotrophic lateral sclerosis (ALS) 0.03 -


(Lou Gehrig’s disease)


Stroke 4.7 57


Traumatic Head Injury (TBI) 5 56.3 


Spinal Cord Injury (SCI) 0.25 10 


* National Institutes of Health and voluntary organizations.
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White White Black Black Hispanic Hispanic


Year 92-'93"03 - 04" 92-'93"03- 04" 92-'93 "03 - 04"


Depression 
Diagnosis 10.90% 15.40% 4.20% 7.60% 4.80% 7.00%


Antidepressant 
Drug RX 6.50% 11.40% 2.60% 5.20% 3.00% 5.60%


From 1992-1993 to 2003-2004, the annualized rate of visits documenting a diagnosis of 
depression increased from 10.9 to 15.4 per 100 US population for whites, from 4.2 to 7.6 
for blacks, and from 4.8 to 7.0 for Hispanics. A concomitant diagnosis of depression and 


antidepressant use increased from 6.5 to 11.4 per 100 for whites, from 2.6 to 5.2 for 
blacks, and from 3.0 to 5.6 for Hispanics. 


Int Clin Psychopharmacol. 2008 Mar;23(2):106-9. PMID: 18301125 below


1 in 6.5 white U.S. adults diagnosed with depression 


1 in 8.8 white U.S. adults take antidepressants







Enemies of a Healthy Brain 
Toxins, malnutrition, physical laziness, mindlessness, lack of sun, stress, sleep 
deprivation, Infection, Heredity, Immune dysregulation



http://images.google.com/imgres?imgurl=http://img.dailymail.co.uk/i/pix/2007/11_03/illhealthDM1811_468x514.jpg&imgrefurl=http://www.dailymail.co.uk/news/article-545309/Why-lack-sleep-makes-women-grumpier-men.html&usg=__Fy4Lnq_hm1AUKPjha1Cl6Tg1eJ8=&h=514&w=468&sz=47&hl=en&start=20&tbnid=weKDnxKd04iCaM:&tbnh=131&tbnw=119&prev=/images?q=sleep+deprivation&gbv=2&hl=en&sa=G&ie=UTF-8
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Patient presentation (Subjective complaints)


Structural 


Imbalance


Neurophysiological


Imbalance


Environmental 


Inputs


Inflammatory and 


Immune Imbalance


Energy 


production


G.I 


Imbalance


Biotransformation


Detoxification


Neuroendocrine Mind 


Spirit


Nine sectors of 


The Neuromatrix


Receptor lesion


Peripheral lesion


Cord lesion


Brainstem lesion


Cerebellar lesion


Basal ganglia 


Cortical lesion


Subluxation


Sprain


Strain


Entrapment


Trauma


Congenital


Degeneration


Surgery


Diet


Exercise 


Nutrition


Toxic exposure


Heavy metals


Drugs


Alcohol


Malnutrition


Hospitalization


Arthritic condition


Autoimmune


Inflammatory disease


Infection


Cancer


Degenerative diseases


Oxidative stress


Adrenal function


Thyroid function


Mitochondrial function


Infection


Cancer


Food allergies


Infection


Dysbiosis


Inflammation


GI disease


Prescription drugs


Detox dysfunction


Inborn errors


Endocrine imbalance


Tumors


Systemic illness


Neurotransmitters


Thyroid


Stress


Abuse


Relationship


Religion


Meditation


Life balance


All confirmed by the physical examination, intakes and laboratory studies and ancillary studies







Mitochondrial failure, Excito-toxicity, Neuron 
death, Neurofibrillary tangle, DNA damage, 
Apoptosis, TND, Cellular failure, synaptic 
transmission failure, CIS changes. Protein 
Folding  


Amyloid,


Tauopathy


Inflammation.


Cytokine elevation,


Molecular mimicry


Autophagy


Autophago-


lysosome


synucleinopathy


Blood sugar pathology, heavy metal disease, oxidative stress, infection, 


malnutrition, gut pathology, anemia, mental stress, immune dysfunction, 


Endocrine pathology, genetic factors, sedentary lifestyle, structural 


imbalance, ischemia 







Neuronal 
Dysfunction


Dementias
Cognitive 


Impairment


Mental and 
emotional 
pathology


Vestibular 
Conditions


Immune 
Dysfunction


Autonomic 
Dysfunction


Peripheral 
nerve Pathology


Movement 
Disorders Behavioral 


Problems







Optimal Function 
A BIG picture perspective







Optimal Function


Fuel for delivery and related factors


• Glucose (Nutrients).
– Example: Diabetes / malabsorption, etc.


• Oxygen (O2 and carrier components).
– Example: Anemias, COPD, etc.


• Activation.
– Example: Disuse, injury, myopathy, peripheral nerve damage, 


subluxation, etc.


• Transmitter levels / Neurochemical environment.
– Example: TND – changing dopamine, serotonin, ACH, etc.   


• An environment that is “synaptic friendly.”
– Example: Inflamed, infected, avascular, etc.  


• Genetic “epigenetic” factors.
– Example: Heredity, triggered mutations, etc.  







A Functional Nervous System


Fuel


(O2 & Glucose)


Kinase activation


CIEGR C-fos/jun/mar


Mitochondria 


ATP


Cellular health


Receptor health/formation


Synaptogenesis


Plasticity


LTP


NT Production


NMDA/AMPA:


Glutamate receptors


Up-regulates 


2nd order neuron


Receptor Activation 


(Trk/P75NTR/RTK/NMDA Receptors)
Temporal/Spatial Summation


EPSP/IPSP


Kinases:


transfer phosphates from 


ATP (phosphorylation)


Mg


Na & Ca K 


Microglial cells and 


cytokines


Pathologies


Apoptosis











Hebbian Process


• Repeated stimulation of specific receptors 
leads slowly to the formation of cell 
assemblies.


• Lack of long term stimulation leads to loss of 
function and cell death.  







Treatment tips as it pertains to 
optimal function


• If your training is not well rounded, you will fail your patients.


• You must have good intake forms and you must be able to do 
a good exam and you must me able to look at labs.  If you use 
one and not the others, you will fail your patients.  If you lack 
training in neurology and you rely on intake forms, you are 
doing a huge disserve to your patients.  


• Medicine is not all bad, stop thinking that way if you do.


• If you underestimate chiropractic and receptor based therapy 
as a viable form of care and component of treatment then 
you are foolish.  


• Nutrition is the link and backbone of prevention and wellness.  
If you are not using it or underestimating its power, then your 
patients should find another doctor if they want to stay well.  







LIFE and DEATH







LIFE







The Story of Receptors







A Functional Nervous System
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The Big Picture / Receptors  


• Some stimulate Neurotrophism


– Neuronal survivability


• Some stimulate Apoptosis


– Energy failure


– Swelling


– Membrane Rupture


– Inflammation


– Programmed cell death


– Nucelar and cytoplasmic disentegration







The Bigger Picture


• There is a constant battle between the good 
receptors and the bad receptors or a battle 
between life and death.


• When a person is healthy and “free of 
triggers” then things tip towards life, not 
death.  


• You job as the clinician is to make the battle 
move towards life – so the journey of life can 
be the best it can be for that patient – period!















Receptors
• Who are we dealing with regarding receptors.


– NMDA


– AMPA


– Kainate


– FAS


– TNRF


– P75


– TRAIL


– Cytokine


– p75NTR


– RTK (Receptor tyrosine kinase)


– Neutrophic


• Trk A, Trk B, Trk C







Neurotrophic Factors / Receptors


• NGF (Nerve Growth Factor)


– Trk A / p75NTR


• BDNF (Brain Derived Neurotrophic Factor)


– Trk B / p75NTR


• NT-3 (Neurotrophin 3)


– Trk C / p75NTR


• GF (Growth factor) 


– RTK


• Cytokines 
– Can be good and bad, depends on which we talk about!!!!
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Tang YP, et al.


Genetic enhancement of learning and memory in 


mice.


Nature 1999 Sep 2;401(6748):63-69


Over-expression of NMDA receptor 2B (NR2B) in the forebrains of transgenic 


mice:


 Enhanced activation of NMDA receptors, facilitating Long-Term 


Potentiation (LTP);


superior ability in learning and memory in various behavioural tasks, 


showing that NR2B is critical for plasticity and memory formation.







late phase of LTP


early phase of LTP


Positive feedback







DeAtH
It’s a very long story







Apoptotic Signals
Now things start to go BAD


• Fas Receptor (Death induced signaling 
complex.)


• TNFR (Tumor Necrosis Factor Receptor) 


• P75 (This Guy plays both sides)


– If things are healthy, this receptor does good, if 
things are unhealthy, this receptor turns on death.


• TRAIL (Tumor Necrosis factor –related 
apoptosis inducing ligand)


• Don’t forget the NMDA – AMPA system







Glutamate and Aspartate







Glutamate synthesis







Glutamate
• Astrocytes support neuronal glutamate metabolism. 


• Glutamate (Glu) released during neurotransmission is taken up primarily by 
neighboring astrocytes through excitatory amino acid transporters (EAAT). 


• A fraction of astrocyte Glu is converted to glutamine (Gln) by glutamine 
synthetase, which is abundant in astrocytes and absent from neurons. 


• Gln is released from astrocytes via system N transporters (SN1) and taken up by 
neurons through sodium-coupled amino acid transporters (SAT). 


• Gln is deaminated to Glu by mitochondrial glutaminase in neurons. Neuronal Glu is 
also formed from  -ketoglutarate ( -KG), which is derived in part through a second 
astrocyte−neuron shuttle system. 


• Astrocytes take up leucine (Leu) and other branched-chain amino acids through a 
Na+-independent neutral amino acid transporter. 


• The amino group of Leu is transferred to  -KG by branched-chain amino acid 
(BCAA) transaminase to yield Glu and  -ketoisocaproate (KIC). 


• KIC can then be transferred to neurons for formation of  -KG by the reverse 
reaction. Pyr, pyruvate; Ala, alanine; Pi, phosphate.







Glutamine transporter


• Gln is released from astrocytes via system N 
transporters (SN1) and taken up by neurons 
through sodium-coupled amino acid 
transporters (SAT).


• Dysfunction in neurons, mitochondria, 
astrocytes, the immune system or surface 
receptors will create pathology.   







Physiological/pathological roles of glutamate 
receptors


• The generation of slow excitatory and inhibitory 
synaptic potentials


• Modulation of synaptic transmission
• Synaptic integration and plasticity.  
• Addiction
• Parkinson's disease
• Anxiety disorders
• Schizophrenia











Glutaminase


TCA cycle











Ionotropic Glutamate Receptors


NMDA


AMPA KAINATE


Non-NMDA


AMPA and Kainate


receptors generally 


allow the passage of 


Na+ and K+


NMDA receptors allows 


the passage of both Na+


and Ca++ ions. More 


permeable to Ca++


Ligand-gated ion channels



http://rds.yahoo.com/S=96062883/K=glutamate+receptors/v=2/l=IVI/*-http:/webvision.med.utah.edu/imageswv/GLU6.jpeg





AMPA Receptors


AMPA Rc subunit


85-90% of the AMPA receptors


have a GluR2 subunit, which


is Ca++-impermeable (after


RNA editing - replacement of


Arg for Gln in the membrane


segment 2)


Combination of four subunits form Receptor 


subtypes-homo/heterotetramers


N-terminal domain


C-terminal domain (variable region-mediates interactions with proteins)


4 hydrophobic membrane domains


Postsynaptic location - mediation of the


majority of the fast excitatory synaptic


transmission


Int


Ext











AMPA and kainate receptor


Desensitization


*  Desensitization is defined as a long-


lasting ligand-bound, yet closed state. 


Desensitization of AMPA and kainate


receptors occurs within a few 


milliseconds; a value found to be on the 


time scale of the postsynaptic response.







NMDA receptor (Double edged Sword)















































AMPA receptorsNMDA
receptor


Na+Na+Na+Na+
Ca2+


synaptic
strengthening With low presynaptic activity only some of  the AMPA


receptors are activated, giving rise to a weak EPSP.


Under these circumstances the NMDA receptor is 
inactive despite binding of glutamate because its 
channel is blocked by Mg . 2+


With high presynaptic activity most of  the AMPA
receptors are activated and the EPSP is strong.


Mg2+


The Ca  signal ultimately leads to synaptic 
strengthening.


2+


The strong EPSP (or back-propagated action potential)
lifts the Mg  block of the NMDA  receptor.2+







Physiological/pathological roles


• AMPA receptors
– mediate most fast EPSPs in the CNS


• Kainate receptors
– Regulation of neuronal excitability 


– epilepsy, excitotoxicity and pain


• NMDA receptors
– mediate most fast EPSPs in the CNS


• Anaesthesia
• Learning and memory
• Developmental plasticity
• Epilepsy
• Excitotoxicity (eg stroke)
• Schizophrenia







Apoptotic Pathways


• There are basically two pathways


– Glutamanergic calcium receptors (NMDA)


• Excitotoxicty


– Death Receptors


• Fas


• TNFR


• P75


• TRAIL







Growth or Death







Disturbances in Calcium levels


• Seen in virtually every disease in the central nervous 
system that is considered to be related to 
“neurodegeneration”. Virtually all other mechanisms 
that occur have this as a cornerstone to its 
pathophysiological model.  


• If the homeostatic control mechanism of calcium is 
disturbed, a disease process will occur.  







Calcium Control
Calcium levels – control and concentrations determine whether a cell will grow or 


degenerate


1. Action potentiation


2. Calcium receptors activated 


1. Voltage gated calcium channels


2. NMDA receptors


3. ACH / glutamate receptors


3. Calcium levels rise via influx into the cytosol


4. Calcium levels rise via influx from the endoplasmic reticulum.


5. This influx must happen to create learning and memory. (ie – hippocampus)


6. LTP is divided into three temporal phases


1. STP (Short term): Activated via protein kinase and protein synthesis 
independent


2. E-LTP (Early long term potentiation): Activated via protein kinases and the 
insertion of glutamate receptors into the post synatptic membrane.  


3. This will recycle the activation of the AMPAR.  







Calcium Induced Excito-toxicity


• Apoptotic (Pathway One)
– Remember NMDA receptor story!!!


– Intracellular calcium dysregulation


– Induces DNA degredation via endonucleases


– Induces phospholipase activation


– Induces protein degredation via calpain


– Induces mitochondrial failure. (Inhibits Krebs) 


– Induces lipid peroxidation via nitration via calcium –
calmodulin and NOS.


• NO reacts with superoxide anions producing perioxy
nitrite which is a free radical which activates lipid 
peroxidation which activates polyADP-ribose 
polymerases which activates proapoptotic NF-KB p53







ACH / 


Glutamate


AMPAR


Threonine / tyrosine







Calcium
Calcium levels – control and concentrations determine whether a cell will grow or 


degenerate


1. Action potentiation


2. Calcium receptors activated –


1. Voltage gated calcium channels


2. NMDA receptors


3. ACH / glutamate receptors


3. Calcium levels rise via influx into the cytosol


4. Calcium levels rise via influx from the endoplasmic reticulum.


5. This influx must happen to create learning and memory. (ie – hippocampus)


6. LTP is divided into three temporal phases


1. STP (Short term): Activated via protein kinase and protein synthesis 
independent


2. E-LTP (Early long term potentiation): Activated via protein kinases and the 
insertion of glutamate receptors into the post synatptic membrane.  


3. This will recycle the activation of the AMPAR.  







Calcium


7. One major pathway related to NMDA related calcium influx is the MAPK (Mitogen activated 
protein kinase pathway).  Phosphorylation of threonine and tyrosine are required to allow 
MAPK to be converted to ERKs (Extracellular signal regulated kinases).  


8. What mediates the MAPK / MEK system.  There are three.


1. The RAS system (One family of GTPases)


2. The switching signal between a an inactive GDP and an inactive GTP.  This allows as a 
switch to release a phosphate that is needed for the phosphorylation of threonine and 
tyrosine in the creation of extracellular signal regulated kinases.


3. This whole cascade regulated by by (GEFS) guanine nucleotide exchange factors which 
activates (GAPS) GTPase activating activating proteins.


4. RASgrf1, which is a calcium / calmodulin regulated GEF interacts with the NR2B subunit 
of the NMDA receptors which activates the calcium channel which activates the RAS –
ERK cascade in the neuron.  


5. In addition to RAS, we have the PKA and the PKC systems.  Both allow for MAPK 
activation and nuclear translocation of ERK.  


6. When ERK is reduced, there is a reduction in cortical thickness and   


brain volume.  


Protein synthesis in the cytosol drives CREB (c-AMP responsive element binding).











Excitotoxicity-Role of Glu and GluR


Excitotoxicity is thought to be a major mechanism contributing to neuronal


degeneration in many acute CNS diseases, including ischemia, trauma and epilepsy


Presynaptic neuron Opening of ion channel-


Ca++ influx and release of


Ca++ from ER


Glutamate


Glu Rc


Postsynaptic neuron


Activation of lipases, 


proteases, endonucleases


Glutamate 


vesicles


Direct cell damage


Cell death


Formation of ROS















Calcium Induced Excitotoxicity


• Mitochondrial failure leads to Energy linked 
Perpetuation.  
– ADP – P / without ATP production due to ETC failure.


– Phosphorylation of bi-lipid membranes. Membrane fragility. 


– Excess Phosphate which opens NMDA channel. Excess calcium influx 
(Dysregulation)


– NA / K ATP dependant pumps fail. (Osmotic changes)


– Intracellular NA accumulates (Cell becomes more positive inside)


– Neuron Changes threshold (TND – Frequency of firing)


– Neuron swells (May rupture or metabolically fail)


– CIS changes.  







Energy-Linked Excitotoxic Model of Neurodegneration


↓mitochondrial oxidative phosphorylation


Change in neuronal transmembrane
potential gradient


Removal of Mg block on NMDA receptors 
causes influx of Ca into the cytosol


Activation of iNOS
(inducible Nitric Oxide Synthase)


which produces Nitric Oxide


Nitric oxide & Superoxide Anion
lead to the creation of a potent 


free radical: Peroxynitrate


↑Production of  
Xanthine Oxidase


resulting in 
Superoxide Anion formation


Peroxynitrate damages:
-Mitochondrial DNA 


-Complex I and II


↑mitochondrial
Free Radical Production







Energy-Linked Excitotoxic Model of Neurodegneration


↓mitochondrial oxidative phosphorylation


Change in neuronal transmembrane
potential gradient


Removal of Mg block on NMDA receptors 
causes influx of Ca into the cytosol


Activation of iNOS
(inducible Nitric Oxide Synthase)


which produces Nitric Oxide


Nitric oxide & Superoxide Anion
lead to the creation of a potent 


free radical: Peroxynitrate


↑Production of  
Xanthine Oxidase


resulting in 
Superoxide Anion formation


Peroxynitrate damages:
-Mitochondrial DNA 


-Complex I and II


↑mitochondrial
Free Radical Production


CoQ10, phosphatidylserine, acetly-L-carnitine, vitamin E, alpha-lipoic acid and ginko biloba


ADRENACALM, ATP-ZYME, GLYSEN


Silymarin Blocks:
Metacrine-DX & Bilemin


Genestein Blocks:
Estrovite


Antioxidants:
Oxicell


Milk Thistle inhibits


Xanthine Oxidase production







Neurodegeneration


• Glutathione levels will quench super oxide anions so 
that mitochondrial uncoupling does not occur.  


• This allows for super oxide anions to get converted to 
hydrogen peroxide.


• SOD does the same thing.  


• Super oxicell is a good source of both.  







Calcium


N.O


Super oxide anion


Peri-oxy nitrate















Apoptotic Pathway Two
• Caspase Cascade


– Remember the death receptors (Fas / TNFR / p75 
/ TRAIL)??


– Intracellular caspases are activated and lead to 
lipid peroxidation.  Same common pathway as 
perioxynitirite.  


– Activates apotosis via activation of NF-KB.


– Abnormal – Proinflammatory cytokines will 
activate straight into this pathway that ultimately 
activates NF-KA and ultimately leads to cellular 
death.  







Promoters of Inflammation


Nuclear Factor-


KappaB







NF-KappaB


Subunit protein


Subunit protein







Alleviate NF-KB activation


Treatment for the inhibition of NF-kappaB (Inflammation) and 
pathways it triggers. 


• Anti-Inflammatory Diet
• Decrease excitotoxins
• Glutathione
• SOD
• Fatty Acids
• Vitamin D
• Multivitamin / multimineral
• Pancreatic and Proteolytic enzymes
• Glucosamine and Chondroitin Sulfates
• Niacinamide
• Analgesic botanical (Harpagophytum / Boswellia / Willow Bark)
• Curcumin (Tumeric)
• Lipoic Acid
• Green tea extract
• Rosemary
• Grape seed extract
• Propolis
• Resveratrol
• Phytolens







Treatment Continued 


• Other supplements (Therapies) I would add to 
help reduce neuronal and cellular damage 
includes:


– CoQ10


– Possible neurotransmitter supplementation if 
necessary.


– Air purifiers


– Be careful of plastics / heavy metals / mold 
exposure / stress 







Anti-inflammatory diet


Anti-inflammatory Diet


• Foods to avoid


– Sources of arachadonic acid


• Beef / liver / pork / lamb / dairy


– Sources of linoleic acids


• Vegetable oils / nut oils / corn oil


– Sugars


• Sucrose / fructose / desserts / pastries / cookies / 
candy / soda / coke / wheat / rice / potatoes / fries / 
chips / all junky or refined food







Anti-inflammatory diet


Food to consume


– Low glycemic index / low glycemic load / 
phytonutrient-rich foods / fruits vegetables / nuts 
/ seeds / berries / herbal teas (Green tea)


– Whey protein isolates (High filtered)


– Soy protein


– Lean protein (Fish / turkey / chicken / buffalo)


• Be careful for allergies.  Common allergies are gluten, 
eggs, dairy, soy, shellfish, citrus and some nuts.  







Fatty acids


• What do we typically supplement with for 
broad spectrum EFA intake.


– ALA (Alpha-linolenic acid) 3000 mg/day


• From flax


• Potent anti-inflammatory component


• Profoundly reduces prostaglandins E2


• Cardioprotective


• Helps with migraine







Fatty Acids


– EPA (Eicosapentaenoic acid) 600 mg/day


• Dosage is 1-2 grams, can be as high as 12000 mg


• Used clinically as antidepressant and anti-inflammatory.


• Major source is fish oil


• Reduces the TNF / Prostaglandins / Thromboxanes / IL-
1 / Cytokines / 


• May reduce stone formation


• Helps with mental illness / lupus / osteoporosis







Fatty Acids


– DHA (Docosahexaenoic acid) 600 mg/day


• Dosages are 1-2 grams (3000 mg but can be as high as 
12000 mg)


• Antidepressant and anti-inflammatory


• Found only in plants of the sea / fish


• Helps with bipolar disorder / crohns / RA / Lupus / CV 
disease / psoriasis and cancer


• DHA will drastically reduce plasma catecholamines (Epi
and Norepi) in adrenal stress.


• Upregulates BNDF.  







Fatty Acids
– GLA (Gamma linoleic acid) Found in evening primrose oil / hemp seed oil / 


black current seed oil
– PE-E1 is produced from GLA
– Decreases platelet aggregation
– Inhibits vascular smooth muscle proliferation
– Causes vasodilation (Helps blood pressure)
– Inhibits cholesterol synthesis
– Potent anti-inflammatory agent
– Promotes bronchodilation
– Elevates mood


» 15-HETrE is the second metabolite of GLA/DGLA
» It inhibits the conversion of arachidonic acid to leukotrines.  


Prevents asthma / allergies and cancer
» Helps with prostate cancer / breast cancer
» Helps with premenstrual syndrome / RA / Diabetic neuropathy 


/ Migraine / Respiratory distress
» Helps with eczema







Pancreatic and Proteolytic Enzymes


Pancreatic and Proteolytic Enzymes
• Anti-inflammatory / analgesic / immune stimulating / 


reduces edema / reduces metastatic spread / 
reduces infection


• Pancreatin / Bromelain / Papain / Trypsin / Alpha-
chymotrypsin


• Helps with tumor regression
• Reduces PG-E2 production 
• Reduces Substance P
• Modulates cell adhesion molecules
• Reduces cytokine production 
• Reduces series 2 thromboxanes







Anti-inflammatory formulation to 
inhibit NF-kappaB


• Curcumin (Tumeric)


– Co-administered with piperine for absorption.







Anti-inflammatory formulation to 
inhibit NF-kappaB


• Lipoic Acid


– Inhibits NF-kappaB







Anti-inflammatory formulation to 
inhibit NF-kappaB


• Green tea extract


– Effective inhibitor of IKK activity.


– Inhibits activation of NF-kappaB


– Anti-inflammatory effect and anti-cancer effect







Anti-inflammatory formulation to 
inhibit NF-kappaB


Rosemary


• Inhibits NF-kappaB activation 







Anti-inflammatory formulation to 
inhibit NF-kappaB


• Grape seed extract


– Potent antioxidant


– Inhibits NF-kappaB







Anti-inflammatory formulation to 
inhibit NF-kappaB


• Propolis


– Honey bee resin


– Inhibits NF-kappB


– Good with the treatment of asthma







Anti-inflammatory formulation to 
inhibit NF-kappaB


• Resveratrol


– Inhibits NF-kappaB


– Anti cancer / anti - inflammation


– More powerful than dexamethosone


– Likely inhibits the COX-2 system







Common Excitotoxins


• The VAST majority of patients must get off of 
these, or else treatment fails.  If patients have 
TND, neuronal fatigue or signs of over 
excitation, consider this imformation
– MSG / Aspartame – Artificial sweetners. Be careful of “nutrients, foods 


and other products that have to many amino acid precursors that lead 
to over excitation. These chemical go straight through the blood brain 
barrier. Excitotoxins open the blood brain barrier.     


– Do not dose single amino acids on an empty stomach.  Balance amino 
acids.  


• Look in your notes portfolio for some great websites to reference.  







Careful of additives that ALWAYS 
have MSG


• Hydrolyzed protein


• Hydrolyzed plant protein


• Plant protein extract


• Sodium caseinate


• Yeast extract


• Textured protein


• Autolyzed yeast


• Hydrolyzed oat flour


• Malt extract 


• Malt flavoring


• Bouillon


• Broth


• Stock


• Natural beef or chicken 
flavoring


• Some spices


• Carageenan


• Soy protein concentrate


• Soy protein isolate


• Why protein concentrate


• Careful with shellfish


• Hydrolyzed vegetable 
protein actually has 
aspatate, glutamate and 
cysteic acid and some 
carcinogens.  A very 
dangerous combination


• It you eat out, eat it out 
of a can, eat it out of a 
box or have 
preservatives – get ready, 
you have been exposed. 







Summary on Receptors


• In order to be regulated there must be the 
following:


– Elevated homocysteine will activate excito-toxicity.


– Adequate activation.


• Receptor based therapy


– Regulated intracelluar phosphorylation


• Receptor based therapy


• Nutrition


– Environment free of sensitization.


• Receptor based therapy


• Nutrition


• Medication 







Treatment tips as it pertains to 
cellular receptors!!!


• Careful with over stimulation, you can do to much or 
to little.


• If a patient has TND and you do not remove 
excitotoxins, your treatment will fail, ultimately.


• If you do not educate your patients, your treatment 
will fail, ultimately.


• Clear excitotoxins and allergens before you do any 
other form of treatment.  If your patients won’t 
comply, be sure that they know that they will 
continue to get worse, ultimately.  







Treating over excitation 
• Namenda


• Reduction of homocysteine. 


• Zinc


• Magnesium (Serum levels may be normal, nut red blood cell 
levels may be deficient.  


• Do not allow blood sugar to become dysregulated.  Doing so 
will allow the pumping mechanisms to fail that get Ca out of 
the cell.  


• Various other supplements that I will discuss later as I tie all 
the concepts together. 


• Do an excitotoxicity challenge!!







Clinical Picture


• Suzie – Q is experiencing anxiety, insomnia 
and tinnitus.  


• Suzie was fasted and all excito-toxins and 
allergens were removed. 


• Without any other treatment, Suzies
symptoms resolved.  







Practical


• Name the receptor types we just discussed. 


– Neurotrophic and apoptotic.  


• Discuss the interactions of NMDA and AMPA 
receptors.


• Why is NMDA receptor activation important and 
what does it have to do with treating the brain?


• What happens when NMDA receptors are not 
activated enough verses over activated?  Why is it 
important that we consider this?


• What happens when you nutritionally support 
pathways that are pathologically efficient??????







The Story of Mitochondria
A story of ENERGY production







Survival Depends on 
FUEL & ACTIVATION







A Functional Nervous System


Fuel
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Glutamate signaling to Ras-MAPK in striatal neurons: 
mechanisms for inducible gene expression and plasticity.


Mol. Neurobiol. 2004 Feb;29(1):1-14
Wang JQ, Tang Q, Parelkar NK, Liu Z, Samdani S,


Choe ES, Yang L, Mao L.


• This publication discusses how glutamate activation can activate mitogen-
activated protein kinase (MAPK), NMDA and AMPA receptor activity which 
promotes kinase activation which mediates specific nuclear transcription 
contributing to neuronal plasticity.


• These gene responses then produce various types of proteins that are 
shipped through the cell for basically all functions including adequate 
mitochondrial function for the generation of cellular energy.


• Protein is also made that travels back to the initial receptors that were 
activated and creates a stabilization of the connections and essentially 
creates synaptic efficiency. This is the basis of the creation of 
synaptogenesis, plasticity and long term potentiation.







Oxygen


Oxidative 


Phosphorylation:


donate electrons to 


eventually form ATP


e- donor


e-acceptor: O2


ETC:


Electron Transport Chain


Complex I-IV


are proteins. Complex V


is ATP-synthase.


YouTube:


Electron Transport Chain Animation Overview (Chemiosmosis) 


Redox Reaction:


all chemical reactions in which atoms 


have their oxidation number


(oxidation state) changed.


Oxidation: loss of electron


Reduction: gain an electron
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An Excitotoxic Nervous System
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(O2 & Glucose)


Kinase activation
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Glutamate receptors
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Activates:


-Proteases damage cell proteins


-Phospholipases damage lipids


-Endonucleases damage DNA


-iNOS & Super Oxide Anion


-Perioxynitrate


Excessive Glutamate/Aspartate:


brain injury, inflammation, exogenous intake, 


mitochondrial damage, etc.


X
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Promoters of Neuronal Degeneration


• Poor Fuel Supply
– Anemia (iron, B12, pernicious, inflammation)


– Dysglycemia (reactive hypoglycemic, insulin resistant, diabetic)


– Nutritional (S.A.D., no EFA, food sensitivities, leaky gut)


– Excitotoxins (MSG, environmental chemicals, heavy metals)


• Lack of stimulation
– Subluxations


– Sedentary living


– Minimal brain engagement


• Inflammatory responses
– Microglia activation, cytokines


• Methylation imbalances
– ↓ glutathione, uncouples mitochondria, alters Phase II liver detox


• Hormone imbalances
– Cortisol, estrogens, testosterone, etc.







Oxygen


Oxidative 


Phosphorylation:


donate electrons to 


eventually form ATP
e- donor


e-acceptor: o2 which is 


reduced to H2O


Metabolism Creates


Reactive Oxygen Species


(ROS) which promote


Oxidative Stress


ETC:


Electron Transport Chain


Complex I-IV


are proteins.  Complex V


is ATP-synthase.


YouTube:


Electron Transport Chain Animation Overview (Chemiosmosis) 


Oxidative Stress 


uncouples Complex I & II


&


damages mitochondrial DNA


X
X


When some H+ leaks prematurely


to oxygen, the y produce the Superoxide


Free Radical.







Mitochondrial Support


• Co-Q10


– Free radical scavenger & transporting electrons for ATP production


• Phosphatidyle Serine


– reduce mitochondrial free radical production and stabilize the mitochondria


• Acetyl L-Carnitine


– helps maintain the mitochondrial trans-membrane potential and enhances 
NAD/NADH electron transfer


• Vitamin E and alpha Lipoic acid


– prevent electrochemical gradient changes by defending the mitochondrial 
from oxidative stress


• Ginko Biloba


– neuroprotective properties on the neuronal trans-membrane potential, the 
ability to reduce inflammation and oxidative stress.


• Glutathione & Super Oxide Dismutase (SOD)


– Glutathione quenches Super Oxide anions and converts to hydrogen peroxide







Mitochondrial Support


• Alpha Lipoic Acid


• Alpha Ketoglutarate


• N-Acetyl Cysteine


• Creatine Monohydrate


• Milk Thistle


• Genistein







Be careful


• Be careful with up-regulating citric acid cycle 
function with alpha ketoglutarate.  If you do 
this and the patient has symptoms of 
excitotoxicity, think problems in GABA 
shunting.  


• GAD antibodies can become a real problem.  
Do the challenge.


• Do the challenge test!!!!   







Energy-Linked Excitotoxic Model of Neurodegneration


↓mitochondrial oxidative phosphorylation


Change in neuronal transmembrane
potential gradient


Removal of Mg block on NMDA receptors 
causes influx of Ca into the cytosol


Activation of iNOS
(inducible Nitric Oxide Synthase)


which produces Nitric Oxide


Nitric oxide & Superoxide Anion
lead to the creation of a potent 


free radical: Peroxynitrate


↑Production of  
Xanthine Oxidase


resulting in 
Superoxide Anion formation


Peroxynitrate damages:
-Mitochondrial DNA 


-Complex I and II


↑mitochondrial
Free Radical Production


CoQ10, phosphatidylserine, acetly-L-carnitine, vitamin E, alpha-lipoic acid and ginko biloba


Silymarin Blocks:Genestein Blocks:


Antioxidants:
Oxicell


Milk Thistle inhibits


Xanthine Oxidase production







↓Fuel/Activation & ↑Inflammation Promote…


• Transneural Degeneration (TND)
– Decrease oxidative phosphorylation in mitochondria
– Decrease ATP so decrease energy to all points of cell (nucleus decreases 


cIEG, ribosomes can’t create protein for repair, etc.)
– Na/K pumps fail, shift t/w Na equilibrium (innate survival mechanism to 


continue to perform its function)
– Cellular swelling (Na hydrophilic)
– Nucleus eccentric (decrease tubulin)
– Anaerobic metabolism and lactic acid
– More acid = lower pH
– Retrograde chromatolysis (dissolution of Nissl)
– Cell cannot repair itself, cannot create NT, receptors, etc.
– Ca influx activates neutral proteases and phospholipases which liberates 


arachidonic acid, inflammation, and free radicals. 







Increasing Fuel (O2)
• Ginko Biloba


– Neuroprotective – vasoprotective – celluar redox and NO


• Vinpocetine


– Increases nitric oxide / Protects against ischemia / 


• Butcher’s Broom


– Strengthens blood vessels.  Also reduces NFKB activation.


• Feverfew


– Inhibits the proinflammatory signaling pathways involved with 
vascular tone irregularity.


• Cayenne


– A potent vasodilator. 


• Decrease smoking


• Treat COPD / Asthma / Anemia / Breathing exercises


• Cardio activity and keeping a healthy pump.







Practical


• Discuss the Role of the Mitochondria as it pertains to 
cellular function?


• What happens with the Mitochondria starts to shut 
down.  Discuss energy production, membrane 
integrtiy, cellular osmolarity, energy dependent 
pumps and cell survivability? 


• How can you upregulate mitochondrial function?


• Are there any problems with upregulating
mitochondrial function?


• Discuss how Mitochondria related to TND, CIS, LTP, 
Plasticity and excito-toxicity.  







Folate







Can Treatment Prevent or Reverse the Damage?


5-HT=serotonin; NE=norepinephrine; ECT=electroconvulsive therapy.


1. Duman RS, et al. Neuronal plasticity and survival in mood disorders. Biol Psychiatry. 2000;48(8):732-739.


2. Sapolsky RM. Glucocorticoids and Hippocampal Atrophy in Neuropsychiatric Disorders Arch Gen Psychiatry. 2000;57(10):925-935.
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InflammationInflammation


A Story that spread like wildfire







Inflammation…


• Any successful treatment plan for degeneration of 
the nervous system, regardless of the specific 
diagnosis, must address this issue.


• Inflammatory conditions do not just relate to the 
nervous system. They affect the vascular system, 
cardio system, musculoskeletal system, cancers, 
diabetes and many more.…







Who are the cast of players.







Blood Brain Barrier







Blood Brain Barrier


• Endothelial Protective Barrier


• Allows entrance of O2, CO2, fatty acids, ethanol, steroid 
compounds, sugars and amino acids.


• Neurotransmitters cannot cross with the exception of Epi and 
Norepi near the hypothalamus.  


• Restricts B cell entry and protects against infection.


• Loss of BBB integrity will lead to infiltration of dietary 
proteins, environmental compounds or pathogenic antigens.


• Hypothalamic – stress / inflammatory responses lead to 
damage of the BBB.    







Blood Brain Barrier


• If this guy breaks down – things get through 
that should not get through.  


• Things that break down the blood brain 
barrier include the following:
– Excitotoxins


– Elevated homocysteine


– Stress response


– Glycosolated end products


– Inflammation


– Alcohol


– Trauma







Blood Brain Barrier


• What repairs the blood brain barrier?


– Proper methylation


– Modulation of stress


– Antioxidants


– Alpha lipoic acid


– Brain activation and modulation of inflammation 
and excitotoxicity.


– Reduction of inflammatory triggers







Caution – Intruder


• If the BBB breaks down – things get in that 
activate Microglial cells.


• Microglial cells do the following:
– Scavengers


– Phagocytosis


– Cytotoxicity


– Antigen Presenters


– Synaptic Stripping


– Extracellular signaling


– Promotes repair











BBB info











BBB challenge


• Do the blood brain barrier challenge..


• Determine the change or presence of 
symptoms.


• Treat accordingly if you need to!!!







Glial Cell Activation


• Glial cells get activated and do not shut down 
well.  


• Proinfloammatory cells get released.


• This increases N.O  --- Perioxynitrate levels.


• This leads to apoptosis. 


• This can also lead to plaque formation, gliosis, 
Dystrophic neurite growth and perpetuate 
cytokines that kill neurons.   







Glial Cells



















Cytokines


• Abnormal cytokine levels or an imbalance 
along with an imbalance in the Th-1 / Th-2 
immune system are likely a big component of 
the beginning of all component of neuronal 
death / apoptosis.


• Autoimmunity and immune imbalance will be 
further evaluated in your last module.  .  







Glial Cytokine Signaling


• Myeloid Progenitor cells go to the brain during 
embryologic development.  These settle in 
clusters.  


• These clusters cannot provide a substantial 
source of immune cells in the brain.


• To compensate, the microglial cells have will 
rapidly produce cytokines to activate and 
sound the alarm to surrounding microglial
cells. 







Glial Cytokine Signaling


• Microglial cells send extracellular cytokines (IL-1, IL-8, IL-10, 
TGF, TNF). 


• This stimulates astrocytes, neurons, myeloid progenitor cells 
to coordinate and deal with the immune response.  


• These cytokines will cross the BBB.  This can lead to adaptive 
immunity.


• If the BBB breaks down, the brain can become inflamed due 
to peripheral inflammation. 


• An example of this would be gut inflammation that leads to 
inflammatory cytokines which crosses the BBB which activates 
microglial cells which causes neuronal damage.  























Kharrazian







Astrocytes


• Secretes and uptakes glutamate / GABA.


• Regulate extracellular concentration of K.


• Dysfunction of astrocytes can lead to an 
accumulation of extracellular K.


• Elevated extracellular K will cause neuronal 
depolarization and epileptiform activity.


• Only cells in the CNS with insulin receptors.  
Can be altered by dysglycemia.  







Astrocytes


• An increase in extracellular K will activate 
Microglial cells.


• Will lead to neuronal depolarization.


• Causes spontaneous firing.


• Leads to exceeded metabolic rate.


• Causes neuronal degeneration.  
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Calming down the Inflammation 


• Apigenin


– Modulates cytokine, NO, prostaglandin, 
lipopolysaccharide and mitogen protein kinase
activation of microglial cells during the 
neuroinflammatory process.  


– Inhibits microglial proliferation and it also protects 
against neuronal cell loss from artery occlusion.







Calming down the Inflammation 


• Luteolin


– Inhibits Microglial activation


– Inhibits cytokine signaling pathways.


– Inhibits lipopolysaccharide induced nitric oxide 
mediated and phosphorylation pathways.  


– Protects neurons from inflammation induced 
injury through inhibition of microglial activation. 











Calming down the Inflammation 


• Curcumin


– Can protect against the lipopolysaccharide
induced neurotoxicity.


– Protects against N.O cytotoxic mediators.  


– Protects activation of various death receptors that 
are activated by TNF, IL-1, IL-6 and NF-KB


– May possibly inhibit the amyloid peptide peptide
induced gene expression which means it could be 
protective against inflammation and progression 
of Alzhemiers.  











Calming down the Inflammation 


• Baicalein


– Exerts anti-inflammatory and control microglial
system.  


– Helps BBB.


– Protects neurons in parkinsonian damage.


– Protects cortical neurons during beta amyloid
induced toxicity.


– Protects from mitochondrial damage.


– Helps protect from dementia during ischemia. 







Calming down the Inflammation 


• Resveratrol


– Reduces the activation of microglia.


– Reduces the microglial N.O induced neuro-
inflammation. 


– Reduces Microglial induced beta amyloid toxicity 
through inhibition of NF KB.  


– Also inhibits the lipopolysaccharide induced NO 
and TNF related neuronal damage.  











Calming down the Inflammation 


• Rutin


– Attaches to iron ion Fe2+ which prevents it from 
binding to hydrogen peroxide and becoming a free 
radical.


– Quenches lipid peroxidation.


– Modulates microglial induced mediators TNF 
alpha and Nitric oxide.


– Protects hippocompal injury by suppression 
microglial activation.  







Calming down the Inflammation 


• Catechin


– Protects neurons from DNA damage by oxidative 
stress.  


– Reduces activation of NF KB.


– Has divalent metal chelating abilities.


– Has antioxidant and anti-inflammatory abilities.


– Protects the BBB from penetration


– Protects against microglial activation.  







Other factors to Consider


• Optimize Methylation


• Modulate stress


• Control diabetes and glucose levels


• Optimize Prostaglandin balance.


• Provide antioxidants


• Control inflammation


• Control all associated lymphoid tissue responses.


• Optimize and control T and B cell activity.


• Control and optimize transmitter levels.


• DO an INFLAMMATORY CHALLENGE…  







Summary of Challenges


• Excitotoxicity


• Mitochondrial (GAD)


• Inflammatory


• Allergens







Practical


• Discuss how the blood brain barrier will affect the 
neuron.


• Discuss glial cells and the basics of inflammation.


• Discuss astrocytes and their involvement as it 
pertains to neuronal dysfunction.


• How do your treat inflammation.  


• Put the whole picture together as it pertains to 
receptors – mitochondria – glial cells – BBB –
astrocytes – cytokine balance – appropriate brain 
activation and intracellular calcium regulation.  







Triggers







Triggers


• Now that we have the basic picture of 
neurodegeneration, we have to discuss the 
things that we must look for and consider that 
might start or trigger the whole cascade of 
events we just discussed.  


Trigger Neurodegeneration
Disease 
Process







Gastrointestinal







GI Information


• GALT activation – Inflammatory cytokine 
release this leads to energy linked 
excitotoxicity.  


• Altered GI function will upregulate the HPA 
axis.  This leads to oxidative stress which cane 
lead to suppressed pituitary function.  


• Alterations of the HPA axis can lead to 
suppressed immunity.  







HPA (Adrenal – cortisol)
• Elevated CRH  - elevated ACTH which elevates cortisol which 


causes hippocampus destruction.


• An increase in inflammatory cytokine expression will alter the 
signal of the paraventricular nucleus which will alter the HPT 
axis.


• This will downregulate 5’deiodinase which diminishes T3, 
increases reverse T3 with normal TSH.


• The patient will have thyroid symptoms but be “Euthyroid.  


• An increase in HPA will increase IML activity which will 
increase catecholamine levels which will depolarize C fibers 
thus releasing neuropeptide substance P which causes tissue 
inflammation.


• An increase in cortisol will lead to a decrease in melatonin.  
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HGB


HCT


RBC


If Increased, Run MC 
Series.   If MC-Series 


Dec/ Nml
POLYCYTHEMIA


If normal, and  MC 
Series Dec/ Nml


Iron Sat INC/ Ferritin INC Serum 
Iron Inc/ TIBC & Transferrin Dec HEMOCHROMATOSIS


MC Series


MC Serices Increase:  Run IF 
Ab’s


IF Antibodies present: 
PERNICIOUS ANEMIA


NO IF Antibodies:  B-12 
FOLATE ANEMIA 


MEGALOBLASTIC ANEMIA


MC Series – nml BUN Dec Anemia of Protein 
Depletion


MC Series Decresed:  Look 
at Transferrin levels


Transferrin Inc


Serum Iron Iron Saturation


Serum Iron  & Iron Sat Inc 
HEMOLYTIC ANEMIA


Seerum Iron/ & Iron Sat Nml
ANEMIA OF CHRONIC 
DISEASE/ ANEMIA OF 


INFLAMMATION


Serum Iron & Iron Sat Dec 
Tx: Chronic Disease


SGPT/ SGOT/ GGTP


SGTP/SGOT/GGTP Inc 
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LIVER DISEASE
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Transferrin Dec
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ErthrocyteProtophyrinIncreased
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FLOWCHAR


T







Glucose 


• Altered fuel equals bad brain.


• The brain must have fuel and O2.  Glucose is 
the most important fuel of all.


• Failure of fuel equals mitochondrial failure. 


• Insulin dysreguylation equals inflammation.  



















Neurotransmitters


• We are not going to talk about them that 
much this module.  


• Next module is going to be loaded with 
neurotransmitter information, medication and 
supplements that deal with transmitters and 
all the pathways that deal with transmission.  











Practical


• Discuss the HPA axis and neurodegeneration.


• Discuss insulin and neurodegeneration.


• Discuss GI distress and neurodegeneration.


• Discuss various alterations in fuel for delivery 
and how they lead to neurodegeneration. 







Specific Disorders







Specific Disorders


• We have looked at the mechanisms and 
triggers, now it is time to look specifically at 
some named diseases and problems that will 
manifest with symptoms and be lumped into 
syndromes.  


Triggers Neurodegeneration Conditions







Degenerative Disorders
• Alzheimer’s (Amyloid / tau pathology)


• Dementia with Lewy bodies (Alpha-synuclein
pathology)


• Parkinson dementia (Alpha-synuclein pathology


• Protein folding


• Multi-system atrophy (Alpha-synuclein
pathology


• Fontotemporal Dementia (Tau pathology)


• Progressive supranuclear palsy (Tau Pathology)


• Corticobasilar degeneration (Tau Pathology)


• Huntingtons Disease (Trinucleotide repeat)


• Spinocerebellar ataxia (Trinucleotide repeat) 


• Wilsons Disease (Copper)


• Hallervorden-Spatz (Iron)


• Metachromatic Leukodystrophy
(Leukodystrophy)


• Prion related diseases 











Amyotrophic Lateral Sclerosis



















Dementia• Causes
– Amyloid Cascades


– Apo-E / Oxidative stress


– Cholinergic deficiency


– Synucleinopathies


– Autophagy


– Vascular ischemia 


– Inflammation / Immune


– Toxicity / Nutrient loss


• Predementia States


– Amnestic Mild Cognitive Impairment


– Depression


• Treatments


– Nutrition / Lifestyle / activation


– Drugs


• Cholinesterase inhibitors


• Memantine


Dementiaa







Degenerative Disorders
• Vascular 


– Infarct – small vessel disease


• Infectious


– HIV, Syphilis, TB


• Demyelinating


– Multiple sclerosis 


• Endocrine


– Thyroid / Adrenal / Parathyroid pathology


• Injury


– Subdural, blunt trauma, post anoxia 


• Vitamin Related


– B12, B1, Folate and Niacin


• Vasculitides


– Autoimmune and inflammatory


• Toxicities


– Heavy metal, medications, alcohol and drug usage recreationally (W-K syndrome)


• Organ Failure


– Hepatic, Uremic and Pulmonic


• Others


– Hydrocephalus, pophyria







Dementia Clinical 
Features


• Alzheimer’s Disease


– Memory deficit


– Aphasia


– Apraxia


– Agnosia


• Projections say that the condition will quadruple over the 
next 40 years to include 1 in every 85 people on the Earth.  


• This will include over 100 million by 2050 (Stahl, 2008)
– Treatment will aim at treating amyloid plaque, neurofibrillary


tangles and neurodegeneration while promotion of LTP is the goal. 
Lots to this.    







Dementia with Lewy Bodies


• Memory deficit


• Speech / language 
disorders


• Fluctuating attention


• Extrapyramidal signs


• Psychosis 
(Hallucinations)







Frontotemporal Demise


• Memory Deficit


• Speech Language Disorders


• Disinhibition


• Hyperorality







Huntington’s Disease


• Memory deficit


• Executive dysfunction


• Chorea







Creutzfeldt-Jakob Disease


• Memory Deficit


• Ataxia


• Myoclonus


• Language Disturbance







Earliest signs of Dementia


• Saccadic abnormality


• OPK abnormality


• Memory Loss (Maybe mild, maybe extreme)


• Loss in speech and affect


• Executive function loss


• Mood swings


• Difficulty learning


• Loss in smell


• Motor changes







A great Question???


• Does degeneration have to 
equal a “degenerative” 
condition?  


• What about depression, 
psychosis, hallucination, 
anxiety, behavioral 
disorders, poor executive 
performance.  Think about 
it………… 







© Rakowski 2008


“many neurodegenerative diseases have some clinical 
characteristics in common.”


“Sleep-wake disorders, delusions, psychiatric disturbances, and memory 
loss occur in all of these diseases.” 


http://www.nia.nih.gov/Alzheimers/Publications/ADProgress2004_2005/Part3/part3a.htm below











Amyloid cascade


• Created by abnormal Phosphorylation of tau proteins 
in neuronal microtubules.


• Situation called amyloid cascade hypothesis.


• Toxic amyloid plaque is created due to abnormal 
processing of amyloid peptides from amyloid
precursor protein (APP).


• Amyloid initially attacks the cholinergic neurons in 
the basal forebrain (Meynert) early in the disorder.


• Ach facilitates dopamine and glutamine release by 
activating alpha 7 nicotinic receptors on dopamine 
and glutamine releasing neurons.  (Why does that 
matter?)  







Amyloid Precursor Protein


• Likely an abnormality in a gene that code for APP or problems 
with the enzyme that cuts in into smaller peptides.  


• Alpha secretase cuts APP close to membrane proteins into small 
soluble proteins.  These are not amyloidogenic. 


• Beta Secretase cuts APP a little further away from where APP 
comes out of the membrane an also forms two peptides.  One is 
soluble and the shorter piece left over is later cut by gamma 
secretase.  


• This causes a release of A-beta peptides which is amyloidogenic.   



















A beta 42 Oligomers


• The oligomers eventually interfere with synaptic 
transmission.  Specifically transmission of Ach.


• The oligomers are not lethal to neurons at this point.  


• These oligomers will start to clump together and form 
amyloid plaques.  


• The plaques create glial cell activation, cause 
inflammation by triggering cytokines, and activate 
astrocytes.


• Free radical production is created. (Neurodegeneration)  















Tau Phosphorylation


• Amyloid activation on the neuron cause 
neurodegenetation as discussed.  


• It also causes hyperphosphorylation of tau proteins.  


• This converts neurotubules in neurofibrillary tangles.


• Death occurs of the neuron due to the plaques 
outside of the neuron and tangles on the inside.


• The death leads to symptoms. 


• Early onset of this process has been linked to 
chromosomal abnormalites on 21, 14 and 1.     















Apo-E
• Good Apo-E binds to beta amyloid to remove it.


• Bad Apo-E is developed when there is a genetic 
defect in Apo-E formation.


• Apo-E is also involved in cholesterol transport, myelin 
synthesis, neuronal repair and maintenance.


• Know your lipids – this will come in handy for your 
patients and it will come in handy when we talk 
about the vasculature. 


• Elevated in 50% of patients with Alzheimer disease.  
Does not completely suggest disease present, but 
may suggest the speed of progression.       







Have to boost ACh


• ACh is made in cholinergic neurons.  Made by 
ingestation of choline.


• You can supplement N-Acetyl L-Carnitine and Alpha 
GPC (L-alpha phosphorylcholine).


• Remember though!!!  Amyloid levels can suppress 
synaptic transmission of Ach, as a result, taking in 
more choline is not always more productive at 
improving symptoms.







Terminal Enzymes


• Acetylcholinesterase


• Butyrylcholinesterase







Post synaptic receptors


• Post synaptic ACh nicotinic receptors on 
dopamine and glutamine neurons rely on 
adequate ACh production.


• ACh is a vestibular stimulant.  Many people take 
muscarinic blockers for dizziness.  The problem is 
they cause short term memory loss.  


• Cholinesterase inhibitors are used for treatment 
in dementia patients at times. 


– Excelon and Aricept 











Acetylcholine Projections


Amygdala


Arousal


Controls Autonomic Responses 


Associated with Fear


Emotional Responses


Hormonal Secretions


Decision Making
Higher functions







“Although choline is not by strict definition a vitamin, it is an essential 
nutrient. Despite the fact that humans can synthesize it in small 


amounts, choline must be consumed in the diet to maintain health (1).”
http://lpi.oregonstate.edu/infocenter/othernuts/choline/ below


“Milk, eggs, liver, and 
peanuts are especially rich 


in choline.” 







Acetylcholine Support


Vitamin E 12 IU 
(as d-alpha tocopherol)


Folate 400 mcg 
(as L-5-methyl tetrahydrofolate†)


Huperzine A 100 mcg  
(from Huperzia serrata)


tocotrienol/tocopherol (40 mg) 
Full Spectrum Palm Fruit 


Extract†† 210 mg 


N-Acetyl L-Carnitine and Alpha GPC (L-alpha 
phosphorylcholine).







“the neuroprotective effects 
of huperzine A beyond its 


acetylcholinesterase
inhibition. These effects 
include regulating beta-


amyloid precursor protein 
metabolism, protecting
against beta-amyloid-


mediated oxidative stress 
and apoptosis.”


Cell Mol Neurobiol. 2008 
Feb;28(2):173-83. Epub 2007 Jul 


27.  PMID: 17657601 below


Huperzine –


Multiple Mechanisms







Induced Neurodegeneration


• Amyloid and other triggers can produce 
neurodegeneration.  


• Degeneration sensitizes cells to glutamate and 
aspartate and there is more glutamate 
released in an excito-toxic model and amyloid
and inflammatory model. 


• This throws off the delicate balance of NMDA 
receptor function and activation.   







“Aβ (amyloid beta) has been found in mitochondria in 
postmortem AD brain” 


Proc Natl Acad Sci U S A. 2008 September 2; 105(35): 13145–13150.  doi: 10.1073/pnas.0806192105. PMCID: PMC2527349







“Epigallocatechin-
3-gallate or 
curcumin


significantly 
attenuated beta 


amyloid
- induced radical 


oxygen species 
production and beta-


sheet structure 
formation.”


Neuroreport. 2008 Aug 


27;19(13):1329-33. PMID: 
18695518


Let’s get some green tea







Beta Secretase inhibitors Green Tea 


and Curcumin











“ (DHA) 
decreased Abeta 


amyloid beta-
peptide (Abeta)


levels”
“DHA diet also 
decreased the 


number of activated 
microglia in 


hippocampus”
Neurobiol Dis. 2006 Sep;23(3):563-


72 PMID: 16765602  below


Microglia (immune cells)







“neuro-protective
action of the ß-


amino acid 
taurine against 


the neurotoxicity
of Aß.” (Amyloid 


Beta)
(The FASEB Journal. 2004;18:511-518.)  


PMID: 15003996 below







“Orally administered CLN 
showed 


significant stabilizing 
effect on cognitive 


functions in improving 
the conditions of patients 
suffering from mild and 


moderate AD 


(Alzheimer's disease).”
The Journal of Nutrition, Health & 


Aging
Volume , Number , 2009 1-7 below


Proline-Rich Polypeptide 


Complex Formula







30 week trial, 105 patients with mild to moderate AD (median age 72.1 y/o, 2/3 women) 


PRP found to be significantly better than placebo in this 30 week trial of 105 mild to 
moderate AD patient. *Cognitive and **functional changes in daily living scores were 


significantly improved.   Bilikiewicz, et al.,Journal of Alzheimer’s Disease 6 (2004) 17-26







Alzheimer’s Progression Chart
http://www2f.biglobe.ne.jp/~boke/improvingad.htm below


Mild to Moderate


Proline-Rich Polypeptide Formula 







Amyloid Plague –
no treatment


21 days of PRP 


Treatment







http://litemind.com/study-matrix-mind-map-showcase/







Practical


• Discuss amyloid and tau pathology.


• Discuss symptoms of Alzheimers.


• Discuss synaptic alterations in Alzheimers.


• Discuss treatment options.  







The story of synucleinopathy and 
protein folding problems.  











When dopamine levels go very bad!!


• Aggregate formation of α-synuclein is 
cytoprotective and that its precursor oligomer
(protofibril) may be cytotoxic.


• The cellular membranes are shown to be the 
primary targets injured by mutant α-
synucleins, and the mitochondrial dysfunction 
seems to be an initial step in the neuronal 
death.







α-synuclein


• In the subgroup of neurodegenerative disorders termed 
“synucleinopathies,” α-synuclein is known to polymerize into 
fibrils and to accumulate in pathologic hallmark inclusions, 
such as lewy body (LB), lewy neuritis (LN), and glial
cytoplasmic inclusions (GCIs).


• The LB and LN are characteristic of Parkinson's disease (PD), 
and point mutations or gene multiplications of α-synuclein are 
responsible for familial PD. 


• Moreover, transgenic flies overexpressing mutated human α-
synuclein showed progressive locomotor disability with 
dopaminergic neuronal cell death with intra-cytoplasmic
inclusions







Synuclein


• 70% neuron death in the straital pars compacta
occur before symptoms begin.


• Projections from the ventral tegmentum to the 
N.A is much less affected than the projections 
from the compacta to the cuadate.


• Cholinergic cells in the vagal nucleus also die.  
These are non dopamine related. In fact, all cells 
are vulnerable, not just cholinergic and 
dopaminergic. Nigral cell death does define the 
condition however.        







Lewy bodies


• Lewy bodies are intracellular deposits of proteins and lipids.  


• They are an intracellular hallmark of the disease process of 
parkinson like symptoms.  


• They start first in the olfactory bulb.  Then the progression 
goes to the ventral mesencephalon and then to the locus 
coeruleus and the nuceus basalis of Meynert.


• Lewy bodies can also be seen in Lewy body dementia, which 


is a diffuse disease process.  (DLBD).







A - synucelin


• Three types. 


• Synuclein is part of the fibrillary structure of the Lewy body.  


• Deposited pathological forms aggregate and have lower 
solubility than normal proteins. 


• These are modified post translation by truncation, truncation, 
ubiquination and phosphorylation.


• There is one problem.  Parkinsonian cells grafted that were 
functional formed Lewy bodies as a likely protective 
mechanism.  







Synucelin


• A recent discovery suggested that a mutation 
in the A53T a-synuclein gene was responsible 
for the pathology of PD.  


• This mutation causes a reversion of the 
alanine to the ancestral threonine gene found 
in rodents and other species.  


• Two other mutations including E46K and A53T 
have been noted and relate to difuse
deposition of synuclein.  







Synuclein


• There is also another group of cases that have a 
multiplications of the normal wild type allele of SNCA which if 
the gene that encodes for synnuclein protein.  


• Cases with duplications have a brainstem predominant PD and 
cases of triplications have a Lewy body disease that involves 
several regions.


• Synuclein varants likely have a role in inherited and sporadic 
PD.  The genetic data suggests this.  Synuclein is likely the 
toxic protein link that fulfills the causative agent criteria for 
triggering.  


• The biggest question, how and why is synuclein responsible.    







Synuclein


• Mutated synuclein and oligometric forms of 
synuclein trigger calcium influx into the cell.  
This can lead to energy linked excito-toxicity 
and cellular failure.  


• Synuclein is typically in an unfolded monomer 
fashion.   These monomers can aggregate into 
small oligomeric species that can be stabilized 
by beta sheet interactions which then turn 
into higher molecular weight insoluble fibers.  







Synucelin


• With activation of the calpain proteases 
truncation occurs to synuclein.  


• Nitration through N.O and other reactive nitrogen 
species that are present during inflammation and 
cellular failure also modify synuclein. 


• Phosphorylation also distorts synuclein.


• The net result is protein folding and aggregation


• Adding Ubiquitin is the added key to deposition 
of the folded, higher molecular weight proteins.  







Synuclein


• The accumulation of Lewy bodies with folded, 
higher weight synuclein leads to more 
intracellular pathology.
– ER and golgi transporting blocked along with 


fragmentation of reticulum.


– Decreased synaptic vesicle release.  


– Impaired energy production (mitochondrial 
failure).


– Impaired lysosomes and proteolytic machinery.  
This lowers the clearing of truncated synuclein. 







Synuclein


• Phosphorylation causes oligimer aggregation.


• Calpain enhances that aggregation and 
truncates the protein into aggregating pieces.


• Inflammatory induced nitration solidifies the 
aggregation.


• Ubiquitin folds and distorts the oligomer
aggregation.


• This causes pathological Lewy bodies.  







Synucelin


• Over expression of heat shock proteins can 
also mitigate the aggregation and oligomer
formation.


• It is likely that mutated synuclein
phosphorylates easier.  Mutations also 
increase the amount of synuclein.  







Synucelin


• One BIG problem.  Dopamine increases the 
oxidative stress that leads to synuclein
aggregation.  


• Synuclein aggregation and expression 
increases the sensitivity to oxidative stress and 
now the things that cause oxidative stress 
become more lethal.  It is a vicious cycle.  







What else does synuclein do?


• It associates with lipids.  Likely membranes.  
• Synuclein reaction with bi-lipid membranes creates greater 


permeability to cations.  
• This can impact and enhance over and under excitation.
• Synuclein inhibits activity at complex one of the 


Mitochondria.  
• Binding to lysosomes limits the cells ability to clear out 


cellular waste.  
• Multiple systems arophy is a possible condition related to 


the whole encompassing process.  
• Synucelin inhibits proteosomes.   







Treatment


• Decrease excito-toxicity.


• Stabilize membranes.


• Decrease cytokine based inflammation.


• Support the mitochondria.


• Support antioxidant levels.  







Alpha Synuclein
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Hypokinetic Disorders.
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Parkinson’s Disease
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Hyperkinesia


• These typically happen when the thalamus is 
allowed to be uninhibited and it essentially 
escapes.
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Drugs


• Drugs that control hyperkinesis are D2 antagonists.  This 
reduces the uptake of the inhibitory affects to D2 cells 
so the indirect pathway becomes dominant over the 
direct pathway and this reduces the symptoms 
associated with hyperkinetic disorders.
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Practical


• Discuss synuclein formation and Lewy body 
formation.


• Discuss the neurons that die with dopamine 
depletion.


• Discuss hypo and hyper kinetic disorders.


• Discuss supranuclear palsy.







Standard Thyroid Testing 
performed
TSH
TT4
FT4
T3U
FT3
rT3


TPO, TBG, TSH 
Antibodies may 
be included.  


TSH Level
1.8-3.0


Elevated TSH Decreased TSH


Normal TSH


T4 Dec / T3 
Dec/Norma = 1 
hypothyroid
-----------------
TPO/TBG + = 
Hashimoto


T3/T4 elevated = Pit 
hyperfunction
Run Serum Prolactin
Consider Adenoma


T4 / T3 may be normal or low with 
hypothyroidism.
If TPO  positive do TH1/TH2 cytokine panel, 
progesterone , Vit D levels.  Consider 
gluten reaction and cerebellar Ab


Thyroid Breakdown


Ele T4 / T3
TPO/TBG + is Hashimotos.
TSH Ab is Graves.
Rule out exogenous excess.
Rule out iodine usage.  


If T4 is increased with suppressed TSH then 
consider thyroid hyperfunction or thyroid 
replacement overdose.   If the T4 is decreased 
with elevated TSH then consider a primary 
hypothyroidism.  If the T4 is decreased with 
supppresion of TSH, consider Pituitary 
hypofunction secondary to  hypothyroidism.  


If free T3 is low with decreased free T4 then consider 
increased binding proteins from oral contraceptives or 
high estrogen.  If free T3 is low with normal bound or free 
T4 then consider thyroid underconversion secondary to 
adrenal hyperfunction or maladaption.  If free T3 is 
elevated with suppressed TSH it is likely thyroid 
hyperfunction or to much thyroid medication.  


If T3 uptake is decrease consider estrogen 
excess.  May be from drug usage.  
If T3 uptake is high, consider androgen 
excess from usage of drugs or PCOS.  


Decreased serotonin due to insulin 
resistance, hypoglycemia or insulin 
resistance.  May have depression with 
thyroid changes. Physiological stress may 
cause adrenal changes which can 
promote serotonin loss.   Can lower TSH   


Decreased dopamine due to insulin 
resistance, diabetes or hypoglycemia.   
Adrenal dysregulation and methylation
need to be addressed.   Can lower TSH 


Inflammatory cytokines from gut, viral, 
bacterial  and Lyme infections.  Food, 
mold and environmental intolerance can 
cause  problems. Cytokine upregulation.
Can lower TSH.


Paraventricular
Hypothalamic
Dysregulation


TSH may be normal with 
T3 uptake problems, 
increased T3 uptake, 
underconversion, 
increased binding 
globulins, 
overconversion, and 
Hashimotos. 


SSRI. SNRI, dopamine, glutamate / GABA 
meds.
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EFAs, vitamins, O2, Glucose in right amounts make a healthy cell
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The Story of Autophagy







Autophagy (Cells in Poverty)


• The degradation of a cell's own components through the 
lysosomal machinery. It is a tightly-regulated process that plays a 
normal part in cell growth, development, and homeostasis, 
helping to maintain a balance between the synthesis, 
degradation, and subsequent recycling of cellular products. It is a 
major mechanism by which a starving cell reallocates nutrients 
from unnecessary processes to more-essential processes.


• Studies have shown that autophagy plays a role in the removal of 
misfolded proteins which accumulate in the cell. It could be the 
case though, that a disproportionate autophagic response could 
contribute to the pathology seen in many disorders.







Cells have to 
clean house, 
its when the 
dirt inside is 
so great the 


cells starts to 
become 
injured.























Practical


• Discuss the need for autophagy.


• Discuss what happens with autophagy
dysregulation.







Lobe specific diseases


• From named conditions to functional deficits.  







Frontal Lobes
Welcome to Humanity







Frontal Lobes Cont.


• The frontal lobe is approximately 1/3 of the human cortex and is very 
unique in regards to human kind.  


• This area is important for making up many of the aspects of humanism 
and personality.


• The frontal lobe is made of three surfaces, the lateral, medial and orbito-
frontal. 


• The particular lobes are the following: 
– Orbito-frontal cortex (11) 
– Frontal eye fields (8) 
– Broca’s speech area (44, 45)
– Prefrontal cortex (8,9,10,11) which is comprised of a 


• dorsolateral and a dorsomedial sections.  


– Supplemental / premotor cortex (6) 
• In the supplementary motor area there is also a micturition center.


– Primary motor cortex (4).  







Frontal Lobes Cont.


• In particular the frontal lobes deal with 
restraint, initiative and order.  
– Restraint deals with judgment, foresight, 


perseverance, delaying gratification, inhibiting 
socially inappropriate responses, self governance 
and concentration.


– Initiative deals with curiosity, spontaneity, 
motivation, drive, creativity, shifting cognitive set, 
mental flexibility and personality.  


– Order deals with abstract reasoning, working 
memory, perspective taking, planning, insight, 
organization, sequencing and temporal order.







Frontal Lobe Syndromes


• Frontal lobe syndromes will give you apparent 
contradictive behavior.  


• For example, 


– (Apathetic indifference verses explosive emotional 
lability), 


– (Abulia verses environmental dependency), (Akinesia
verses Distractibility), 


– (Perserevation verses Impersistence), 


– (Mutisms verses Confabulation), (Depression verses 
mania), Hyposexuality verses Hypersexuality).







Terms


• Abulia: Diminished motivation, lack of drive.


• Perseveration: Repeating a word, phrase or gesture despite 
being cued or stimulated to do so.  


• Apathetic: Suppressed emotions, concerns, excitement, 
motivation.


• Impersistence: Inability to sustain something – behavior, 
emotion. 


• Mutism: Cannot talk


• Confabulation: Speech that has no meaning or makes little 


sense in light of a given conversation or topic. 







Speech


• Expressive aphasia (No-fluent)
– http://www.youtube.com/watch?v=1aplTvEQ6ew


– http://www.ebaumsworld.com/video/watch/80748758/


• Receptive aphasia
– http://www.youtube.com/watch?v=67HMx-TdAZI&feature=related 


– http://www.youtube.com/watch?v=aVhYN7NTIKU&feature=related


• Dysarthria
– http://www.youtube.com/watch?v=CqKUcaVOSwg&feature=related


– http://www.youtube.com/watch?v=_sHfaJZq8TQ&feature=related



http://www.youtube.com/watch?v=1aplTvEQ6ew

http://www.youtube.com/watch?v=1aplTvEQ6ew

http://www.youtube.com/watch?v=1aplTvEQ6ew

http://www.youtube.com/watch?v=1aplTvEQ6ew

http://www.youtube.com/watch?v=1aplTvEQ6ew

http://www.ebaumsworld.com/video/watch/80748758/

http://www.ebaumsworld.com/video/watch/80748758/

http://www.ebaumsworld.com/video/watch/80748758/

http://www.youtube.com/watch?v=CqKUcaVOSwg&feature=related





Prefrontal lobe


• Homotypic heteromodal cortex in every area.


• Brodmann areas 8,9,10,11  


• Three regions comprise the prefrontal cortex


– Dorsolateral prefrontal cortex


– Orbitofrontal cortex


– Medial frontal and anterior cingulate cortex 







Dorsolateral Prefrontal (9-10) 


• Integrates with other heteromodal areas, basal ganglia and 
dorsomedial thalamus.  


• Executive function, planning and judegement.
• Lesions: Summary


– Poor abstract thought: Ability to modify actions and thoughts when 
necessary.


– Poor planning: Inability to sequence activities.
– Poor judgment: Inability to evaluate a situation and act accordingly. 
– Poor problem solving: Cannot deal with complicated situations.
– Psychomotor retardation: Slowing of thoughts and physical 


movement.  See often with depression as well.  
– Motor impersistance: Inability to sustain a movement. 
– Perseveration: Repeat of activity without reason.
– Poor executive function: Difficultly with organization and thought
– Dysexecutive synrome: Difficulty with high level function. 







Medial Frontal Cortex and 
Cingulate Cortex


• Connect intricately with the limbic system.  
• Has a major role with initiation, motivation and 


goal oriented behavior.
• Impairment:


– Abulia
– Indifferent
– Poor speech output
– Impaired initiation of behavior or motor movement
– Urinary incontinence 
– Gait disturbance
– Severe lesion will cause akinetic mutism
– Epilepsy here can cause complex motor and gestural automatisms


• Automatism – Brief period of consciousness loss.  







Orbital Prefrontal Cortex (10 11)


• Widespread interactions with the limbic system.  
• Located at the frontal poles
• Connects with basal ganglia.
• Responsible the following:


– Social behavior.
– Inhibition of inappropriate behavior (social context).
– Visceral activities.
– Judgement
– Conscious perception of smell (Receives input from 


the piriform cortex – via thalamus.  







Orbital Prefrontal Cont.


• This area of the prefrontal cortex is connected with 
the temporal lobe, amygdala thus this area provides 
interpretation of limbically related information that 
can be used in a way to formulate an appropriate 
motoric response.  


• It mediates arousal and also helps regulate the 
experience or anxiety.  


• This area also deals with taste and convergence of 
other sensory information for flavor.  







Orbital Frontal Syndrome Cont.
• The patient shows hyperactivity, and is unable to inhibit 


spontaneous actions and to react to the extraneous stimuli 
(hyperreactivity). 


• The affects of the orbital patient are labile and unpredictable. 
Euphoria is often the dominant affect, at least more often 
than in other prefrontal syndromes. Together with it, the 
patient commonly exhibits inappropriate and childish humor. 


• In addition, he is unable to inhibit instinctual drives and tends 
to make displays of belligerence, hypersexuality, and 
hyperphagia.  Difficulty achieving orgasm as well is present.   


• Disinhibition of instincts, in the absence of good moral 
judgment, often drives the patient to unruly behavior and to 
break the law. 


• Sociopathy is almost a hallmark of the orbitofrontal
syndrome. Many of these abnormalities seem to be the result 
of a deficit in the inhibitory control cortex. 







Orbital Frontal Syndrome Cont.


• Similarities between ADD and the orbital-prefrontal 
syndrome 


– Hyperkinesia, and unruly behavior. Thus it is 
reasonable to conclude that the ADD has 
something to do with a disorder of the 
orbitofrontal cortex (Fuster, 1997). 


– Furthermore, because ADD is often outgrown in 
late adolescence, it is also reasonable to suppose 
that the ADD is the clinical manifestation of a lag 
in the maturation of the orbital-prefrontal cortex. 


• (miller and cummings the human frontal lobes 
functions and disorders the guilford press 1999)







Frontal Lobes (Simple Summary)


• The dorsolateral prefrontal cortex, mediates 
executive behavior. 


• The orbitofrontal cortex, mediates social behavior 


• The mediofrontal cortex, mediates motivation. 


• Three areas therefore, process the what, when and 
how when these are not completely specified by a 
situation if an action is to be undertaken (Deeke, et 
al. 1985).







Motor cortex including


Primary, supplementary 


and premotor cortex and 


primary sensory cortex


Cognitive cortex


including DLPF and 


orbitofrontal cortex


Limbic cortex including 


Anterior cingulate, temporal 


cortex, entorhinal cortex, 


hippocampus, Inf. 


Prefrontal cortex, Amygdala 


and ventral tegmentum 


Oculomotor cortex


including Frontal eye 


fields, DLPF, posterior 


parietal.  
Ventral Striatum


Dorsal Striatum


GPE STN
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Thalamus







Questions about Frontal Lobes


• Trouble Listening


• Distractibility


• Poor planning skills


• Boredom


• Lethargy


• Lack of Motivation


• Excessive daydreaming


• Conflict Seeking


• Difficulty waiting turn


• Restlessness


• Impulsivity 


• Talking to much or to little







Frontal Lobe Questions Cont.


• Trouble sustaining attention in routine situations.


• Inability to give close attention to details.


• Lack of clear goal or forward thinking.


• Difficulty expressing feelings.


• Difficulty following through on things started.  


• Difficulty expressing empathy for others.


• Being in a fog.


• Trouble learning from mistakes.


• Difficulty remaining seated when expected to do so.


• Intrusion and interruption on others very often.


• Blurting our answers without clear control.  







Frontal Lobe Testing


Exam
• Stroop
• Wisconsin Card Sorting


– Physical
• Pathologic reflexes
• Gagenhalten (Paratonia)
• Frontal (Magnetic gait disturbance)
• Skull shape
• All cranial nerves


– Family questions
– Mini mental exam (SAGE)
– Ocular examination


• Vertical OPK
• Horizontal OPK
• Vertical saccades
• IML changes (Autonomic)


– Tie in all the other aspects of the examination







Frontal Lobe Testing


• Behavioral Observations
– Abulia


– Inappropriately jocular


– Confabulation


– Language changes


– Motor changes


– Perseverance


– Incontinence


• All the other things we have talked about in regards to each area


– Motor / coordination / executive behavior / motivation / control of emotions 
and other higher human functions.  







Frontal Lobe Testing
• Mental Status Examination


– Attention
• Digit span forward and backward


• Months forward and backward


– Perseveration and set-shifting ability
• Luria alternating sequencing tasks


• Wisconsin Card Sorting Test


– Ability to suppress inappropriate response
• Auditory go no testing (Stroop)


• Stroop testing


– Word generation, figure generation
• Figure generation


• FAS test (verbal fluency)


– Abstract reasoning
• Proverb interpretation


• Logic problems


– Judgment / influence of current behavior on current behavior
• Questions about situations


– Language testing


– Testing for hemineglect


– Summary of all testing
• http://www.brainsource.com/nptests.htm







Practical


• Discuss the frontal lobes. What do they do?


• Name some symptoms of frontal lobe 
dysfunction.







Primary Cortex







Parietal lobes


• Receives projections from the VPL and the 
VPM of the thalamus from the contra-lateral 
body.  


• Contains multiple regions:
– Primary somatosensory cortex (S1)


• Idiopathic primary cortex


– Secondary somatosensory (S2)
• Homotypic unimodal
• Provides somatosensory input to the motor cortex
• Projects to limbic areas for tactile learning


– Dorsal M pathway
• Occipitoparietal visuospatial pathway responsible for 


visuomotor tasks.  







Primary somatosensory cortex (S1)


• Lesions here create deficits in touch, vibration, 
joint position sense, stimulus localization.  


• This area spares pain and temperature which 
project to the secondary somatosensory
cortex.  


• Lesion of SII at the parietal operculum







Superior Parietal Lobe Cont.


• Lesions in the dominant lobe will give you dysphasia and 
slowness to speak in regards to phonation.
– http://www.youtube.com/watch?v=PbnCcJ-tHxA  


• This may give grammer errors and may make the patient 
seem uncooperative and confused.  


• A lesion here can also produce a tactile agnosia in which 
the patient cannot recall the name of an object by touch 
alone.  


• They may have an astereoagnosia in which they cannot tell 
the difference in an object based on weight and three 
dimensional characteristics of an object.  The patient will 
also have the inability feel a number written on the skin 
(agraphesthesia).


– http://www.youtube.com/watch?v=dG8JGg-d2Pk
– http://www.youtube.com/watch?v=fYYiZB8rQnQ
– http://www.youtube.com/watch?v=eCITnfTG57g&feature=related
– http://www.youtube.com/watch?v=6fyiGUAg2GY&feature=related
– http://www.youtube.com/watch?v=kUjiZFkSGe0&feature=related
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Superior Parietal Lobe
• Lesions on the nondominant parietal lobe may 


produce a lack of appreciation of spatial aspects of 
the opposite side of the body, (sensory neglect 
syndrome). 


• The patient does not recognize the opposite side of 
their body and may not dress the opposite side of 
their body, (dressing ataxia).  


• They are often unaware of the loss and this is called 
an anosoagnosia.  If objects cannot be attended to, 
they are often ignored. 


• Bilateral parietal involvement may give you the 
inability to see moving objects, (movement agnosia), 
however the ability to see stationary objects remains 
normal.  Sometimes lesions here can alleviate the 
ability to perceive pain. 







Summary of non-Dominant / Dominant lesions


Non-dominant lesion
• Anosognosia:  Patient has disability but is unaware.
• Dressing apraxia: Inattention to left side when dressing.
• Geopgrahic agnosia: Cannot find a place. 
• Constructional apraxia: Cannot copy pictures or manipulate objects 


into patterns. 
• Hemispatial sensory neglect: Neglect one whole side.  


Dominant lesion
• Finger agnosia: Cannot identify own or others fingers.
• Acalculia: Math problems
• Agraphia: Cannot write, despite the ability to read.
• Alexia: Cannot read
• Aphasia: Cannot talk right. 







Inferior Parietal Lobe


• A nondominant inferior parietal lobe lesion may give 
the inability to appreciate aspects of a verbal 
message such as tone and loudness and timing of 
words.  This is called aprosodia.


• Bilateral changes to the posterior inferior parietal 
lobe may produce a balints syndrome which makes 
the eyes stay fixed on a visual target, this is an optic 
apraxia.  


• There may be a loss in guidance to grasp an object, 
(Optic ataxia).  There may be only various parts of a 
visual object, or unable to see the object as a whole, 
this is a simultanagnosia.







Practical


• Discuss the parietal lobes. What do they do?


• Name some symptoms of parietal lobe 
dysfunction.







Temporal Lobes







Temporal Lobes
• What is contained in the temporal lobe


– Primary auditory cortex


• Idiopathic primary cortex


– Auditory association cortex


• Homotypic unimodal cortex


– Wernicke’s area:


• Part of language.


– Middle and inferior temporal lobes


• Memory and learning


– Limbic area


• Inferior and medial temporal areas.


– Uncus


• Receives olfactory and gustatory input


– Insular cortex


• Taste


– Optic radiations (Meyers loop)







Temporal lesions


• Superior homonymous quadrantanopsia


• Cortical hearing loss


• Auditory agnosia


• Dyacusis


• Pure word deafness


• Expressive aphasia


• Kluver Bucy Syndrome


• Amnesia


• Amusia


• Aguesia


• Semantic Dementia


• Prosopagnosia


• Complex visual hallucinations


• Auditory hallucinations


• Olfactory Hallucinations


• Alternations of memory


• Palinopsia







Temporal lesions


• Auditory agnosia: Difficulty recognizing different sounds.


• Dyacusis: Perception of certain sounds as unpleasant.


• Pure word deafness: Verbal agnosia due to auditory – verbal 
disconnection.


• Amnesia:


– Nondominant hemisphere: Amnesia for non-verbal, 
visiospatial information.


– Dominant hemisphere: Amnesia for verbal information 







Temporal lesions


• Amusia: Cannot recognize songs.  Left side the 
patient will have problems with recognizing 
lyrics.


• Aguesia: Loss in taste.


• Semantic dementia: Dominant anterior 
temporal lobe lesion that gives problems with 
word meaning.


• Prosopagnosia: Posteroinferior temporal-
occipital region.  Cannot recognize faces.


– http://www.youtube.com/watch?v=vwCrxomPbtY







Alterations of memory


• Déjà vu:
– Familiarity of a previous familiar event, place or event.


• Déjà entendu:
– Familiarity with a previously familiar auditory experience.


• Jamais vu:
– Familiarity of a previous unfamiliar event, place or event.


• Déjà entendu:
– Familiarity with a previously unfamiliar auditory 


experience.


• Palinopsia:
– Recurrence of an image no longer present in a visual field







Practical


• Discuss the temporal lobes. What do they do?


• Name some symptoms of temporal lobe 
dysfunction.







Hemisphere specific Functions







Right Hemipshere


• Sensory – Tactile sensation from both the left side and right of 
the body


• Olfactory discrimination (orbital frontal)
• Modulation and filtering of sensory input.
• Hue discrimination 
• Olfactory function (Zatorre &; Jones-Gotman,1991).
• Vision – Visual input from left half of both eyes.
• Specialized for lower frequency,
• Global processing, 
• Depth perception
• Recognizes facial emotions.
• Can recognize out of focus visual input.







Right Hemisphere Cont.


• Audiometry – Hears sound from left ear, 


• Specialized for music,


• Pitch, 


• Tones, 


• Timbre, 


• Recognizes emotional tone of conversation, 


• Specialized for low frequency sounds, 


• Environmental sounds.







Right Hemisphere Cont.


• Cognitive – Attention, impulse control, 
• Visual images, 
• Memory for locating, 
• Direction,
• Responds to novel or new stimulus,
• Understands the context (the big picture of the meaning of a phrase or 


word).
• Nonverbal forms of communication. 
• Implicit learning (subliminal learning). 
• Recognizes objects when rotated from unusual perspective.
• Abstract thought.
• Spacial intelligence.







Right Hemisphere Cont.


• Procedural Learning/Memory – Recognizes 
humor,


• Recognizes metaphors.


• Temporal organization of memory (Milner et 
al., 1985; MacAndrews & Milner, 1991)


• Activations during working memory (like those 
from episodic retrieval)  


• Nonverbal working memory activations 


• Activation from spatial processing tasks 







Right Hemisphere Cont.


• Emotional – Withdrawal behavior,
• Produces negative emotions,
• Very cautious, part of the brain
• Give us our conscience
• Executive response preparation and inhibition 


(supplementary motor area)* 
• Cognitive estimation 
• Design fluency 
• Motor sequence generation (ventral lateral or orbital cortex)* 
• Hooper Visual Organization test 
• Picture arrangement 
• Graphic pattern generation 







Right Hemisphere Cont.


• Attention 
• Auditory sustained attention (dorsolateral prefrontal 


cortex) 
• Simple continuous performance task 
• Nonverbal continuous performance task 
• Visuospatial
• Visual organization test 
• Visuospatial learning 
• Construction and design copying 
• Memory 
• Nonverbal subject-ordered tasks 
• Verbal and nonverbal judgment tasks 







Right Hemisphere Cont.


• Emotions 


• Primary emotions 


• Emotional expression 


• Facial gestures 


• Body gestures 


• Speech intonation 


• Memory retrieval (Buckner et al., 1995; 
Fletcher et al., 1995) 







Motor functions (Right 
Hemisphere)


• Gross motor activity, mid-line posture, control center 
of gravity,


• Moves both eyes together (stereopsis).
• Muscle tone on the right side of the body.
• Muscle tone of right soft palate.
• Complex motor functions (Supplementary motor 


area)”’ 
• Motor impersistence
• The right frontal lobe also has been implicated in 


attention to extrapersonal space, particularly when 
exploratory motor movements are required (Daffner, 
Ahern, Weintraub, & Mesulam, 1990; Spiers et al., 
1990







Autonomic functions (Right 
Hemisphere)


• Slow heart rate.


• Decreased blood pressure on the right side.


• Controls the size of the pupil on the right, 
generally will make the pupil smaller. 


• Controls sweating on the right side of the 
body


• Controls the release of stress hormones, like 
cortisol. 







Immune Functions (Right 
Hemisphere)


• Controls immune suppression.


• Controls the stress response and prevents 
auto-immune diseases.







Neuro/Endocrine (Right 
Hemisphere)


• Has a greater population of receptors for 
serotonin and norepinephine.







SYMPTOMS THAT ARE BELIEVED TO 
BE ASSOCIATED


WITH DEFICITS OF RIGHT BRAIN 
FUNCTION:







Right deficit (General)


• Difficulty focusing attention (ADD)
• Impulsivity
• Obsessive or repetitive thoughts or actions (OCD)
• Poor spatial orientation and memory
• Difficulty remembering directions 
• Gets lost easily
• Inappropriate or poor social behavior/does not read or 


interpret social cues (facial expression, body language, etc.)
• Difficulty-recognizing objects when seen from an unusual 


perspective.


• Tend to neglect or ignore the left side of space or body.







Right side deficit cont.


• Tend to drawer or write on the right side of paper.
• Poor geometry skills.
• Poor math reasoning skills.
• Poor reading comprehension
• Poor time estimation (underestimates)
• Tone deafness or poor musical ability.
• Does not seem to respond or recognize emotional tone of 


voice.
• Tends to focus on small details.
• Cannot easily identify out of focus pictures or incomplete 


pictures.
• May rush to name something or to explain something, even 


when they are presented with ambiguous information.
• Lack of understanding context or meaning of words.







Right side deficit cont.
• Difficulty recognizing environment sounds or low frequency 


sounds.
• Spacial dislocation of where things are happening around 


them.
• Dislocation of where the person is.
• Body image distortion.
• Feel as they have fused with objects or the universe.
• Unable to identify voices with cues, especially within crowds.
• Confuse their internal voice as coming from an external voice.
• Believe they are hearing a voice from God.
• See things that are not there (delusions).
• Extremely religious or strongly believe in U.F.O.’s 
• Hallucinations or delusions/increased speech/may have 


thought disorders (derailment, tangentially of speech and 
clanging).







Right side deficit cont.


• Stringing words together that rhyme.
• Difficult choosing the right interpretation of a work or situation.
• Unable to tune out irrelevant stimuli (distractable).
• Tends to over analyze.
• Disorders of awareness/confabulation or make up reasons for their 


behavior.
• Inability to decide or quickly grasp something.
• Over interpretation of isolated bits of reality.
• Seeing patterns where there are none.
• Feel as if they do not understand their purpose or what they are meant to 


do.
• Difficulty decoding the emotions of other people.
• Difficulty with perceiving meaning and intonation in others speech.
• Poor understanding of indirect meaning or metaphors.
• Poor block design and picture arrangement ability.







Right side deficit cont.


• Extremely literal.
• Lack of imagination and pretense in play.
• Treats people as objects and treats body parts as if they were independent things.
• Notices great detail about the environment.
• Avoid eye contact.
• Act awkwardly or inappropriately.
• Competent or superior intelligence with calculations or puzzle solving.
• Lack of social intelligence to understand other’s minds and feelings (mind reading ability).
• Cannot predict what others will do.
• Does not enjoy reading books.
• Cannot pretend play as normal 18 to 24 month old children would.
• Does not monitor.
• Do not point to direct others attention.
• Do not speak to direct others attention.
• Do not show or share interest with another.
• Do not understand false beliefs.
• Does not understand jokes.







Right side deficit cont.


• Cannot reflect on their own mental processes.
• May not realize they have their own mind.
• Do not understand false perceptions.
• Cannot update their understanding of a situation, given new context or 


surrounding.
• Cannot ascribe correct mental state in story.
• Autism.
• Alexethymia.
• Increased abstract thought ability.
• No understanding of symbolism.
• Do not see the whole picture.
• Their own thoughts can come out of the mouths intiminate objects or animals (TV 


or dogs). 
• Preservations.
• Difficulty stopping of movement once started.
• Pyramidal weakness on the right side of body
• Hyperactivity







Right side deficit cont.


• Motor and/or vocal tics (Tourette’s)
• Impaired musical pitch and rhythm (Frontal lobe).
• Low muscle tone of the muscles of the back of the arm & upper back and 


neck on the right side.
• Low muscle tone of the muscles in the front and inside of the leg and foot 


on the right side.
• Stomach muscle weakness on the right side.
• Preservation of muscle tone of the muscles in the front of the arm and 


chest on the right.  Also, the muscles involving the superficial lower back, 
outside and back of entire leg and foot muscles on the right.


• Poor postural muscle tone, especially on the right.
• Left-hemisphere neglect/decreased leftward exploration 
• Visuoconstructional apraxia







Language Syndromes of the Right 
Hemisphere


• Right lower motor cortex and posterior operculum 
• Decreased prosodic contours in voice 
• Decreased prosodic gestures of face and body 
• Right anterior operculum/lower motor cortex (can also occur with 


subcortical lesions involving the anterior limb of the internal capsule, 
striatum, and periventricular white matter) 


• Decreased prosodic contours in voice 
• Decreased prosodic gestures of face and body 
• Amelodic singing 
• Disturbed comprehension of paralinguistic domains 
• Nonliteral verbal humor 
• Sarcasm 
• Affect 
• Temporary hemineglect and impaired constructions 







Right dorsolateral frontal


• Impaired language pragmatics 


• Poor organization of dialogue 


• Impaired use of analogy, irony, and related 
types of language 


• Blunt and impolite discourse 


• Discourse may seem confabulatory due to 
poor social awareness and speech 
organization 







Medial frontal


• Loss of affective prosody, but intact prosodic 
imitation 


• Pervasive reduction in speech output 







Right anterior frontal (including basal forebrain, medial orbital surface, frontal pole, superior 
medial brain, supplementary motor area, and cingulated gyrus)


• Loss of affective prosody
• Socially inappropriate
• Impulsive responses 
• Confabulation 
• Poor social awareness 
• Impaired performance on nonverbal self-ordered tasks (Petrides & Milner, 1982).
• Poor retention of visually presented letters or geometric designs (Butters, Samuels, Goodglass, & Brody, 


1970). 
• Impairment retrieval of retrograde memories (Kopelman, 1991). 
• In humans, odor memory is impaired after right orbitofrontal or temporal lesions (Jones-Gotman & 


Zatorre, 1993)
• A greater effect of right frontal lesions on memory span for visually presented patterns (Pigott & Milner, 


1994).
• Mania (Jorge et al, 1993), 
• Negative, avoidance-related reactions (Davidson, 1992; Davidson & Sutton, 1995). 
• Deficits in categorization (Incisa della Rocchetta, 1986; Incisa della Rocchetta & Milner, 1993; Milner & 


Petrides, 1984).
• Poor Noun retrieval (Damasio & Tranel, 1993). 
• Poor use and representation of visuospatial data 
• Poor performance in design fluency tasks (Benson & Stuss, 1986).
• Attentional deficits specifically associated with RHD. 







Commonly observed left neglect behaviors in RHD patients with moderate to severe 
neglect. 


Problems:


• Responding to people and objects to the left of their body midline 
• Attending to the left while conducting self-care activities (grooming, bathing, eating,      dressing) 
• Moving, attending to, and recognizing their left limbs 
• Navigating through halls and doorways without bumping into left-sided walls 
• Reading the left half of printed materials 
• Appropriate use of margins and spacing when writing 
• Following presentations in films, videos, or on TV 
• Localizing sounds emanating from the left 
• Insight into and awareness of deficits including hemiplegia and neglect
• Actively participating in the rehabilitation process 
• Visuospatial
• Hemispatial neglect ( right temporal-parietal lesions) ( right frontal lobe lesions) 
• Heilman &: Valenstein, 1972; Heilman, Watson, & Valenstein, 1993)
• Problems in Accessing Semantic Relationships 
• Collective noun naming: reduced ability to produce category names for groups of objects 
• Lexical judgment tasks: 
• Reduced ability to determine if two items are related 
• Verbal fluency tasks: increased production of central, prototypical, dominant items 
• Increased production of items sharing common attributes within a semantic category 
• More difficulty with goal-derived than semantic categories 
• Initial activation of dominant category members with decreasing production of items 







Motor


• Weakness of muscles of speech.


• Incoordination and weakness of gross motor activity.


• Tired or burning neck muscles when reading.


• Right sided head tilt.


• Tends to hook legs on chair when reading.  


• Poor posture, especially when sitting.


• Weak soft palate on the right side.


• Extreme right handedness.


• Monotone rigid postures.


• Lack of fluid movement, robotic movements.


• Incoordination with left (nondominant hand)







Cont.


• Clinical signs of motor neglect. 


– Inappropriate placement of left extremities 


– Dragging left arm or leg 


– Feeble participation of left limbs in bilateral 
movements 


– Failure to use left limbs for balance 


– Failure to withdraw extremities from painful 
stimuli 







Emotional


• Irritability/anxiety/risk taker/lack of fear/overly positive or optomistic/silly 
or giddy 


• Self images as a machine controlled by others.  
• Sense of being lost while a larger system controls them.
• Decoding the emotions of other people.
• Poor social intelligence or emotional intelligence (EQ).
• Cannot verbally express feelings or fantasies.
• Tend to have alcohol or drug addiction.
• Tendency towards post-traumatic stress disorders.
• Sociopathic personalities.
• Confused by questions related to feelings.
• Difficulty handling feelings of themselves or others.
• Limited ability to cry or be spontaneous.







Sensory (RHD)


• Headache.
• Poor visual processing.
• Motion sickness.
• Decreased tactile sensory perception from both sides 


of the body, especially the left.
• Postural body distortion or disorientation of center 


of gravity.
• Decreased hearing ability in the left ear.
• Larger blind spot in the left eye.
• Sensory difficulties and problems with external 


stimulation







Autonomic (RHD)


• Insomnia.


• Tends to deposit fat easily around the waist.


• Right side may sweat more.


• Larger pupil on the right.


• Prone to sudden tachycardia.


• Higher blood pressure on the right arm and right leg 
as compared to the left.


• Higher pulse rate.







Immune RHD


• Prone to autoimmune disorders and allergies.


• Over reactive immune system responses.







Functions associated with left 
brain activity







Sensory (Left Hemisphere)


• Sensation right side of the body only.


• Sounds right ear preferences for words, 
sequencing.


• Repetitive High frequency.


• High pitch sounds.


• Can discern small details and separate 
syllables and phonemes.







Vision (Left hemisphere)


• Right half of both eyes


• Color


• Detail


• In focus vision.







Cognition (Left Hemisphere)


• Speech
• Vocabulary
• Auditory processing
• Extremely literal brain
• Looks at content as opposed to context. 
• General intellect or IQ.
• Calculating
• Sequencing.  
• Memory, especially for facts or figures (Declarative memory.)
• Explicit learning (conscious learning).
• Solving algebra problems  
• Step-by-step instruction skills 
• Applying well-practiced, routinized codes and strategies in a quick and 


efficient way







Cognitive cont. (Left)


• Left frontal lesions are more likely to result in disordered memory for 
episodic information 


• Left prefrontal cortex in programming strategies
• Control of executive functions, 
• Motor responses 
• Analytical problem solving,
• Language,
• Computational skills,
• Logic  
• What most people think of as demonstrations of intelligence.
• (In fact, they largely define what it means to be human.) 
• Arranges abstract symbols into patterns that represent reality







Emotion (Left brain)


• Generates positive emotions.


• Approach behavior


• Curious.


• Motivation.


• Optimistic.







Motor (Left brain)


• Mostly controls right side, but partly controls 
left


• Controls muscle tone mostly on the left side of 
body. 


• Fine motor coordinative skills. 


• Control extremity muscles, especially fingers 
and toes. 


• Grasp objects, or imagine grasping objects, 







Autonomic (Left brain)


• Controls rhythm of heartbeat,


• Has less effect on autonomic control.







Immune (Left brain)


• Increases immune responsiveness,


• Helps to prevent infections 


• Produces natural killer cells or anti-tumor 
producing cells.







Neuroendocrine (Left brain)


• Has greater receptor population for dopamine 
and acetocholine.







SYMPTOMS BELIEVED TO BE 
ASSOCIATED 


WITH DEFICITS OF LEFT HEMISPHERE







Left deficit (Cognition)


• Poor reading ability.
• Poor speech development.
• Difficulty with understanding words or receptive speech.
• Poor auditory processing or central auditory processing deficits.
• Poor memory for facts and figures.
• Acalculia or difficulty with math calculations.
• Poor sequencing ability.
• Poor academic ability.
• Lower IQ test results.
• Poor verbal memory.
• Poor object identification.
• Cannot focus on small details
• Focus on the big picture.
• Poor verbal communication skills.







Cognition cont


• Decreased speech in general.
• Uses mostly nonverbal forms of communication.
• Knows what they want to say, but cannot find the 


words.
• Lack of speech or speech content.  Blocking (inability to 


express thoughts).
• Poor grooming.
• Poor performance on verbal tests.
• Lack of ordered sequence of thoughts.
• Decreased intellectualization or analytical thought.
• Dyslexia (difficulty reading).
• Need to be told things several times before they 


understand.







Cognition cont.


• They like to draw pictures.
• They enjoy music.
• Difficulty initiating a response without prompting.
• Inappropriate syllable stress,
• Rhythm disturbances, 
• Pauses occur, changing a patient’s accent, (Monrad-Krohn, 1947)
• The foreign accent syndrome, 
• Profound verbal recall deficits than right (frontal lobe)
• Deficits in the retrieval of verbal material 
• Specific to certain lexical categories 
• Deficit in verbs 
• Encoding  
• Verbal categorical recall (della Rocchetta, 1986). 







Left deficit cont


• Dysphonia
• Dysprosody (Foreign dialect syndrome).
• Stuttering 
• Persistent nonfluency
• Disturbance of syntactic function and agrammatism (Nadeau, 1988).
• Transcortical motor aphasia (TMA)Wernicke (1886), 
• Significantly reduced fluency with relatively normal repetition.
• Writing is impaired to the same extent as spontaneous speech 
• Unable to produce a narrative, drawing: a picture
• Deficits in word fluency occur in aphasic syndromes and in dementia
• A deficit in initiation which may result after lesions of either frontal lobes. 


The linguistic component of the as tested by word fluency, however, would 
be left-hemisphere sensitive.


• Aphasia, the loss of some part of language ability, 







Left deficit cont.


• Paraphasia, a tendency to paraphrase a word they just can’t think of.
• They cannot recall nouns (anomid).
• Damage to Broca’s area affects grammar and fluency 
• Damage to the temporal pole can impair retrieval of he names of people.
• Damage to Wernicke’s area a comprehension of word meaning, not 


fluency of speech. 
• Damage to the rear of the temporal lobe can impair retrieval of the names 


of tools. 
• Damage to the lower part of the temporal lobe can impair retrieval of the 


names of animals.
• Damage to the angular gyrus, a region behind Wemicke’s area, can result 


in alexia (inability to read) and agraphia (inability to write). 
• Left brain sometimes over interprets events to create false memories







Left deficit (Motor)
• Slow or lack of movement.
• Hyperactivity.
• Inability to start an inactivity without prompting.
• Poor fine motor coordination.
• Poor hand writing.
• Pyramidal weakness on the left side.
• Pyramidal weakness is defined a weakness of the left facial muscles.
• Lower muscle tone of the posterior arm muscles and back of the shoulder muscles.
• Preserved muscle tone or tightness of the muscles in the anterior portion of the arm of the front of the arm and chest on 


left.
• Weakness of the muscles in the front of the leg and foot on the left.
• Imbalance of intrinsic muscle tone (core muscles).
• Left side head tilt.
• Poor motor coordination of both sides of the body.
• Poor athletic ability.
• Weakness of one eye.
• Scoliosis.
• May be left handed or ambidextrous.
• Generally low muscle tone.
• Low motor tone of muscles of speech, such as tongue and mouth.
• Clumsiness 
• Incoordination
• Cramping of hands and feet with fine coordinative movements, such as writer’s cramp.
• Weakness of soft palate on the left.
• Dyspraxia.







Left deficit cont.


• Urinary incontinence
• Contralateral leg and proximal arm weakness.
• Sensory loss may be restricted to the contralateral lower 


extremity,
• Facial weakness may only be present during spontaneous 


emotional expression.
• Stimulation of the supplementary motor cortex of either 


hemisphere in man has produced arrest of speech or 
repetitive involuntary vocalization (Brickner, 1940; Erickson & 
Woolsey, 1951; Penfield & Roberts, 1959). 


• Epileptogenic tumors in the left SMA can also induce 
vocalization and speech arrest during seizures (Arseni & 
Botez, 1961; Sweet, 1951). 


• Milner (1964) reported reduction of spontaneous speech in 
patients 







Emotional left deficit


• Depression, sadness, angry.


• Lack of motivation.


• Withdrawn and shy.


• Excessively cautious or pessimistic.


• Extremely negative.


• Lack affect or lack of emotion.


• Lack of pleasure. 


• Social withdrawal.







Sensation left deficit


• Headaches, neck pain.


• Decreased tactile sensation on the right side 
of body.


• Decreased vision from the right half of both 
eyes.


• Large blind spot on the right.


• Decreased hearing from the right ear.







Autonomic left deficit


• Tends to have irregular heartbeats, may be prone to 
sudden cardiac death (S.I.D.S. – Sudden Infant Death 
Syndrome).


• Large pupil on the left side.


• Higher blood pressure on the left arm in comparison 
to the right.


• Higher blood pressure on the left leg as compared to 
the right.


• Prone to arrhythmias/murmurs.


• Left side of the body may sweat more.







Immune deficit left side


• Chronic infections in general.


• Prone to tumors or cysts.


• Chronic ear infections.


• Poor immune system.







From CNS to PNS



















Sunderland Classification of Nerve Injury


Grade Injury Recovery Potential


I Demyelination or ischemia Excellent


II Axon loss Good


III Endoneurial tube disruption Moderate


IV Perineurium disrupted Poor


V Epineurium severed No chance of recovery


Seddon Classification of Nerve Injury


Grade Injury Recovery Potential


Neuropraxia


Comparatively mild.


Motor and sensory loss.


No axonal degeneration.


Nerve conducts normally distally.


Focal demyelination and/or ischemia


Recovers within hours to months


Excellent


Axonotmesis


Common to crush injuries.


Axon and myelin sheaths are broken.


Surrounding stroma is partially 


intact.


Wallerian degeneration occurs.


Dependent on axonal re-growth, internal derangement, 


and distance from the muscle.


Neurotmesis
Nerve is completely severed.


Due to penetrating injury or traction.
Prognosis is very poor without microsurgery.







Wallerian degeneration







Nerve Injury


• After the initial injury the severed axonal ends respond to transection and retract 
secondary to elastic properties of the endoneurium.  


• Within two hours after the injury there is endoneurial edema, swelling and 
hyperemia as a result of mechanical compromise to the capillary beds.  


• Synaptic transmission fails within two hours and myelin particles and cellular 
debris are removed from the injury site by macrophages.  Mast cells also help with 
the inflammatory process.


• Within several hours the axon begins to swell.  This causes large amounts or 
axoplasmic volume build up and the cell body has to prepare for replacement of 
the lost axoplasm.  


• These changes include swelling of the cell body, displacement of the nucleus to 
the periphery and dissappearance of basophilic material or nissl substance from 
the cytoplasm.  


• With enough injury the cell body cannot recover and dies as a result of the injury.







Nerve Injury Cont.


• Within 24 hours multiple sprouts occur from a single severed axon if the neuron 
does not die.  


• Myelin will continue to retract distally and within 72 hours the myelin and axonal 
remnants have been digested and there is left an endoneurial sheeth ready to 
accept regenerating axonal sprouts.  


• The distal portion of the neurite develops an area of swelling and with microspikes 
or filopodia that are constantly moving trying to find the appropriate area to 
connect and bridge the gap so that axonal sprouts may organize and move towards 
a distal stump.


• Within two to four weeks the schwann cells and cellular debris aligns to form 
tubes that will allow for surface molecules to be present to redirect or guide the 
growth of axonal sprouts.  


• These are called the bands of Bunger.  There is a 1 to 1.5 year window for 
complete axonal regeneration to occur.  Should axonal growth fail in this time 
frame, connective tissue will engulf the endoneurial tube and terminate the 
process.  


• Axonal regeneration typically occurs at a rate of 1 mm per day, 1 cm per week, 2.5 
to 3 cm per month.







Peripheral Nerve Injury


• The neurite may have disorganization and grow into 
surrounding connective tissue thus forming a 
neuroma.  It is typicall understood that there are 
neurite promoting factors present the guide the 
growth of the growing axon.







Nerve Injury


• After the initial injury the severed axonal ends respond to transection and retract 
secondary to elastic properties of the endoneurium.  


• Within two hours after the injury there is endoneurial edema, swelling and 
hyperemia as a result of mechanical compromise to the capillary beds.  


• Synaptic transmission fails within two hours and myelin particles and cellular 
debris are removed from the injury site by macrophages.  Mast cells also help with 
the inflammatory process.


• Within several hours the axon begins to swell.  This causes large amounts or 
axoplasmic volume build up and the cell body has to prepare for replacement of 
the lost axoplasm.  


• These changes include swelling of the cell body, displacement of the nucleus to 
the periphery and dissappearance of basophilic material or nissl substance from 
the cytoplasm.  


• With enough injury the cell body cannot recover and dies as a result of the injury.







Nerve Injury Cont.


• Within 24 hours multiple sprouts occur from a single severed axon if the neuron 
does not die.  


• Myelin will continue to retract distally and within 72 hours the myelin and axonal 
remnants have been digested and there is left an endoneurial sheeth ready to 
accept regenerating axonal sprouts.  


• The distal portion of the neurite develops an area of swelling and with microspikes 
or filopodia that are constantly moving trying to find the appropriate area to 
connect and bridge the gap so that axonal sprouts may organize and move towards 
a distal stump.


• Within two to four weeks the schwann cells and cellular debris aligns to form 
tubes that will allow for surface molecules to be present to redirect or guide the 
growth of axonal sprouts.  


• These are called the bands of Bunger.  There is a 1 to 1.5 year window for 
complete axonal regeneration to occur.  Should axonal growth fail in this time 
frame, connective tissue will engulf the endoneurial tube and terminate the 
process.  


• Axonal regeneration typically occurs at a rate of 1 mm per day, 1 cm per week, 2.5 
to 3 cm per month.







Flowchart.  Central Control over Autonomics
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What do we examine?
• Motor examination


– Manual muscle testing, gait, atrophy, tone, (spastic / rigid)


• Reflexes
– Pathological, MSR


• Light touch / Deep pressure
– Wisp of cotton, tissue or wool.  Dorsal columns / some Spinothalamic


• Vibration
– Tuning fork, stay off of bone.  Dorsal columns


• Two point touch
– 4 mm on fingertips, 3 cm on the back.  Typically 15 mm on the limbs.  When peripheral nerves are 


intact but two point is not, think parietal cortex.


• Pain (Pinprick)
– Spinothalamic tract


• Joint position sense
– Dorsal Coumns


• Graphesthesia
– Parietal


• Stereognosis
– Parietal lobe


• Barognosis
– Parietal lobe


• Tactile extinction
– Parietal lobe







What can we have?
• Paresthesia


– Spontaneous sensations (Burning, tingling, pins and needles)


• Dysesthesia
– Any unpleasant sensation produced by a usually painless stiumulus.


• Numbness
– Undefined, may mean heavy, weak, dead or sensory impaired.


• Anesthesia
– Complete sensory loss of sensation during examination.


• Hypesthesia
– Partial sensory loss during examination.


• Hyperesthesia
– Increased sensory sensitivity during examination. 


• Allodynia
– Perceived pain when there is little or no stimulus.  (Trivial)







What can we have cont.


• Agraphesthesia


– Inability to identify numbers traced on the skin.


• Astereognosis


– Inability to identify or distinguish between various 
shapes or textures.  


• Abarognosis


– Cannot establish between weights







Mechanism of understanding


Peripheral nerve involvement


Mono-neuropathy


Poly-neuropathy 


Severity / pattern 


Motor / sensory / small fibers / large fibers


Axonal / myelin Traumatic / Infectious / 


Systemic / Hereditary / 


Autoimmune / Vascular / 


Metabolic 







Polyneuropathy differentials


Nutritional Disease


• Alcoholism


• B12, folate and thiamine deficiency


• Post gastrectomy or bypass


• Whipple’s disease







Differentials


Connective Tissue Diseases


• Rheumatoid diseases


• Polyarteritis nodosa


• Systemic lupus erhthematotosus


• Churg-Strauss Vasculitis


• Cryoglobulinemia


• Additional
– Amyloidosis


– Gout







Differentials


Infectious disease


• AIDP


• Lyme disease


• Leprosy







Differentials


Autoimmune


• MAG


• Sulfatide


• GM1


• GALOP







Differentials 


Toxic Neuropathy


• Acrylamide


• Carbon disulfide


• Dichlorophenoxyacetic acid


• Hexacarbons


• Carbon Monoxide


• Organophosphorus esters


• Glue sniffers







Differentials 


Metal Neuropathy


• Chronic arsenic


• Mercury


• Gold 


• Thallium







Differentials 
Medications
• Vincristine


• Taxol


• Nitrous oxide


• Colchicine


• Isoniazid


• Hydralazine


• Flagyl


• Pyridoxine


• Didanosine


• Lithium


• Alpha interferon


• Dapsone


• Dilantin


• Tagamet


• Antabuse


• Aralen


• Amitriptyline


• Ethambutol







Pathophysiology (Metabolic Theory)


• This theory proposes that hyperglycemia causes increased levels of 
intracellular glucose in nerves, leading to saturation of the normal 
glycolytic pathway. 


• Extra glucose is shunted into the polyol pathway and converted to sorbitol
and fructose by the enzymes aldose reductase and sorbitol
dehydrogenase. 


• Accumulation of sorbitol and fructose lead to reduced nerve myoinositol, 
decreased membrane Na+/K+-ATPase activity, impaired axonal transport, 
and structural breakdown of nerves, causing abnormal action potential 
propagation. 


• This is the rationale for the use of aldose reductase inhibitors to improve
nerve conduction.







Pathophysiology (Ischemic Hypoxic Theory)


• According to this theory, endoneurial ischemia develops 
because of increased endoneurial vascular resistance to
hyperglycemic blood.


• Various metabolic factors, including formation of advanced 
glycosylation end products, also have been implicated. 


• The end results are capillary damage, inhibition of axonal 
transport, reduced Na+/K+-ATPase activity, and finally axonal 


degeneration.







Pathophysiology (Altered Neurotrophic Support Theory)


• Neurotrophic factors are important in the maintenance, 
development, and regeneration of responsive elements of 
the nervous systems. 


• Nerve growth factor (NGF) is the best studied. This protein 
promotes survival of sympathetic and small- fiber neural 
crest derived elements in the peripheral nervous system. 


• In animals with diabetes, both production and transport 
of NGF are impaired. Antioxidants have been used to 


enhance the effects of NGF.







Pathophysiology (Laminin Theory)


• Laminin is a large, heteromeric, curariform glycoprotein 
composed of a large alpha chain and two smaller beta 
chains, beta 1 and beta 2. 


• In cultured neurons, laminin promotes neurite extension. 


• Lack of normal expression of the laminin beta 2 gene may 


contribute to the pathogenesis of diabetic neuropathy.







Pathophysiology (Autoimmune Theory)


• Autoimmune diabetic neuropathy is postulated to 
result from immunogenic alteration of endothelial 
capillary cells. 


• This is the basis for the use of intravenous 
immunoglobulin (IVIg) to treat some variants of 


diabetic neuropathy.







Demographics


• Diabetic neuropathy can occur at any age but is more 
common with increasing severity and duration of diabetes.


• Symptomatic presentation is most common in patients older 
than 50 years.


• Some theories suggest that diabetic neuropathy begins early 
in the hyperglycemic process, often before the clinical 


diagnosis of diabetes is made.







Typical Sensory Symptoms


• Sensory symptoms may be negative or positive, diffuse or 
focal. 


• Negative sensory symptoms include feelings of numbness 
or deadness, which patients may describe as being akin to 
wearing gloves or socks.


• Loss of balance, especially with the eyes closed, and 
painless injuries due to loss of sensation are common. 


• Positive symptoms may be described as burning, prickling 
pain, tingling, electric shocklike feelings, aching, tightness, 


or hypersensitivity to touch.







Motor Symptoms 


• Motor problems may include distal, proximal, or more focal weakness. In 
the upper extremities, distal motor symptoms include impaired fine hand 
coordination and difficulty with tasks such as opening jars or turning keys. 


• Foot slapping and toe scuffing or frequent tripping may be early symptoms 
of foot weakness.


• Symptoms of proximal limb weakness include difficulty climbing up and 
down stairs, difficulty getting up from a seated or supine position, falls 
due to the knees giving way, and difficulty raising the arms above the 
shoulders.







Autonomic Symptoms


• Autonomic symptoms may be: 


– sudomotor (dry skin due to lack of sweating or excessive sweating in
defined areas)


– pupillary (poor dark adaptation 


– sensitivity to bright lights) 


– cardiovascular (postural lightheadedness, fainting) 


– urinary (urgency, incontinence, dribbling) 


– gastrointestinal (diarrhea, constipation, nausea, or vomiting)


– sexual (erectile impotence and ejaculatory failure in men 


– loss of ability to reach sexual climax in women)







Diabetes Information


• A generally accepted classification of diabetic neuropathies 
divides them broadly into symmetric and asymmetric
neuropathies. 


• Development of symptoms depends on total hyperglycemic 
exposure and other risk factors such as elevated lipids, blood 
pressure, and increased height. 


• Establishing the diagnosis requires careful evaluation, since 5-
10% of patients with diabetes have neuropathy from another 
cause.







Insulin Dependent & Independent Tissues


• Neurons and endothelial cells are insulin 
independent


– The glucose flows in and out of these cells based 
on concentration differences. No insulin needed.


• Hepatocytes and muscle are insulin 
dependent


– Insulin need to open glucose channels







Pathology in Diabetes


• In the polyneuropathies there are two 
processes at work


– Osmotic cell injury


– Decreased myelin synthesis







Incr Blood Glucose Incr Intracellular Glucose


Incr Intracellular 


Sorbitol
Osmotic Cell Injury


Insulin Independent Tissues - 1


Increase in intracellular glucose leads to increased conversion to 


sorbitol increasing osmolarity of intracellular environment leading 


to cell taking on water leading to increased cell volume


This process is called osmotic cell injury


C fibers, with little to no myelin support may be more at risk of 


osmotic cell injury than larger diameter fibers with myelin wraps







Incr Intracellular 


Sorbitol


Decr myelin synthesis
Decr intracellular


diacylglycerol


Decr intracellular


inositol


Oxidative stress Decr


glutathione


In Insulin Independent Tissues - 2


The combination of 


a decreased amount of diacylglycerol 


and 


decreased energy production due to decreased 


glutathione in cells from increased free radical 


formation 


leads to decreased myelin synthesis and promotes 


conduction block in long large diameter afferents 


serving the lower limbs.







Neuropathy Scale


Page 11 of 23 http://www.emedicine.com/neuro/TOPIC88.HTM A common 
staging scale of diabetic polyneuropathy follows.9/9/08 10:53 PM eMedicine 
-


Diabetic Neuropathy : Article by Dianna Quan


• NO - No neuropathy


• N1a - Asymptomatic neuropathy detected as nerve conduction abnormality in 
at least 2 nerves


• N1b - N1a and abnormal neurologic examination


• N2a - Symptomatic mild diabetic polyneuropathy; sensory, motor, or 
autonomic symptoms; patient able to heel walk


• N2b - Severe symptomatic diabetic polyneuropathy (as in N2a, but patient 
unable to heel walk)


• N3 - Disabling diabetic polyneuropathy







Treatment


Medications:


• Amitriptyline (Elavil)


• Nortriptyline (Pamelor, Aventyl HCl)


• Gabapentin (Neurontin)


• Carbamazepine (Tegretol, Carbatrol, Epitol)


• Phenytoin (Dilantin)


• Lamotrigine (Lamictal)


• Pregabalin (Lyrica)


• Duloxetine (Cymbalta)


• Lidocaine (Anestacon, Dermaflex gel, Dilocaine, Lidoderm)


• Capsaicin cream (Dolorac, Capsin, Zostrix)


•







Neuropathy Prevention


How do you prevent neuropathy from diabetes.
• Try to keep blood sugar at a normal level.  Eat earlier in the evening.


• Maintain normal blood pressure.


• Take your meds and supplements the right way


• Exercise regularly, according to the healthcare provider's recommendation.


• Stop smoking.


• Limit the amount of alcohol intake because excessive alcohol also can cause neuropathy or
make it worse.


• Eat a healthy diet.


• Diabetic shoes.  


• Keep follow-up appointments with the healthcare provider.  EDX study once per year.  Dilated 
retinal exam once per year.  Labs done every quarter.   


•







Education and complications


Symptoms and signs of complications include:


• Low blood pressure and dizziness when rising quickly from 
sitting or lying down


• Rapid or irregular heartbeats


• Trouble having an erection


• Nausea or vomiting


• Excessive drinking, eating and weight loss.  


• Cardiovascular disease.  







Pulling things together


• A good history


• Good patient intakes


• Evaluate the nine sectors. Look for metabolic factors.


• Determine neurological involvement.  Look for excitotoxicity, 
mitochondrial failure, inflammation, immune dysregulation, 
hemisphere imbalance, peripheral nerve changes, autonomic 
changes.


• Determine if labs or imaging is necessary.


• Determine treatment protocol.


– Nutrition , activation, medication 











Next module


• Circuitry (Neurological)


• Neurotransmitters.


• Medications


• Review of this module.  
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Neurotransmitter Assessment Form Interpretation 


 


Notice  


The nutritional protocols listed below are what we use in our clinic for systemic health as is it 


relates to health and function.  Please note that although they are listed under conditions, they 


are only intended to support health and natural medicine processes under stress from conditions, 


or to address additional demand for nutrients.  These recommendations should not be construed 


as claims to treat, cure, or prevent disease as they are not intended to act as drugs nor replace 


any drug prescribed by a physician. We believe that such an act may be detrimental to the health 


and well-being of a patient and that dietary supplements should only be used in a supportive role 


in such conditions.  Additionally, carefully screening for drug-nutrient reactions must always be 


considered. 


 


 


SECTION A – GENERAL BRAIN FUNCTION 


Section A categorizes symptoms associated with general loss of neurotransmitter and brain 


function.  The symptoms are not specific to any neurotransmitter in general, but rather reflect 


symptoms found in common with a decline in response of any of the neurotransmitters.  


Prevalence of these symptoms may also indicate early signs of brain aging and degeneration.  


Symptoms alone cannot determine the degree of neuronal death versus the amount of deficit 


associated with loss of neurological integration, secondary to loss of neurotransmitter responses 


and other physiological factors that hinder brain performance.  The subsequent sections will help 


determine potential areas of deficit leading to general loss of central nervous system outcome.  


Prevalence of these symptoms should alert both the patient and clinician about the potential for 


progressive loss of brain health.  Immediate attention should be placed on improving further 


degeneration and improving existing neuronal potentials.  It is important to understand that brain 


function is not solely limited to cognitive attributes, but to autonomic, endocrine/metabolic and 


immune function as well.  A loss of central nervous system integrity has global impacts on health 


and may contribute to hypertension, erectile dysfunction, digestive disorders, constipation, 


insomnia, etc.  
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SECTION A – GENERAL BRAIN FUNCTION  


 


 Is your memory noticeably declining? 


 Are you having a hard time remembering names and phone numbers? 


 Is your ability to focus noticeably declining? 


 Has it become harder for you to learn things?  


 Do you have a hard time remembering your appointments? 


 Is your temperament getting worse in general? 


 Are you losing your attention span endurance? 


 Are you depressed more than usual? 


 Do you fatigue sooner when driving than in the past? 


 Do you fatigue when reading sooner than in the past? 


 Do you walk into rooms and forget why? 


 Do you pick up your cell phone and forget why?   


 


Section A - Clinical Considerations:  Nutritional support for general brain function 


should always include a rich source of essential fatty acids and methyl donors.  The brain is 


comprised of phospholipids and strongly influenced in its function by rich sources of fatty acids 


such as EPA and DHA.  OMEGACO-3
™


 (K07) provides a rich source of high-grade EPA and 


DHA and should always be considered when the brain is supported nutritionally.  Methyl donors 


are important for many neurotransmitter biochemical processes and are also used for the 


production of myelin.  VITAMIN B12
™


 (K34) provides a rich source of micronized sublingual 


methylcobalamin, which should always be considered when supporting the brain or 


neurotransmitter physiology.  


 


GENERAL BRAIN SUPPORT 


For treating condition:  Appropriate drug intervention by a physician 


For nutritional support during condition: 


1.  VITAMIN B12
™


 (K34):  five to 15 drops, two to three times a day with meals 


2. OMEGACO-3
™


 (K07):  one tablespoon, two to three times a day 
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SECTION B - STRESS 


Section B categorizes symptoms associated with an active stress response.  Stress is the most 


aggressive challenge to the neuroendocrine-immune system and is a major cause for loss of 


neurotransmitter-endocrine and immune integrity.  Prevalence of section B symptoms signifies 


patients are either pushing themselves or being pushed past a normal degree of health.  Despite 


the patient’s ability to make lifestyle and career choices, attempts to modulate stress physiology 


should always be considered.  


 


SECTION B - STRESS 


 


 Is your stress level high? 


 Do you always have something that must be done? 


 Do you feel you never have time for yourself? 


 Do you feel you are not getting enough sleep or rest? 


 Do you get regular exercise? 


 Do you think people care about you? 


 Do you feel you are accomplishing your life purpose? 


 Do you have someone to share your problems with?     


 


Section B Clinical Considerations: Stress physiology profoundly alters central nervous 


system neurotransmitters balance.  Natural compounds such as phosphatidylserine have 


demonstrated abilities to modulate the balance of  neurotransmitters during and after stress 


responses.  A high dose of phosphatidylserine in a liposomal delivery form such as 


ADRENACALM
™


 (K16) should be considered.  Adrenal adaptogens such as ADAPTOCRINE
®
 


(K02) should also be used to modulate alterations of neurotransmitters from stress.  


 


STRESS PHYSIOLOGY SUPPORT 


For treating condition:  Appropriate drug intervention by a physician 


For nutritional support during condition: 


ADAPTOCRINE
®
 (K02):  one to two capsules, three times a day with meals 


ADRENACALM
™


 (K16):  apply as directed on label, two to three times a day  


 







All Rights Reserved. Copyright © Datis Kharrazian, 2008 55 


SECTION C1 – REACTIVE  HYPOGLYCEMIA  


Section C1 categorizes symptoms associated with reactive hypoglycemia. Reactive 


hypoglycemia alters brain neurochemistry due to drops and fluctuations in brain chemistry.  A 


drop in blood sugar promotes surges of epinephrine, norepinephrine, and dopamine.  


Additionally, a sudden increase in blood glucose promotes surges of serotonin and GABA.  


Additionally, the brain needs constant glucose for normal function.  


 


 Do you get irritable, shaky, or have lightheadedness between meals?         


 Do you feel energized after eating?                                                           


 Do you have difficulty eating large meals in the morning?                    


 Does your energy level drop in the afternoon?                                         


 Do you crave sugar and sweets in the afternoon? 


 Do you wake up in the middle of the night? 


 Do you have difficulty concentrating before eating? 


 Do you depend on coffee to keep yourself going? 


 Do you feel agitated, easily upset, and nervous between meals? 


 


Section C1 Clinical Considerations:  Reactive hypoglycemia must always be managed 


in order to assure healthy brain and neurotransmitter function.  PROGLYCO-SP
™


 (K13) 


contains nutritional compounds to help stabilize blood glucose fluctuations thus supporting 


healthy blood sugar levels. ADRENASTIM
™


 (K15) is a liposomal source of botanicals and 


vitamins to support adrenal function.  They should be considered with a diet consisting of 


frequent low-glycemic meals and snacks to manage blood glucose if the patient has a prevalence 


of Section C1 symptoms.   


 


REACTIVE  HYPOGLYCEMIA SUPPORT 


For treating condition:  Appropriate drug intervention by a physician 


For nutritional support during condition: 


1. PROGLYCO-SP
™


 (K13):  one to two capsules, three times a day with meals 


2. ADRENASTIM
™


 (K15):  apply as directed on label, two to three times a day 


SECTION C2 – INSULIN RECEPTOR SITE INSENSITIVITY 
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Section C2 categorizes symptoms associated with insulin receptor site insensitivity leading to 


insulin surges after meals.  Insulin surges promote spikes of serotonin and dopamine directly and 


shifts dopamine, epinephrine, and norepinephrine indirectly.  Insulin resistance promotes 


elevations of cortisol, glycosylated end products and inflammatory cytokines which all promote 


neurodegeneration of the brain.  Additionally, the brain needs constant glucose for normal 


function. 


 


 Do you get fatigued after meals?                                                         


 Do you crave sugar and sweets after meals?                                     


 Do you feel you need stimulants such as coffee after meals?           


 Do you have difficulty losing weight?                                              


 Is your waist girth equal to or larger than your hip girth?                  


 Do you have frequent urination? 


 Has your thirst and appetite been increased? 


 Do you still have sugar cravings after eating sweets? 


 Do you have weight gain when under stress? 


 Do you have difficulty falling asleep?       


 


Section C2 Clinical Considerations:  Insulin receptor site sensitivity must always be 


managed in order to assure healthy brain and neurotransmitter function.  Supplementation with 


GLYSEN® (K01) to naturally support the sensitivity of insulin receptor sites should always be 


considered if there is a prevalence of insulin resistance symptoms. If the patient has severe 


insulin resistance symptoms, the addition of PROTOGLYSEN™ (K28), which provides a 


combination of botanicals to support patient during insulin resistance, may be required.  


 


INSULIN RECEPTOR SITE INSENSITIVITY SUPPORT 


For treating condition:  Appropriate drug intervention by a physician 


For nutritional support during condition: 


1. GLYSEN
®
 (K01): two or more capsules with meals to control fatigue after meals 


2. PROTOGLYSEN
™


 (K28): two capsules, three times a day with meals  
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SECTION 1 – SEROTONIN 


Serotonin is a monoamine neurotransmitter and also called 5-hydroxytryptamine, or 5-HT.  


Serotonin is found in the central nervous system and in the peripheral nervous system.  Serotonin 


produced in the central nervous system is associated with functions such as anger regulation, 


body temperature, mood, sleep, vomiting, and appetite.  Serotonin in the peripheral nervous 


system has been associated with gastrointestinal tract motility, pain modulation, vasoconstriction 


and as a promoter of cell division (mitogenic activity).   Serotonin synthesis is linked to pineal 


gland production of melatonin. Imbalances in these pathways may lead to insomnia, altered 


sleeping cycles, behavioral changes in response to the cycles of the seasons, sexual activity, and 


thermogenesis. 


 


 


 Are you losing your pleasure in hobbies and interests? 


 Do you feel overwhelmed with ideas to manage?                                   


 Do you have feelings of inner rage (anger)?                                           


 Do you have feelings of paranoia?                                                           


 Do you have feelings of depression?                                                      


 In general, do you feel like you are not enjoying life?                             


 Do you feel you lack artistic appreciation?                                  


 Do you feel depressed in overcast weather?                  


 Are you losing your enthusiasm for your favorite activities?                         


 Are you losing enjoyment for your favorite foods?                            


 Are you losing your enjoyment of friendships and relationships?                 


 Do you have difficulty falling into deep restful sleep?                        


 Do you have feeling of dependency on others?                                      


 Do you feel more susceptible to pain?                                   


 Do you have feelings of unprovoked anger?  


 Are you losing interest in life?          


 


 


 







All Rights Reserved. Copyright © Datis Kharrazian, 2008 58 


SEROTONIN SUPPORT 


For treating condition: Appropriate drug intervention by a physician 


For nutritional support during condition: 


 


SERATONE ACTIVE
TM


 (K38):  1-2 capsules, three times day with meals, or as  directed 


by healthcare provider  


 


SECTION 2 - DOPAMINE 


Dopamine is a neurotransmitter that is found both in the central nervous system and in peripheral 


glands such as the adrenal medulla and the kidneys. Dopamine has numerous functions in the 


brain related to motor coordination, motivation and reward, cognition, regulation of prolactin, 


mood, attention, and learning.  Dopamine is associated with the “pleasure system” of the brain 


and promotes feelings of enjoyment and reinforcement to motivate performance.  Dopamine is 


usually thought of as a transmitter of arousal of physical and psychological activity. 


 


 


 Do you have feelings of hopelessness?                                                  


 Do you have self-destructive thoughts?                                     


 Do you have an inability to handle stress?                                      


 Do you have anger and aggression while under stress?                         


 Do you feel you are not rested even after long hours of sleep?              


 Do you prefer to isolate yourself from others?                                       


 Do you have unexplained lack of concern for family and friends?        


 Are you distracted easily?                                                                        


 Do you have an inability to finish tasks?                                        


 Do you feel the need to consume caffeine to stay alert?         


 Do you feel your libido has been decreased?                                         


 Do you lose your temper for minor reasons? 


 Do you have feeling of worthlessness?      
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DOPAMINE SUPPORT 


For treating condition: Appropriate drug intervention by a physician 


For nutritional support during condition: 


 


DOPATONE ACTIVE
TM


 (K41):  1-2 capsules, three times day with meals, or as                         


directed by healthcare provider 


 


SECTION 3- GABA 


Gamma-aminobutyric acid (GABA) is the chief inhibitory neurotransmitter of the nervous 


system.  The great majority of GABA is found in the central nervous system, although there are 


trace amounts of GABA in the pancreatic islet cell and in the kidneys.  The trace amounts of 


GABA produced outside of the central nervous system cannot cross the blood-brain barrier.  


GABAergic responses are linked with relaxation, anti-anxiety, and anti-convulsive effects.  


GABA has also demonstrated some properties in modulating the release of human growth 


hormone.  


 


 Do you feel anxious or panic for no reason? 


 Do you have feelings of dread, or pending gloom? 


 Do you feel knots in you stomach? 


 Do you have feelings of being overwhelmed for no reason? 


 Do you have feelings of guilt about everyday decisions? 


 Does your mind feel restless? 


 Is it difficult to turn your mind off when you want to relax? 


 Do you have disorganized attention? 


 Do you now worry about things you were not worried about before? 


 Do you have feelings of inner tension and inner excitability? 
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GABA SUPPORT 


For treating condition: Appropriate drug intervention by a physician 


For nutritional support during condition: 


 


GABATONE ACTIVE
TM


 (K39):  1-2 capsules, three times day with meals, or as                       


directed by healthcare provider 


 


 


SECTION 4 - ACETYLCHOLINE 


Acetylcholine is produced both in the central nervous system and in the peripheral nervous 


system.  In the central nervous system, acetylcholine is used to promote excitatory actions for 


cognition, memory, and arousal.  In the peripheral nervous system, acetylcholine is a major 


neurotransmitter for the autonomic nervous system released at all pre- and post-ganglionic 


parasympathetic neurons and all preganglionic sympathetic neurons, which promote the release 


of epinephrine and norepinephrine from the adrenal medulla.  Acetylcholine is also used to 


activate muscles by promoting opening of ligand sodium channels in the cell membrane of 


muscles that lead to muscle contraction.  Acetylcholine induces contraction of skeletal muscles, 


however, diminishes contractions of cardiac muscles as well.  This difference is promoted due to 


the differences of receptors found in these different muscle tissues. 


 


 Do you feel your visual memory (shapes & images) is decreased? 


 Do you feel your verbal memory is decreased? 


 Do you have memory lapses? 


 Has your creativity been decreased? 


 Has your comprehension been diminished? 


 Do you have difficulty calculating numbers? 


 Do you have difficulty recognizing objects & faces? 


 Do you feel like your opinion about yourself is changed? 


 Are you experiencing excessive urination? 


 Are you experiencing slower mental response? 


 


 


 







All Rights Reserved. Copyright © Datis Kharrazian, 2008 61 


ACETYLCHOLINE  SUPPORT 


For treating condition: Appropriate drug intervention by a physician 


For nutritional support during condition: 


 


ACETYL ACTIVE
TM


 (K40):  1-2 capsules, three times day with meals, or as directed by 


healthcare provider. 


 


 


 


MEDICATIONS TO INFLUENCE NEUROCHEMISTRY 


Many medications change activity and responsiveness of neurotransmitters in the brain.  Positive 


or negative clinical outcomes with any medication may help the clinician identify potential 


mechanisms for their conditions.  The clinician must always pay careful attention to interactions 


between natural compounds and pharmaceutical medications.  Many interactions between natural 


compounds and herbs are not known today.  In the next several pages, some of the most common 


interactions are listed, but it is not an inclusive list.  Medication management should only be 


conducted with an individual with a medical license.  


Clinically, if a patient has benefits with an agonist modulator of GABA such as Xanax for 


anxiety attacks, it may indicate that the patient is not producing adequate levels of GABA.  


While the patient is taking the medications, natural compounds that have synergistic effects 


should be avoided to avoid side effects.  However, while the patient is not on the medication, 


natural medicine therapies that act to support the individual’s physiology may be considered. 


This is not to say that natural compounds are a substitute or alternative for medications, or that a 


practitioner should make and substitutes for medications.  The final decision on patient 


management requires a history, examination findings, and an appropriately licensed healthcare 


provider. 


 


Agonist Modulator of GABA Receptor (benzodiazepine) 


 


Mechanism of Action:  These compounds modulate the GABA receptor site by increasing the 


frequency of opening of the associated chloride ion channel and hyperpolarizing the neuron with 


potentiates a GABAergic response and leads to sedative impacts on the central nervous system.  


Medical Use: These compounds are used to manage anxiety, insomnia, agitation, seizures, 


muscle spasm, and alcohol withdrawal.  


 Xanax 


 Lexotanil 
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 Lexotan 


 Librium 


 Klonopin 


 Valium 


 ProSon 


 Rohypnol 


 Dalmane 


 Ativan 


 Loramet 


 Sedoxil 


 Dormicum 


 Megadon 


 Serax  


 Restoril 


 Halcion 


 


Drug-Herb Interactions:  The following herbs have sedative qualities and could intensify the 


effects of the medications:  calamus, calendula, chamomile, California poppy, catnip, couch 


grass, elecampane, ginseng Siberian, goldenseal, gotu kola, hops, Jamaican dogwood, kava, 


lemon balm, sage, St. John's wort, sassafras, scullcap, shepherd's purse, stinging nettle, 


valerian, withania root, and yerba mansa, lithium, taurine, valarian root, passion flower extract, 


and L-theanine. 


 


 


Agonist Modulator of GABA Receptors (non benzodiazepine) 


 


Mechanism of Action:  These compounds modulate the GABA receptor site by increasing the 


frequency of opening of the associated chloride ion channel and hyperpolarizing the neuron 


which potentiates a GABAergic response and leads to sedative impacts on the central nervous 


system.  


Medical Use:  These compounds are used to manage anxiety, insomnia, agitation, seizures, 


muscle spasms, and alcohol withdrawal.  They are believed to be less addictive than traditional 


non-benzodiazepines.  
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 Ambien 


 Sonata 


 Lunesta 


 Imovane 


 


Drug-Herb Interactions:  The following herbs have sedative qualities and could intensify the 


effects of the medications: calamus, calendula, chamomile, California poppy, catnip, couch 


grass, elecampane, Siberian ginseng, goldenseal, gotu kola, hops, Jamaican dogwood, kava, 


lemon balm, sage, St. John's wort, sassafras, scullcap, shepherd's purse, stinging nettle, 


valerian, withania root, and yerba mansa, lithium, taurine, valarian root, passion flower extract, 


and L-theanine. 


 


 


GABA Antagonist Competitive binder 


 


Mechanism of Action:  These compounds reverse the effects of benzodiazepines by competitive 


inhibition of the benzodiazepine-binding site on the GABA receptor.  


Medical Use:   This compound is used for cases of benzodiazepine overdose. 


 Flumazenil  


 


Drug-Herb Interactions:  The following herbs have sedative qualities and could antagonize the 


effects of the medications: calamus, calendula, chamomile, California poppy, catnip, couch 


grass, elecampane, ginseng Siberian, goldenseal, gotu kola, hops, Jamaican dogwood, kava, 


lemon balm, sage, St. John's wort, sassafras, scullcap, shepherd's purse, stinging nettle, 


valerian, withania root, and yerba mansa, lithium, taurine, valarian root, passion flower extract, 


and L-theanine. 


 


D2 Dopamine Receptors Blockers (antipsychotics) 
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Mechanism of Action: These compounds tend to block the D2 receptors in the dopamine 


pathways in the brain and therefore hinder the dopaminergic response. 


Medical Use: These compounds are used to manage schizophrenia, mania, delusional disorders, 


bipolar disorders, and Tourette syndrome.  


 Thorazine 


 Prolixin 


 Trilafon 


 Compazine 


 Mellaril 


 Stelazine 


 Vesprin 


 Nozinan 


 Depixol 


 Navane 


 Fluanxol 


 Clopixol 


 Acuphase 


 Haldol 


 Orap  


 Clozaril 


 Zyprexa 


 Zydis 


 Seroquel 


 Geodon 


 Solian 


 Invega 


 Abilify 
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Drug-Herb Interactions:  St John's wort may decrease medication levels, increase 


photosensitization, or enhance sedative effect. Dong Quai may enhance photosensitization. Kava 


Kava, gotu kola, valerian may increase CNS depression.  The following herbs could antagonize 


the effects of the medications: Mucuna Pruriens, Phenylethylamine, Phenylalanine, Tyrosine 


Eleuthero, Fenugreek, Ginger, Kudzu, and  Panax Ginseng 


 


 


 


Dopamine Receptors Agonists 


 


Mechanism of Action:  These compounds bind to the dopamine receptor sites (particularly D3) 


and promote dopaminergic responses.  


Medical Use:  These compounds are used to manage Parkinson’s disease, restless leg syndrome, 


cluster headaches, low libido from SSRI use, and bipolar disorder.  


 


 Mirapex 


 Sifrol 


 Requip 


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 


Mucuna Pruriens, Phenylethylamine, Phenylalanine, Tyrosine, Eleuthero, Fenugreek, Ginger, 


Kudzu, and  Panax Ginseng.  Avoid ephedrine or Ma Huang and Licorice with this medication 


due to possible hypertensive reactions.  Avoid St. John's Wort with this medication due to 


possible increased risk of hypertensive side effects. Avoid kava and valerian with this medication 


due to possible risk of adverse reactions. 
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Acetylcholine Receptor Agonists 


 


Mechanism of Action:  These compounds bind to the acetylcholine receptor sites and promote 


cholinergic responses.  


Medical Use:  These compounds are used to manage myasthenia gravis, urinary retention from 


diabetic neuropathy or from general anesthetic, solution during ophthalmic surgery, glaucoma, 


and dry mouth. 


 


 Bethenacol  


 Carbachol  


 Cervimeline 


 Pilocarpine 


 Suberylcholine 


 Nicotine  


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 


Galantamine, Alpha- GPC (L-alpha-Glycerlphosphorylcholine, L-Huperzine A, and L-


Acetylcarnitin.   


 


 


Cholinesterase Inhibitors (reversible) 


 


Mechanism of Action:  These compounds reversibly inhibit the enzyme acetylcholinesterase that 


leads to an accumulation of acetylcholine and promotes cholinergic responses.  


Medical Use:  These compounds are used to manage myasthenia gravis, urinary retention from 


a diabetic neuropathy or from general anesthetic, solution during ophthalmic surgery, and 


glaucoma. 


 


 Donepezil 


 Galatamine 
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 Rivastigmine 


 Tacrine 


 THC 


 Erophonium 


 Neostigmine 


 Phystigimine 


 Pyridostigmine 


 Carbamate Insecticides  


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications:  


Galantamine, Alpha- GPC (L-alpha-Glycerlphosphorylcholine, L-Huperzine A, and L-


Acetylcarnitin.  St John's wort may decrease medication levels. 


 


 


Cholinesterase Inhibitors (irreversible) 


 


Mechanism of Action:  These compounds semi-permanently inhibit the enzyme 


acetylcholinesterase that leads to an accumulation of acetylcholine and promotes cholinergic 


responses.  


Medical Use:  These compounds are used to manage myasthenia gravis, urinary retention from 


diabetic neuropathy or from general anesthetic, solution during ophthalmic surgery, and 


glaucoma. 


 Echotiophate 


 Isoflurophate 


 Organophosphate Insecticides  


 Organophosphate-containing nerve agents  


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 


Galantamine, Alpha-GPC (L-alpha-Glycerlphosphorylcholine, L-Huperzine A, and L-


Acetylcarnitin.  St John's wort may decrease medication levels. 
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Acetylcholinesterase Reactivators 


 


 


Mechanism of Action:  These compounds inhibit acetylcholinesterase by phosphorylation of the 


enzyme.  


Medical Use:  These compounds are used to manage poisoning by organanophosphates and 


acetylcholinesterase inhibitors. 


 Pralidoxime 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 


Galantamine, Alpha- GPC (L-alpha-Glycerlphosphorylcholine), L-Huperzine A, and L-


Acetylcarnitin.  St John's wort may decrease medication levels. 


 


 


Acetylcholine Receptor Antagonist – Antimuscarinic Agents 


 


 


Mechanism of Action:  These compounds bind to muscarinic receptors and act as a competitive 


antagonist for the receptor site leading to a dampening of the parasympathetic nervous system.  


Medical Use:  These compounds are used to support pupil dilation for ophthalmic procedures, 


bradycardia, cardiac arrest, heart blocks, hyperhidrosis, antidote for poisoning by 


organaphosphates, insecticides and nerve gas, chronic obstructive pulmonary diseases, nausea 


and motion sickness, intestinal cramping. 


 


 Atropine 


 Ipratopium 


 Scopolamine 


 Tiotropium 
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Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 


Galantamine, Alpha-GPC (L-alpha-Glycerlphosphorylcholine, L-Huperzine A, and L-


Acetylcarnitin.  St John's wort may decrease medication levels.  Cat’s Claw can partially block 


the action of muscarinic receptor antagonists. 


 


 


Acetylcholine Receptor Antagonist - Ganlionic Blockers 


 


Mechanism of Action: These compounds act as antagonists on the nicotinic acetylcholine  pre-


ganglionic sites on both the sympathetic and parasympathetic systems and therefore dampen 


both the sympathetic and parasympathetic nervous system.  


 


Medical Use: These compounds are used to support chronic hypertension, hypertensive crises, 


anti-addictive drug to help with nicotine addiction, pulmonary edema, and reduce bleeding 


during neurosurgery.  


 


 Mecamylamine 


 Hexamethonium 


 Nicotine (high doses) 


 Trimethaphan 


 


Drug-Herb Interactions: The following herbs could antagonize the effects of the medications: 


Galantamine, Alpha- GPC (L-alpha-Glycerlphosphorylcholine, L-Huperzine A, and L-


Acetylcarnitin.  St John's wort may decrease medication levels. 


 


Acetylcholine Receptor Antagonist - Neuromuscular Blockers 


 


Mechanism of Action: These compounds block neuromuscular transmission at the 


neuromuscular junction causing paralysis of the muscle.  They act by presynaptically and 


postsynaptically inhibiting the acetylcholine receptor. 


Medical Use: These compounds are used adjunctively in anesthesia to facilitate endotrachea-


lintubation and provide skeletal muscle relaxation during surgery or mechanical ventilation. 


 Atracurium 


 Cisatracurium 
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 Doxacurium 


 Metocurine 


 Mivacurium 


 Pancuronium 


 Rocuronium 


 Succinylcholine 


 Tubocurarine 


 Vecuronium 


 Hemicholine  


 


Drug-Herb Interactions:  The following herbs could antagonize the effects of the medications:  


Galantamine, Alpha- GPC (L-alpha-Glycerlphosphorylcholine, L-Huperzine A, and L-


Acetylcarnitin.  St John's wort may decrease medication levels. 


 


 


Selective Serotonin Re-uptake Inhibitors 


 


Mechanism of Action: These compounds increase the extracellular level of the neurotransmitter 


serotonin by inhibiting the reuptake into the presynaptic cell, increasing the level of serotonin 


available to bind to postsynaptic receptors. 


Medical Use:  These compounds are used to manage depression, anxiety disorders, social 


anxiety, panic disorders, obsessive-compulsive disorder (OCD), eating disorders, chronic pain, 


and irritable bowel syndrome. 


 Paxil 


 Zoloft 


 Prozac 


 Celexa 


 Lexapro 


 Luvox 
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 Cipramil  


 Emocal 


 Serpam 


 Seropram 


 Cipralex 


 Esteria 


 Fontex 


 Seromex 


 Seronil 


 Sarafem 


 Fluctin 


 Faverin 


 Seroxat 


 Aropax 


 Deroxat 


 Rexetin 


 Xentor 


 Paroxat 


 Lustral 


 Serlain  


 Dapoxetine  


 


Drug-Herb Interactions: The following herbs could intensify the effects of the medications: 5-


Hydroxytryptophan, St. John’s wort and SAMe and Ginkgo Biloba.   
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Selective Serotonin Re-uptake Enhancers 


 


Mechanism of Action:  These compounds enhance the reuptake of serotonin instead of 


inhibiting it, as tricyclic antidepressants and selective serotonin reuptake inhibitors do.  


Medical Use:  These compounds are used for depression, alcohol withdrawal, panic and anxiety 


disorders, asthma, erectile dysfunction, ADD/ADHD, and fibromyalgia.  


 Stablon 


 Coaxil 


 Tatinol  


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 5-


Hydroxytryptophan, St. John’s wort and SAMe and Ginkgo Biloba.   


 


 


 


Serotonin-Norepinephrine Re-uptake Inhibitors (SNRIs) 


 


Mechanism of Action:  These compounds block the transporter proteins that reabsorb serotonin 


and norepinephrine and thereby increase the amount of these neurotransmitters in the synaptic 


cleft.  


Medical Use: These compounds are used as antidepressants and may be effective on neuropathic 


pain. 


 


 Effexor 


 Pristiq 


 Meridia 


 Serzone 


 Dalcipran 
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 Despramine 


 Duloxetine  


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 5-


Hydroxytryptophan, St. John’s wort and SAMe and Ginkgo Biloba, Ephdedra, and Tyrosine.  


 


 


 


Noradrenergic and Specific Serotonergic Antidepressants (NaSSaa) 


 


 


Mechanism of Action:  These compounds act as antidepressants by blocking presynaptic alpha-


2 adrenergic receptors that normally inhibit the release of neurotransmitters norepinephrine and 


serotonin and therefore increase the non-adrenalinergic and serotoninergic response.  


 


 Remeron 


 Zispin 


 Avanza 


 Norset 


 Remergil 


 Axit  


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 5-


Hydroxytryptophan, St. John’s wort and SAMe and Ginkgo Biloba, Ephdedra, Licorice, and 


Tyrosine. 


 


Tricylic Antidepressants 
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Mechanism of Action:  The exact mechanism of action is not completely understood, but there 


appears to be some influence on the inhibiting re-uptake of norepinephrine, dopamine, and/or 


serotonin receptors.  They also possess some affinity for muscarinic and histamine H1 receptors 


and promote a sedative effect.  


Medical Use: These compounds are used as antidepressants. 


 


 Elavil 


 Endep  


 Tryptanol 


 Trepiline 


 Asendin  


 Asendis 


 Defanyl 


 Demolox 


 Moxadil 


 Anafranil 


 Norpramin 


 Pertofrane 


 Prothiadin 


 Thanden 


 Adapin 


 Sinequan 


 Trofranil 


 Janamine 


 Gamanil 


 Aventyl 


 Pamelor 


 Opipramol 
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 Vivactil 


 Rhotrimine 


 Surmontil  


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 5-


Hydroxytryptophan, St. John’s wort and SAMe and Ginkgo Biloba, Ephdedra, Licorice, and 


Tyrosine. 


 


 


Monoamine Oxidase Inhibitor 


 


Mechanism of Action:  These compounds inhibit the activity of monamine oxidase preventing 


the breakdown of monamine neurotransmitters, which increases their availability. There are two 


isoforms of monamine oxidase, MAO-A and MAO-B.  MAO-A preferentially deaminates 


serotonin, melatonin, epinephrine, and norepinephrine.   MAO-B preferentially deaminates 


phenylethylamine and trace amines.  Both types equally deaminate dopamine.  


 


Medical Use: These compounds are used as antidepressants.  They are also used for agoraphobia 


or social anxiety, migraine prophylaxis, and Parkinson’s disease.  


 Marplan 


 Aurorix 


 Maneric 


 Moclodura 


 Nardil 


 Adlegiine 


 Elepryl 


 Azilect 


 Marsilid 


 Iprozid 


 Ipronid 
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 Rivivol 


 Propilniazida 


 Zyvox 


 Zyvoxid 


 


Drug-Herb Interactions:  The following herbs could intensify the effects of the medications: 5-


Hydroxytryptophan, St. John’s wort and SAMe and Ginkgo Biloba, Ephdedra, Tyrosine, 


Tryptophan, Licorice root, Nutmeg, Yohibe and Tyramine containing  foods. 
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Abstract


Background: Stress involves alterations of brain functioning that may precipitate to mood disorders. The
neurotrophin Brain Derived Neurotrophic Factor (BDNF) has recently been involved in stress-induced adaptation.
BDNF is a key regulator of neuronal plasticity and adaptive processes. Regulation of BDNF is complex and may
reflect not only stress-specific mechanisms but also hormonal and emotional responses. For this reason we used,
as an animal model of stress, a fish whose brain organization is very similar to that of higher vertebrates, but is
generally considered free of emotional reactions.


Results: We provide a comprehensive characterization of BDNF gene in the Dicentrarchus labrax and its
transcriptional, translational and post-translational regulation following acute stress. While total BDNF mRNA levels
are unchanged, BDNF transcripts 1c and 1d resulted down regulated after acute stress. Acute stress induces also a
significant increase in proBDNF levels and reduction in mature BDNF suggesting altered regulation of proBDNF
proteolytic processing. Notably, we provide here the first evidence that fishes possess a simplified proteolytic
regulation of BDNF since the pro28Kda form, generated by the SKI-1 protease in mammals, is absent in fishes
because the cleavage site has first emerged in reptilians. Finally, we show that the proBDNF/totBDNF ratio is a
highly predictive novel quantitative biomarker to detect stress in fishes with sensitivity = 100%, specificity = 87%,
and Negative Predictive Value = 100%.


Conclusion: The high predictivity of proBDNF/totBDNF ratio for stress in lower vertebrates indicates that
processing of BDNF is a central mechanism in adaptation to stress and predicts that a similar regulation of pro/
mature BDNF has likely been conserved throughout evolution of vertebrates from fish to man.


Background
Brain Derived Neurotrophic Factor (BDNF) is the most
abundant and widely expressed neurotrophin, a family
of structurally related proteins required for the develop-
ment and function of the vertebrate nervous system
[1-3]. In the vertebrate brain, BDNF also governs long-
lasting changes in synaptic efficacy and morphology
[3-8]. Recent studies have suggested that BDNF may be
involved in stress-induced adaptation in adult [9].
Indeed, several types of injury and cell stress affect the
expression of BDNF in the mammalian brain; in


particular, chronic stress decreases the synthesis of hip-
pocampal BDNF [10-13] while acute stress induces com-
plex alterations in the expression of BDNF, including a
decrease in the hippocampus and an increase in the pre-
frontal cortex [14-17].
“Stress” is a biological term which refers to the conse-


quences of the failure of a human or animal body to
adequately answer to environmental stimuli. Stress
induction is also used to study alterations of brain func-
tioning leading to mood disorders which are often preci-
pitated or exacerbated by acute or chronic stressful life
events [18-20]. Of note, stress involves subjective feel-
ings and experience of pleasure, pain, frustration, hunger
or other states, and is therefore often difficult to define
and measure [21]. This is particularly complicated in
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mammals and primates in which the emotional compo-
nents may have a dominant effect. Since alterations in
BDNF expression were also found in response to emo-
tions such as anxiety or fear in rodents [22] and BDNF
affects emotional preferences in humans [23], it remains
to be determined how the stress itself or the associated
behavioral responses contribute in mediating these
changes. In this view, it is interesting to use as an ani-
mal model of stress, a fish whose brain organization is
very similar to that of higher vertebrates, but is generally
considered free of emotional reactions.
Stress conditions were traditionally evaluated by moni-


toring blood levels of cortisol, hemoglobin, and glucose
[24], but these descriptors may not be sufficiently reli-
able when chronic stresses are applied and animal wel-
fare is concerning [25]. It is therefore necessary to
search for further parameters, which are capable to
describe, taking into account the “allostatic concept”
[26] biological stress and animal emotional responses.
This point is particularly important when monitoring
welfare of animals reared for commercial interest. In
fact, production and quality have to be equally improved
with benefits on the public perception of the products
and consequent positive repercussions on marketing
aspects. Accordingly, we started a search of alternative
molecular biomarkers of stress. Besides the classical
stress-related genes such as metallothioneins (MT), heat
shock proteins (HSP), 3-hydroxil-3-methyl-glutaryl
coenzymes A reductase (HMGCR) [27,28], enolase, Na
+/H+ exchanger (NHE)-1 c-Fos, glucocorticoid receptor
(GR), glucose transporter (GLUT2) [29-32], plus genes
related to specific stress conditions, as oxygen fluctua-
tion (HIF-1a) and food deprivation [33-35], we decided
to consider also neurobiological markers such as BDNF.
Accordingly, we investigated the effects of acute stress


on BDNF expression in Dicentrarchus labrax. We report
the genomic organization of D. labrax BDNF and its
transcripts-specific expression pattern during post-
hatching development. In addition, we analyzed BDNF
expression in adult tissues, and post-translational pro-
cessing in response to a well standardized type of acute
stress such as water deprivation.


Methods
Animals
European seabass eggs, at stage of somites formation,
were obtained from a commercial hatchery on Crete.
The eggs were incubated in three 500 L-cylindriconical
polyester tanks (~50,000 eggs/tank) at the Institute of
Aquaculture of the Hellenic Center for Marine Research
(Heraklion, Crete). During the autotrophic stages (com-
plete absorption of lecith reserves) larvae were kept in
darkness. The oxygen level was maintained at about 7
mg/L throughout the experimental period.


Following mouth opening and eye development, the
larvae under intensive conditions are exposed to low
light intensity (5-10 lux) without food for a period of 2-
4 days until swim bladder is fully inflated. Only when
inflated swim bladder is observed in more than 80% of
the population, larvae were fed using an automatic feed-
ing system. Ten larvae were taken every day for deter-
mining the morphological characteristic and total length.
The general conditions of rearing are presented in the


Table 1, while the modality of the sampling, carried out
in November 2008, are reported in Table 2. Pools of lar-
vae for each developmental stage were randomly
sampled and weighted. The samples were stored in
RNAlater (Ambion, Austin, TX, USA) and kept at -20°C
until the molecular biology analysis.
Fingerling seabass were obtained from Nuova


Azzurro® hatchery in Civitavecchia (RM, Italy), and
reared into three fiberglass raceway tanks with 2.5 m3


water each, with inconsistent mortality, at low biomass
density (<10 Kg/m3). The tanks were connected to a
water recirculation system where salinity (obtained add-
ing salt Oceanfish 600 LT from Prodac Int® to dechlori-
nated tap water) was 20 g/l. Other water conditions
were: temperature 21 ± 1°C, pH 8.2, total ammonia <0.2
mg/l; dissolved oxygen was maintained over 99% of the
saturation, by insufflating pure O2 to the system. At
average weight of 450 g (adult animals), two groups of
five animals were randomly sampled. The first group
(control) was rapidly killed by severing the cervical col-
umn; brain, liver, kidney and muscle were removed, fro-
zen in liquid N2 and stored at -80°C for molecular
biology analysis. The second group (stressed) was kept
for 30 minutes in a water deprivation condition (water
volume of 20 L in a bucket 50 × 50 × 50 cm), then tis-
sues were removed as described above.
The experimental protocol of this study was approved


by the Ethics Committee of the University of Insubria
Isolation and amplification of genomic DNA
Genomic DNA was extracted from 25 mg of liver with
DNeasy Blood & Tissue Kit (Qiagen, Milan, Italy)
according to the manufacturer’s procedure.
Introns were amplified with primers designed in


proximity of putative exon/intron junctions, inferred
comparing ortologue sequences of BDNF (Genomic
PCR section). All primers used in this paper are
reported in Table 3. The PCRs were set using 500 ng of
genomic DNA, Herculase Enhanced DNA Polymerase 5
U/μl (Stratagene, La Jolla, CA, USA) in its own buffer.
The couple of primers used were Dl_ex1beta_fw and
Dl_ex1a_rev, Dl_ex1a_fw and Dl_ex1c_rev, Dl_ex1c_fw
and Dl_P2_ant_BDNF. The reactions were incubated in
a thermal cycler at the conditions suggested in the man-
ufacturer’s procedure. PCR fragments were run on a
0,7% agarose gel, stained with ethidium bromide and
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run in TAE 1× buffer at 100 mV for 30 min. Single
bands were gel-purified and sequenced.
Another set of PCRs on genomic DNA were per-


formed with 80 nM solutions of specific primers
deduced on obtained sequences, 250 ng of genomic
DNA, 2 U of PCR Extender Polymerase Mix (5PRIME,
Gaithersburg, MD, USA), 5 μl 10× Tuning Buffer, 0,5
mM dNTPs mix. The PCR was performed with the fol-
lowing conditions: 93°C for 3 min and 10 cycles at 93°C
for 15 s, annealing at 65°C for 30 s elongation at 68°C
for 8 min, plus 20 cycles with elongation time increased
of 20 s each cycle. After gel electrophoresis single bands
were gel-purified, cloned into pGEM-T Easy Vector
(Promega, Milan, Italy), and sequenced.
5’ Genome walking
To clone 5’ flanking sequence of the gene, genome walk-
ing was carried out with the GenomeWalker Universal Kit
(Clontech, Saint-Germain-en-Laye, France) according to
the manufacturer’s procedure. Briefly, aliquots of genomic
DNA (2.5 μg) were separately digested overnight with the
following blunt-end restriction endonucleases: DraI,
EcoRV, PvuII and StuI. After inactivation, the four digested
DNA preparations were ligated to the GenomicWalker
adaptors. Two rounds of PCR were performed with the
BD Advantage 2 PCR kit (Clontech, Saint-Germain-en-
Laye, France). Adaptor-ligated DNA fragments were used


as template for primary PCR amplification, with the outer
adaptor primer (AP1) and a gene specific 5’-outer primer
(Table 3, Genome Walking section). Reactions were run
using 0.2 μM solution of specific primers, 1 μl of template,
1 μl of 50× Advantage 2 Polymerase Mix, 5 μl 10× Advan-
tage 2 PCR buffer, 0.2 mM dNTPs mix. The amplification
protocol consisted of two-step cycle parameters: 7 cycles
at 95°C for 25 s and 72°C for 3 min, 37 cycles at 94°C for
25 s and 67°C for 3 min plus a final extension at 67°C for
7 min. Aliquots (1 μl) of 50-fold diluted primary PCR pro-
ducts were used as template in the secondary PCR amplifi-
cation, with the nested adaptor primer (AP2) and a nested
gene-specific primer (Table 3, Genome Walking section)
with the same reactions mix described above. The amplifi-
cation protocol consisted of two-step cycle parameters: 5
cycles at 95°C for 25 s and 72°C for 3 min, 24 cycles at 94°
C for 25 s and 67°C for 3 min plus a final extension at 67°
C for 7 min. Amplified products were analyzed in 1% agar-
ose gel and sequenced as above reported.
Endonucleases digestion
The 3 Kb PCR product obtained with the primers Int1a/
1c_Fwnew and Int1a/1c_REV_5 was very tricky in clon-
ing and sequencing steps because of the presence of
highly repeated region. For these reasons a blunt diges-
tion, with 1 U of HaeIII/1 μg of PCR product, was per-
formed in order to obtain smaller fragments. The
reaction was incubated at 37°C for 2 h. The four bands
obtained from the digestion, of 1.5 Kb, 1 Kb, 0.4 Kb, 0.1
Kb respectively, were gel purified, A-tailed with DNA
Polymerase, ligated into pGEM-T Easy Vector (Promega,
Milan, Italy), and sequenced.
RNA extraction, mRNA retro transcription and
amplification
Total RNA was extracted with TRIzol Reagent (Invitro-
gen, S. Giuliano Milanese, MI, Italy) from about 100 mg


Table 1 conditions of rearing


INTENSIVE


Season of
rearing


Winter - Spring


Density of
eggs


100 egg l-1


Water quality Tank filled with filtered
sea water from deep
drill


Renewal from
biological filter


Pseudogreen
water
method


Closed recirculation system Controlled
temperature
and light


Temperature
range


Constant 17,5 ± 1°C


Water
renewal rate


Initially 10% h-1, gradual
increase to 40% h-1 at
35 dph


Photoperiod 12L:12D


Larval food Enriched rotifers (5 ind
ml-1),


Enriched Artemia
Instar II (0.5-1.0
ind ml-1)


Artificial feed Daily addition of phytoplankton (in order to maintain a
concentration of ca. 650 ± 300 × 103 cells ml-1) for 15
days after hatching


Table 2 sample timing


SAMPLES dph stage total weight


1a; 1b; 1c 6 Mouth opened - black eyes 404 mg (wet)


2a; 2b; 2c 16 Lipid droplet absorption 300 mg (wet)


3a; 3b; 3c 27 Flexion 961 mg (wet)


4a; 4b;4c 33 Post-flexion 949 mg (wet)


5a; 5b; 5c 44 Dorsal and anal fins 1 g (wet)


dph: days post hatching
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Table 3 primers used in this paper


NAME SEQUENCE 5’-3’ Tm°C Notes


Genome Walking 1beta_SP1 CCACTGAGTCCAACCCTTCCAGCAATGC 72.2 3


1beta_SP2 ACCATTTTCCCCTACGCTGTCCTGGAGATAG 70.2 3


1beta_SP3 ACTTCTGCTGTGCTCAGTAGATCGCCCACC 71.9 3


1beta_SP4 GGCAAATATCAACAAGCCCGGGTTGTCAG 72.0 3


1beta_SP5 GGCAATCCAAGTTTGTGGGGGTACTAGTTC 68.3 3


1beta_SP6_A GAGTGTTAACTCCCTCTTTGGCGAGGGG 69.7 3


1beta_SP6_B GGCCTATTACGCATACGCACAAACTGGTC 69.0 3


AP1 GTAATACGACTCACTATAGGGC 59.0 4


AP2 ACTATAGGGCACAGCGTGGT 71.0 4


Genomic PCR Dl_ex1beta_fw CCAAGTGGTGGGCGATC 57.6 2


Dl_ex1c_fw CCATGCAATTTCCACCATC 54.5 2


Dl_ex1a_fw GTTAACTTTGGGAAATGCAAG 54.0 2


Dl_P1_ant_BDNF CCATAGTAACGAACAGGATG 55.3 2


Dl_P2_ant_BDNF GTCATCACTCTTCTAACCTGTTG 58.9 2


Dl_ex1a_rev CACTTGCATTTCCCAAAGTTAAC 54.0 2


Dl_ex1c_rev GATGGTGGAAATTGCATGG 54.5 2


Int1c/2_FW CCAGACAGTTTCTGTATTGTTGTTTTGGAGGGG 70.2 3


Int1c/2_REV TCCAGCCATGTGAGGATCAATTGTGAACGG 73.6 3


Int1c/2_up GTATTTTCTTAATTGCACACAGCGTGGGTGGG 71.4 3


Int1c/2_low CATTCTTAATTGGTATCTGGGGCCGTGGC 71.0 3


Int1c/2_FWnew CTCTAGGTGCGTTGTCATGCACAAAGGC 69.8 3


Int1c/2_REVnew AGGGGTAATATTGCAGTAGCAGGGGGTGG 70.0 3


Int1a/1c_FW ATGCTCCCAATATGGGACCTTAAGACGCTGC 72.2 3


Int1a/1c_FWnew GTAATCGTTGCGTTGTGCTTAATCATGCTCC 66.8 3


Int1a/1c_FW1 GGTCTGCTGCATTCATGTTTTGTCTTGATG 68.7 3


Int1a/1c_FW2 GCCCTACTCTTTACCCCCCCCACCC 70.2 3


1crev_SP1 TCTCCCGACAAGCTTCAGGATATCTCTTCAGC 70.8 3


Int1a/1c_REV_1 TTTTGCGTAACIGCGCGTCTCCACCAIGTC 74.5 3


Int1a/1c_REV_2 CAAACTCCTGGATATGAGCTTAAAGGAGGC 66.4 3


Int1a/1c_REV_3 CGTTTGGCATGTAGCAGTATGGGAGTGG 69.3 3


Int1a/1c_REV_4 CCTTTCAAGGCTTCTCTTGCCAAATGC 68.2 3


Int1a/1c_REV_5 CATCCTGCCAGCATGTGCAACTGC 69.6 3


Int1a/1c_REV_6 CCTGACTCACTTTTAGCCTATCTGACATGCAGG 69.3 3


Int1a/1c_REV_7 CACACACACACACACACACACACACTGTG 68.3 3


Int1beta_FW GACCAGTTTGTGCGTATGCGTAATAGGCC 69.0 3


3’-RACE SP1FW_3’ GGCTGCAGAGGAATAGACAAGCGGCAT 70.4 3


SP2FW_3’ CCAATGCAGGACAACCCAGTCCTACGT 69.3 3


BDNF_3’race GACCATTAAGAGGGGCAGATAG 60.3 3


AP GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT 71.1 4


UAP CUACUACUACUAGGCCACGCGTCGACTAGTAC 64.3 4


5’-RACE RACE_BDNF_GSP1 CTTGGTTGCTGATCATC 50.4 3


RACE_BDNF_GSP2 CTGTGAGTGAGGGCAGTTC 58.8 3


RACE_BDNF_GSP3 CGAACAGGATGGTCATCACTC 59.8 3


AAP GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG > 75.0 4


AUAP GGCCACGCGTCGACTAGTAC 66 4


RT-PCR Dl_BDNF_up ATGACCATCCTGTTCGTTAC 55.3 2


Dl_BDNF_down CTATCTGCCCCTCTTAATG 54.5 2


1beta_FW_nested GCGAGGGTGTTACGTATATCTG 58.7 3


1beta_Rev_new CCACTCACTCCAACAGATGC 59.3 3


1a_FW_new GCTTATTCTGAGGGAGCCTG 59.0 3


1a_Rev_new CCCAAAGTTAACGCAGTGTG 59.2 3
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of each pool of larvae and tissue following the manufac-
ture’s instruction, then treated with DNase (DNA free,
Ambion, Austin, TX, USA). The first strand cDNA was
synthesized using 2 μg of total RNA, 150 pmol random
primers (for larvae’s RNA) and dT16 primer (for tissues’
RNA), 1 μl dNTPs mix 10 mM, in a volume of 12 μl.
The mix was heated at 65°C for 15 min, chilled on ice
and then 4 μl 5× retrotranscription buffer, 2 μl of 0.1 M
DTT, 1 μl RNaseOUT and 200 U M-MLV retrotran-
scriptase (Invitrogen, S. Giuliano Milanese, MI, Italy)
were added to a final volume of 20 μl. After incubation
at 37°C for 50 min, the reaction was stopped at 75°C for
15 min. The generated cDNA was stored at -20°C.
The open reading frame was obtained by RT-PCR per-


formed with specific primers Dl_BDNF_up and
Dl_BDNF_down designed within conserved regions of
BDNF coding sequence belonging to other species. The
bipartite BDNF transcripts were evaluated, when neces-
sary, by two rounds of PCR with primers deduced on
the obtained exon sequences. Reactions were run using
1 μM solution of specific primers (Table 1, Qualitative
PCR section), 1 μl of cDNA, 0.75 U of GoTaq DNA
Polymease (Promega, Milan, Italy), 5 μl 5× Green
GoTaq Reaction buffer, 0.2 mM dNTPs mix. The first
round PCR was performed with the following condi-
tions: 94°C for 3 min and 34 cycles at 94°C for 30 s,
annealing at 56°C for 30 s, elongation at 72°C for 50 s
and final extension at 72°C for 4 min. The second
round PCR was performed on 1 μl of first round PCR
product for 30 cycles at the same conditions.
The PCR products were loaded into 1% agarose gel


stained with ethidium bromide and run in TAE 1× buf-
fer at 100 mV for 30 min; b-actin and GAPDH were
used as housekeeping genes. For each sample a set of


PCR has been run without retrotranscription to exclude
any genomic contamination.
5’ and 3’ Rapid Amplification of cDNA Ends (RACE)
The 5’-RACE was performed according to the method
published by Semple-Rowland et al., [36] with slight
modifications. Briefly, 1 mg poly-A+ RNA, extracted
from seabass brain, was reversed transcribed using 200
U M-MLV reverse transcriptase (Invitrogen, S. Giuliano
Milanese, MI, Italy) following the manufactured instruc-
tion and using 20 pmol of sequence-specific antisense
primer RACE_BDNF_GSP1. The reaction was incubated
at 42°C for 50 min and stopped placing the tube on ice;
excess primers, dNTPs and buffer were removed using a
QIAquick PCR purification kit (Qiagen, Milan, Italy). In
the final step of the procedure the DNA was eluted in
30 ml of water. A poly dCTP tail was added to the sin-
gle-stranded cDNA present using terminal deoxynucleo-
tidyl transferase (Promega, Milan, italy). The mixture
was denaturated at 94°C for 3 min, chilled on ice, incu-
bated at 37°C for 10 min and stopped at 70°C for 10
min; excess of dCTP and buffer was removed as
reported above. Second strand cDNA synthesis was car-
ried out using 5 U TaqPolymerase (Qiagen, Milan,
Italy), 0.2 μM of a poly d(G) anchor primer
(RACE_AAP), 200 mM dNTPs mix and 10× PCR buffer.
The reaction was incubated in a thermocycler at the fol-
lowing conditions: 40°C for 5 min, 72°C for 2 min, than
the temperature was increased at 80°C. At this point 0.2
mM of the nested sequence-specific primer
RACE_BDNF_GSP2 and a nested anchor primer
RACE_AUAP were added for the amplification at the
following conditions: 94°C for 1 min, 54°C for 1 min,
72°C for 1 min (30 cycles), last extension time 72°C for
10 min; kept at 4°C. 1 ml of a 1:10 dilution of the PCR


Table 3: primers used in this paper (Continued)


1bFW CTCAGCTCTGCAGAGTTGGGGT 61.8 3


1c_FW_new CGTTTCACCATGCGACAAC 61.1 3


1c_Rev_new GCCCAGTCGTAAAACAGACC 59.6 3


1dFW GTCCTGATGGAAACAGGAAATCAC 63.1 3


1dRev CACAGATGACGTCTCTTCCAGGT 62.9 3


Ex2_FW_new CTTCAGTTGCATGAGAGCTGC 61.3 3


Ex2_Rev_new ACCCTCATGCACATATTAGCG 60.0 3


Dl_BDNFreal_low TTGCTTCAGTTGGCCATTGG 57.3 3


Dl_Act_FW_RT GGTATTGTCATGGACTCCGGTGAT 61.9 1


Dl_Act_Right TTAGAAGCATTTGCGGTGGA 58.0 1


D.l._GAPDH_FW GAGGGTGACAAGCTGGTCGT 58.8 1


D.l._GAPDH_Rev CAAAGATGGAGGAGTGAGTGTCAC 58.8 1


Universal Primers T7 TAATACGACTCACTATAGGG 53.2


SP6 CATTTAGGTGACACTATAG 50.2


1 - primers deduced on sequences available in public databases (Actin: AY148350; GAPDH: AY863148). 2 - primers deduced on ortologue sequences (BDNF:
Danio rerio AL935207 clone CH211-251J8; Fugu rubripes http://www.fugu-sg.org/ scaffold_1; Paralichthys olivaceus AY074888). 3 - primers deduced on obtained
sequences. 4 - primers included in the kits used during the experiments.
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products is re-amplified using the nested anchor primer
RACE_AUAP and the nested sequence-specific primer
RACE_BDNF_GSP3. The PCR cycle parameters were as
follow: 8 touchdown cycles with annealing temperature
from 58 to 54°C, than 94°C for 1 min, 54°C for 1 min,
72°C for 1 min (27 cycles), last extension time 72°C for
10 min; kept at 4°C. The resulting products were run on
a 1% agarose gel, purified, cloned into pGEM-T Easy
Vector (Promega, Milan, Italy) and sequenced.
The 3’ race was performed with the following proto-


col: 4 μg of total RNA and 10 pmol of Adapter Primer
(AP) in a volume of 10 μl was incubated at 70°C for 10
min. The mix was chilled on ice and then 4 μl of 5×
reverse transcription buffer, 2 μl of 25 mM MgCl2 solu-
tion, 1 μl of 10 mM dNTPs mix and 2 μl of 0.1 M DTT
were added. The mix was incubated at 42°C for 5 min
and then 200 U of SuperScript III reverse transcriptase
(Invitrogen, S. Giuliano Milanese, Italy) were added.
After incubation at 42°C for 50 min, the reaction was
stopped at 70°C for 15 min. The generated cDNA (2 μl)
was used as template for PCR. The reactions were run
using 1 μM solution of Universal Amplification Primer
(UAP) and gene specific 3’-outer primer (SP1FW_3’),
0.75 U of GoTaq DNA Polymease (Promega, Milan.
Italy), 10 μl 5× Green GoTaq Reaction buffer, 0.2 mM
dNTPs mix. The reaction was incubated in a thermocy-
cler at the following conditions: 95°C for 2’ and 30
cycles at 95°C for 30 s, annealing depending on the
melting temperature of the primers for 30 min, elonga-
tion at 72°C for 2 min and final extension at 72°C for 6
min. A second round PCR was performed at the same
conditions using 1 μl of first PCR product, 1 μM solu-
tion of UAP and a nested gene-specific primer
(SP2FW_3’, BDNF_3’race). The resulting products were
run on a 1% agarose gel, purified, cloned into pGEM-T
Easy Vector (Promega, Milan, italy) and sequenced.
Semiquantitative analysis
The bipartite BDNF transcripts expression, in control
and stressed brain samples, were evaluated by semiquan-
titative PCR. The reactions were performed with the
same specific primers and conditions of qualitative PCR,
and normalization was carried out using cytoplasmatic
b-actin (cDNA 1:50 diluted). The PCR products were
loaded into 1% agarose gel and run in TAE 1× buffer at
100 mV for 30 min. The semiquantitative analysis was
carefully performed by BIO-RAD Gel Doc 2000 con-
nected to the software Quantity one™ that allowed to
determine, in arbitrary units, the fluorescence value of
the area of each considered band. After having obtained
all the values, we have normalized them with those of
b-actin; than we evaluated the ratio of the “stressed”
samples compared to the control ones. In this way, we
have avoided differences due to template concentration
in the PCR tube. The data were statistically compared


using the two tail omoschedastic Student’s t-test. The
significance level was set at p < 0.05.
Bioinformatic analysis
BDNF gene exon-intron boundaries were determined by
Blast, ClustalW analysis http://blast.ncbi.nlm.nih.gov/
Blast.cgi; http://www.ebi.ac.uk/Tools/clustalw2/index.
html and by direct comparison of PCR-amplified
sequences with genomic pufferfish http://www.fugu-sg.
org/BLAST/Export.htm, zebrafish, human and rodent
DNA from the NCBI database (GeneBank accession
number: AL935207 clone CH211-251J8; AF411339;
AY057907, respectively).
Western-blot analysis
Brain and liver were extracted from control (N = 15) or
stressed animals (N = 15) and immediately frozen in
liquid nitrogen. The tissues were mechanically homoge-
nized at 4°C using an extraction buffer solution contain-
ing 25 mM Tris HCl ph 7.5, EDTA 1 mM, Spermidin 1
mM, PMSF 1 mM, IAA 1 mM, Soy Bean Trypsin Inhi-
bitor (SBTI), 10 μg/ml Turkey Egg White inhibitor
(TEWI). After homogenization 0.1%Triton X-100 was
added and samples were incubated in agitation for 1
hour at 4°C. Samples were centrifuged for 5 min, at 4°C
(10.000 × g) and the soluble fraction (supernatant) of
the lysate was collected for Western blot analysis. Total
protein content in lysate tissue samples was determined
using Bradford assay (Sigma-Aldrich). Samples (10 μg)
were run in 15% SDS-PAGE and proteins were trans-
ferred onto a nitrocellulose membrane (Protran Nitro-
cellulose Transfer Membrane, Whatman) using transfer
buffer solution [39 mM Glycine, 48 mM Tris-HCl,
0,037% (v/v) SDS, 20% (v/v) methanol]. Subsequently,
the membrane was stained using Ponceau dye (Sigma-
Aldrich) to check for the complete protein transfer.
Membranes were cut at the level of 44 kDa according to
protein markers. The two membranes were incubated
for 1 hour at room temperature in blocking solution
(4% (v/v) non fat milk powder, 0.05% Tween-20 in
phosphate buffer saline solution). The upper part of the
membrane (>44 kDa) was incubated over night (O/N) at
4°C with anti-a-tubulin antibody (Sigma-Aldrich, mAB
diluited 1:10.000). The lower part of the membrane (<44
kDa) was incubated with anti-BDNF antibody (N-20,
pAB, Santa Cruz Biotechnology, diluted 1:500). The
anti-BDNF antibody recognizes the first 20 N-terminal
aminoacids of mature BDNF and therefore is able to
detect both the mature and the precursor form of
BDNF. Moreover, as the human and seabass mature
BDNF are highly homolog (more than 90%) we have
used human BDNF as positive control [37,38]. After O/
N hybridization with the specific antibody, membranes
were incubated with secondary antibodies for 1 hour at
room temperature, we used goat anti-mouse HRP
(Sigma-Aldrich, dil. 1:20.000) for a-tubulin, and goat
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anti rabbit HRP (DakoCytomation, dil. 1:10.000) for
BDNF. Finally, membranes were washed with blocking
solution and immunoreactive bands were detected using
a chemiluminescence system (ECL-advance, Amersham
Biosciences).
Densitometry and statistical analysis
Densitometric analysis of immunoreactive bands was
obtained by scanning films at 16-bit level and applying
Quantity One software procedures (Biorad). Data were
normalized using as internal control the Western blot
for the housekeeping gene a-tubulin. The ratio
ProBDNF vs total-BDNF or matBDNF vs total-BDNF
was expressed as % and obtained with the formula:
proBDNF/(proBDNF+matureBDNF)×100. Each set of
data was statistically analyzed using Student’s t-test and
one-way ANOVA (Holm-Sidak). The statistical analysis
was performed using SigmaStat 3.1 software. A p value
of 0.05 was set as the minimal level for statistical
significance.
Calculation of test performance
We considered positive to the proBDNF/totalBDNF test,
individuals whose score was >1SD with respect to the
average value in the normal, non-stressed population.
Stressed animals positive to test are true positive (= a),
non-stressed animals which tested positive are false
positive (= b), stressed animals that tested negative are
false negative (= c) while non-stressed animals that
tested negative are true negatives (= d). The sensitivity,
calculated as a/(a+c), measures the proportion of actual
positives which are correctly identified as such; and the
specificity, calculated as d/(d+b), measures the propor-
tion of negatives which are correctly identified. The
positive predictive value is the probability that a test
positive is a true positive: a/(a+b) and it is the most
important measure of a diagnostic method as it reflects
the probability that a positive test reflects the underlying
condition being tested for. Its value does however
depend on the prevalence of the disease, which may
vary. The negative predictive value is the probability
that a test negative is a true negative: d/(c+d). The nega-
tive predictive value is the proportion of individuals with
negative test results who are correctly identified.


Results
Genomic organization of BDNF
As the gene encoding BDNF in Dicentrarchus labrax (D.
labrax) was not described before, we first cloned the
entire gene and determined its genomic organization.
We used a strategy of cloning each exon separately
using PCR primers designed on a consensus sequence
inferred from the ortologue sequences of BDNF in
Danio rerio (zebrafish), and Fugu rubripes (pufferfish).
Zebrafish, pufferfish, and seabass are all teleosts and
therefore we expected a similar exon/intron organization


of their BDNF gene and closely related sequences. To
clone the 5’ flanking sequence of the D. labrax BDNF
gene, we carried out a genome walking. Finally, to deter-
mine the D. labrax BDNF gene exon/intron boundaries
and identify the mRNAs transcribed from the gene, we
performed a combination of 5’ and 3’ rapid amplification
of cDNA ends (5’ and 3’ RACE), RT-PCR and bioinfor-
matic analysis.
The gene spans about 15 Kb and it is organized in 6


exons and 5 introns as reported in Fig. 1A (GeneBank
accession number FJ711591). Exons were identified by
ClustalW analysis (see methods) as the most highly con-
served segments and were all found to be flanked by the
typical consensus splice donor (GT) site in eukaryotes.
The exons length and position, and their exon/intron
junctions are summarized in Table 4. In analogy with
zebrafish and pufferfish, also in D. labrax the BDNF
coding sequence is contained in the exon 2 and this
tract resulted highly conserved with respect to other
vertebrate species (D. rerio 84%, F. rubripes 91%, H.
sapiens 77%, M. musculus 78%, R. norvegicus 78%, ).
Upstream to the coding exon we have found other five
untranslated exons: 1b, 1a, 1b, 1c and 1d. By aligning
these exon sequences with those of the corresponding
zebrafish exons, we found an identity of 85%, 43%; 82%;
74% and 82%, respectively. D. labrax BDNF transcripts
analysis indicated that upstream untranslated exons can
be spliced independently to the major coding exon to
form distinct bipartite BDNF transcripts with different
5’ UTR lengths and a common coding region (Gene-
Bank accession number DQ915807). Interestingly, in the
exons 1d, 1b and 1b we have identified in-frame ATG
codons that could be used as translation start sites lead-
ing to the prepro-BDNF proteins with longer N-termini
(Fig. 1B).
The five exons located upstream to the coding region


did not show any significant identity when aligned with
mammalian BDNF genes (rat, mouse and human) with
the exception of a 75% identity between D. labrax exon
1b and mammalian exon 1, and for the presence of the
highly conserved segments HCS1, HCS2 and HCS3.
HCS2 is located in D. labrax BDNF exon 1a and mam-
malian exon IIC and showed 96% identity; HCS1 in D.
labrax BDNF exon 1c showed 38-41% identity with a
similar sequence in mouse, rat and human exon IV
while the HCS3 is localized in the 3’UTR of D. labrax,
mouse, rat and human BDNF and was 97% identical (39
of 41 nucleotides are identical in fish and man) between
these species (Fig. 2 and 3).
The coding region encoded a protein precursor (Fig.


4A) with a signal peptide at the N-terminus, the propep-
tide of 150 amino acids (AA) in the center and the
mature BDNF of 129 amino acids at the C-terminus.
This organization is similar to that of zebrafish [39]
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avian [40] and mammalian BDNF [41-43]. The
proBDNF resulted only 87% identical to zebrafish BDNF
and 74-75% to the mammalian counterparts. However,
two regions were >95% identical (Fig. 4B): the first 20
N-terminus AA, comprising the signal peptide, and 35
AA just upstream of the cleavage site which also
encoded for the glycosilation consensus site (Fig. 4A).
Analysis of the extended N-terminal sequences with the
prediction programme SignalP 3.0 [44] showed that the


N-termini produced by exons 1b and 1b have poor
scores as signal peptides because of the presence of a
putative signal anchor, while the very long sequence
produced by exon 1d does not encode for a signal
peptide.
Developmental and tissue-specific expression of BDNF
splice variants
To learn more about the possible role of BDNF tran-
scripts in the seabass, we analyzed their expression dur-
ing post-hatching development and their tissue
distribution in the adult. The different transcripts were
amplified using 5’ exon forward specific primers in com-
bination with a reverse primer located on the exon 2.
Expression of the coding exon 2 was determined using
internal primers. When no amplicon was detectable
after the first PCR reaction, a second round of PCR was
carried out to increase sensitivity. Analysis of BDNF
expression at 6, 16, 27, 33 and 44 days post-hatching
(dph) showed that, besides variant 1d/2, all BDNF var-
iants were expressed during the entire larval maturation.
Of note, variant 1d/2 transcript was undetectable at all
stages even after the second round PCR. Although this
analysis cannot be considered quantitative, it is clear
that the generated bipartite transcripts showed striking
differences in their expression with 1c/2 splice variant
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Figure 1 Gene organization and amino acid sequence of BDNF. Panel A. Organization of BDNF gene in Dicentrarchus labrax. Exons are
shown as boxes and introns as lines. Alternative start codons (ATG) as well as stop codon (TAG) were reported. Panel B. Amino acid sequences
of different potential prepro-BDNF N-termini. Amino acids encoded by exon 2 are in bold and sequences encoded by alternative in frame ATG
are in normal style. The transcripts encoding the respective N-termini of BDNF (i.e., 1b, 1b, 1d) are listed adjacent to the N-terminal sequences.


Table 4 Structure of Dicentrarchus labrax gene*


Exon Start Splice acceptor End Splice donor Length
(bp)


1b nt
321


- nt
602


GGAAAATGgtaagtag 282


1a nt
1367


- nt
1818


TTGTAAAGgtaagagc 452


1b nt
4270


- nt
4315


ACCTGATGgtaggttt 46


1c nt
8347


- nt
8646


AGTAAAAGgtatgtgt 300


1d nt
11540


- nt
11797


CTGTGGTTgttatgct 258


2 nt
14063


ccctccagTTCCACCA nt
15130


- 1068


* Position numbering is based on gene sequence
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Figure 2 Organization of BDNF gene in man, rodent and fish. Exons are shown as boxes and introns as lines. D.l.: seabass BDNF; D.r.:
zebrafish BDNF; M.m.: rodent BDNF; H.s.: human BDNF.


HCS1  


H.s.            ATTACCTCCGCCATGCAATTTCC---ACTATCAATAATTTAA 39


R.n./M.m.       ATTACCTCCGCCATGCAATTTCC---ACTATCAATAATTTAA 39


D.r.            ATTACCTCAACCATGCAATTTCC---ACCATCAATAATTTAA 39


D. labrax       GCAGCCATGGGAGTGCATTACCTCATACCATCAATAATTTAA 42


                    **       **** *  *    ** ************* 


HCS2  


H.s.            GTTAACTTTGGGAAATGCAAGTGTT 25 


R.n./M.m.       GTTAACTTTGGGAAATGCAAGTGTT 25 


D.r.            GTTAACTTTGGGAAATGCAAGTGTT 25 


D. labrax       GTTAACTTTGGGAAATGCAAGTCTT 25 


                ********************** ** 


HCS3  


H.s.            TATCTATTTGTATATATACATAACAGGGTAAATTATTCAGT 41 


R.n./M.m.       TATCTATTTGTATATATACATAACAGGGTAAATTATTCAGT 41 


D.r.            TATCTATTTGTATAT--ACATAACAGGGTAAATTATTCAGT 39 


D. labrax       TATCTATTTGTATATATACATAACAGGGTAAATTATTCCGT 41 


                ***************  ********************* ** 


Figure 3 Alignment of Highly Conserved Sequence in man, rodent and fish. (H.s) Homo sapiens, (R.n.) Rattus norvegicus, (D.r.) Danio rerio, (D.
l.) Dicentrarchus labrax.
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Figure 4 Protein and cDNA sequence of BDNF. Panel A. Dicentrarchus labrax cDNA sequence and deduced amino acid sequence (GeneBank
accession number genFJ711591FJ711591). AA sequence of signal peptide is boxed in white; AA sequence for N-glycosilation is boxed in black;
The cleavage sequence is underline; start codon and the mature BDNF are shown in bold. Panel B. Representation of the entire BDNF protein
and alignment, among different species, of AA sequence of two conserved regions in the prepro protein: Dicentrarchus labrax (D.l.); Danio rerio
(D.r.); M.m. Mus musculus; Homo sapiens (H.s). The dashed, the stippled and the black areas correspond to the signal peptide, the propeptide and
mature secreted protein respectively.
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showing the highest expression throughout all post-
hatching development stages (Fig. 5).
Expression of splice variants was also determined in


brain, liver, kidney and muscle of adult animals. An
example of the PCR analysis, after gel electrophoresis, is
shown in Fig. 6. The highest expression levels of the D.
labrax BDNF transcripts were observed in the brain
even though some variants, such as 1b/2 and 1c/2, were
detected also in non neuronal tissues even if only after a
second round of PCR. A semi-quantitative evaluation of
the tissue-specific expression of D. labrax BDNF alter-
native transcripts is reported in Table 5. Bioinformatic
promoter analysis using Transfac® 6.0 and public version
of Match™ software [45,46] highlighted two regions
(TGACGTCA and TGAAGTCA), upstream to the exon
1c with highly conserved consensus for the cAMP/cal-
cium responsive element binding protein (CRE) which
are also found in mammals upstream to the exon IV
[47-50]. The presence of the HCS1 in fish exon 1c and
mammalian exon IV supports the likelihood that these
two exons are true orthologs.
Effects of acute stress on the expression of BDNF splice
variants
Since acute stress induces variations in BDNF tran-
scripts expression in the brain of rodents [14,17,15] we
investigated if any changes occurs when fishes under-
went to a brief stressful event consisting in 30 minutes
of controlled water deprivation condition (see


methods). Semi-quantitative PCR analysis of BDNF
transcripts expression in the seabass brain revealed
that in the stressed group there were no significant dif-
ferences in the expression of coding exon 2, and in the
upstream exons 1b, 1a, 1b compared to the control
group (Fig. 7). In contrast, we found a significant
decrease in the expression of the exons 1c and 1d (p <
0.05; Fig. 7). Thus, acute stress in the seabass, in
absence of an emotional component, induces a rapid
down regulation of the exons belonging to the second
exon cluster.


Actin 


GAPDH 


1 /2* 


1b/2* 


1a/2* 


1c/2 


1d/2* 


2 


6          16         27       33        44       (-)           dph


Figure 5 Example of expression of Dicentrarchus labrax
alternative mRNAs during larva development obtained by RT-
PCR. *: Aliquots of first PCR products were amplified in 2nd round
of PCR. For details see Material and Methods.


Figure 6 Example of expression of Dicentrarchus labrax
alternative mRNAs in different tissues of adult animals
obtained by RT-PCR. *: Aliquots of first PCR products were
amplified in 2nd round of PCR. For details see Material and
Methods.


Table 5 Expression of 5’ non coding and coding exons in
different tissues of adult D. labrax


EXON BRAIN LIVER* KIDNEY* MUSCLE*


1b/2 + n.d. n.d. n.d.


1a/2 +* n.d. n.d. n.d.


1b/2 +/- n.d. +/- n.d.


1c/2 + +/- + +


1d/2 +* n.d. n.d. n.d.


2 ++ + + +


* An aliquot of first PCR product was amplified in a 2nd round of PCR


n.d.: not detectable


Tognoli et al. BMC Neuroscience 2010, 11:4
http://www.biomedcentral.com/1471-2202/11/4


Page 11 of 17







BDNF protein processing in seabass after acute stress
To understand if acute stress can also alter BDNF protein
levels and/or processing, we analysed by Western blot the
liver and the brain from 15 normally reared controls and
15 animals that underwent acute stress. In both liver and
brain, anti-BDNF antibodies recognized two bands with
apparent molecular weight of 27 KDa and 18 KDa which
correspond to proBDNF (calculated Mw = 28,7 KDa) and
mature BDNF (calculated Mw = 13,3 KDa), respectively
(Fig. 8A and 9A). Remarkably, seabass BDNF does not
contain the cleavage site (RGLT) that in mammals is
recognized by the Membrane-bound transcription factor
site-1 protease (MBTPS1 also known as SKI-1 protease) to
generate the pro28KDa-BDNFisoforms after a cleavage at
Threonin 57 [51]. Thus, in fishes, there is only a proBDNF
(equivalent to mammalian pro32KDa) and a mature
BDNF.
Preincubation of the anti-BDNF antibody with the cor-


responding immunizing peptide, abolished staining of
both bands indicating that they represent the seabass
BDNF (data not shown). In the liver, BDNF was mostly in
the mature form (58% of total BDNF) nevertheless, there
was also a large amount of proBDNF (42% of total BDNF;
Fig. 8A). No statistically significant difference was
observed in proBDNF and matBDNF in stressed animal
(Fig. 8A, B). Similarly, in the brain, the mature form con-
sisted in 60% of total BDNF and the proBDNF in 40% of
total BDNF (Fig. 9B). 30 min of acute stress had no effects
on the total amount of BDNF in the brain but induced a
highly significant increase in the proBDNF levels and a
corresponding significant reduction in mature BDNF (p <
0.01 vs. control, Fig. 9B). The scatter-plot distribution


analysis of the two populations showed that in the brain of
every animal of the stressed group, the percentage of
proBDNF is at least 1 standard deviation (SD) above the
mean value of the control group (Fig. 9C). Analogous dis-
tribution, but towards lower levels, was also found for
mature BDNF (not shown). We further calculated if the
measurement of the percentage of proBDNF on total
BDNF in the brain could represent a predictive test to
identify stressed animals. Therefore, we calculated both
sensitivity and specificity which are statistical measures of
the performance of a binary classification test (see meth-
ods). All stressed animals had ratio of proBDNF/totBDNF
above 1 SD from the mean value of controls (15/15
stressed are true positive = a, and 0/15 are false negative =
c; see methods), hence the sensitivity of the test is 100%
while the specificity is 87% due to the presence of two
false positives (2/15 controls are false positive = b, thus
13/15 are true negative = d; see methods). The test also
had a Positive Predictive Value of 88% and a Negative Pre-
dictive Value of 100% (see methods). In sum, this test is a
perfect exclusion test, which means that all specimen with
proBDNF/totBDNF values below 43% are certainly not
stressed. Thus, the brain proBDNF/totBDNF ratio (or its
counterpart matBDNF/totBDNF) owing to its remarkable
difference between stressed and non-stressed animals
represents a highly reliable neurological biomarker capable
to detect biological stress in seabass.


Discussion
This study concerns the first characterization of the
BDNF gene in Dicentrarchus labrax and its transcrip-
tional, translational and post-translational regulation
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Figure 7 Histogram of semiquantitative-PCR of BDNF. Variants and coding exon in control are reported as grey bars, stressed samples are
reported as white bars. Values are means ± SD; *p < 0.05. n = 5.
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following acute stress. We found that in the seabass,
BDNF is highly expressed in the brain and that the tran-
scripts 1c and 1d from the second promoters cluster are
down regulated after acute stress. In addition, we show
that acute stress induces a significant increase in the
proBDNF levels and a corresponding reduction in
mature BDNF suggesting altered regulation of proBDNF
proteolytic processing. Finally we show that the
proBDNF/totBDNF ratio (or its counterpart matBDNF/
totBDNF) is a highly reliable novel quantitative neurolo-
gical biomarker capable to detect biological stress in


fishes with sensitivity 100%, specificity 87%, Positive Pre-
dictive Value of 88% and Negative Predictive Value of
100%.
All known vertebrate BDNF genes share a similar


multiple exons organization and encode for a pre-pro-
protein that is translocated to the endoplasmic reticu-
lum and proteolitically processed to yield the mature
protein [52-54]. The D. labrax BDNF gene consists of at
least five alternative 5’-exons and one 3’-coding exon.
For what concern the nomenclature, we have referred to
previous studies on zebrafish [55] because mammalian,


Figure 8 Stress does not alter the ratio of pro/matBDNF in the seabass liver. A) A representative Western blot of proBDNF and matBDNF
expression in the seabass liver. Alpha-tubulin (MW 55 KDa) is used for normalization. Human recombinant proBDNF and matBDNF shows
reactivity of the anti-BDNF antibody. The bands corresponding to the seabass proBDNF and matBDNF are indicated on the right side. B) Mean
percentage of proBDNF vs. total BDNF (totalBDNF = proBDNF+matBDNF) of 10 control and 10 stressed animals. Error bars represent SE. No
significant difference between control and stressed animals was found. C) Scatter-plot showing the large overlap of the percentage of proBDNF
on total BDNF in individual animals from the control and the stressed populations. The F values, obtained by One way Anova analysis, for
proBDNF and mature BDNF were 4.154 and 0.055, respectively.
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avian and amphibians BDNF follow a different nomen-
clature [56]. Analysis of D. labrax BDNF transcripts,
carried out both in the early developmental stages and
in adult tissues, shows that all alternative upstream
exons (1b, 1a-1d) are spliced to the protein-coding exon
2. This indicates that D. labrax BDNF transcripts struc-
ture is similar to other vertebrates. In fact, multiple
transcriptional initiation sites and splicing into two-part
transcripts can also be found in humans, chimpanzees,
dogs, pigs, cats, cows, chicken, frogs, lampreys, zebrafish,
and pufferfish [55].
With the exception of the exon 1a (43%), we found


strong sequence homology with zebrafish and pufferfish
genes for most exons. Furthermore, exon 1b contains
170 nt segment that is highly similar to human exon 1
(75% identity). Three highly conserved segments were


found in the seabass BDNF, HCS2 in exon 1a which is
present also in exon IIc of mammalian BDNF; HCS1 in
exon 1c also found in mammalian exon IV while in the
3’UTR encoded by exon 2, we have found the HCS3
which is also present in the 3’UTR in mammals. These
results suggest that mammalian exons I, II, and IV (cod-
ing for the the 5’ untranslated region) evolved early in
the vertebrate radiation and may play a major role in
BDNF action, while more recently evolved splice var-
iants including other 5’exons may participate in more
specialized functions of BDNF such as, for example,
synaptic plasticity. Further research in this direction
may allow to test this hypothesis.
The post-hatching developmental analysis indicates


that although in different amounts, all D. labrax BDNF
transcripts, except 1d/2, are well represented at all


Figure 9 Stress increases significantly the percentage of proBDNF while decreasing matBDNF in the brain of stressed seabass. A) The
quantification of total BDNF in the brain of seabass using an ELISA assay, showed no difference between control and stressed group (A.I.U. =
arbitrary intensity units). B) A representative Western blot of proBDNF and mature BDNF expression in the seabass brain. Human proBDNF and
mature BDNF is shown in the first lane from left. Alpha-tubulin used for normalization is shown at the bottom. C) ProBDNF on total BDNF is
significantly increased (** = p < 0.01) in stressed animals with respect to control animals and mature BDNF percentage is increased (** = p <
0.01; n = 15 animals, each in duplicate. Error bars are SE). D) The scatterplot shows that in the brain of all stressed animals proBDNF are above
the mean of controls+1SD. E) Similarly, in all stressed animals mature BDNF values are below the mean of controls -1SD. Only 2 control animals
have a proBDNF percentage above the controls’ mean+1SD for proBDNF or below the mean-1SD. The F values, obtained by One way Anova
analysis, for proBDNF and mature BDNF were 19.028 and 6.225, respectively.
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stages analyzed (day post-hatching 6, 16, 27, 33, 44). On
the other hand, the distribution of various BDNF tran-
scripts in adult seabass is tissue specific with all tran-
scripts being most expressed in the brain. The splice
form 1c/2 was also expressed, even though at low levels,
in all the examined extra nervous tissues (liver, kidney,
muscle), while exon 1b/2 transcript was found only in
the kidney. Organ-specific expression also holds for
most BDNF exons in zebrafish and mammals suggesting
conserved transcriptional regulation among the verte-
brates [47,52-55].
According to this view, our bioinformatic analysis of


D. labrax BDNF gene suggests that the region upstream
to exon 1c contains two potential responsive elements,
belonging to the CRE family. These elements function
as responsive elements also in BDNF exon IV of rat cor-
tical neurons [47,55] and may be responsible of the
higher expression of the isoform 1c/2 in adult seabass
tissue. Of note, a previous study on transcriptional ana-
lysis of Zebrafish HCS1 reported that this highly con-
served sequence in the 5’ exon 1c (and vertebrate exon
IV) has properties of a dehancer and, depending on the
sequence context, as an enhancer [55].
In the second part of our study we have examined the


expression of BDNF transcripts after acute stress caused
by water deprivation for 30 minutes. Although no signif-
icant difference was found in the total BDNF mRNA
levels between stressed and control groups (measured
by analysis of the protein-coding exon 2, common to all
transcripts), we found a significant decrease in exons 1c
and 1d. This finding is consistent with data in rodents
in which single immobilization stress induces down reg-
ulation of exon IV, omologous to fish exons 1c (they
both contain HCS1), due to decreased histone acetyla-
tion at this promoter immediately after acute stress [17].
Of note, in a recent study we showed that exons of the
second promoter clusters (mammalian exons IV-VII,
fish 1c-d), are particularly important for cell survival in
response to cellular excytotoxic stress in human neuro-
blastoma cells [57]. Thus, activation of promoters
upstream to these exons might related to a rapid adap-
tative response to various types of stress.
Western blot analysis showed that in brain, but not in


liver, proBDNF content is significantly increased in the
stressed samples. Mammalian BDNF transcripts produce
the well-known 32 kDa propeptide precursor that is
cleaved either to pro28KDa or to the mature 14 kDa
BDNF forms by two different proteases [58]. Pro28Kda
BDNF peptide is not further processed into the mature
14 kDa BDNF form but it represents a true final proteo-
lytic product generated by a specific Ca2+-dependent
serine proteinase known as Membrane-Bound Tran-
scription Factor Site-1 protease (MBTFS-1; EC =
3.4.21.112, Alternative names: S1P endopeptidase, Site-1


protease), also known as Subtilisin/kexin-isozyme 1
(SKI-1) [51], while mature 14 KDa BDNF is generated
intracellularly by furin [58], or extracellularly by plasmin
and matrixmetalloprotease-7 [59]. In contrast, in the
seabass we only found two BDNF forms, a proBDNF
form corresponding to mammalian pro32KDa precursor
and a mature BDNF, while the pro28KDa peptide was
absent. Comparison of D. labrax BDNF protein with
that of rodents and human BDNF, revealed that the
mammalian SKI-1 cleavage site at Threonine 57 (Arg-
Gly-Leu-Thr↓) is absent in fishes and amphibians and
has first emerged in reptilians during vertebrates evolu-
tion [54]. Limited proteolysis of one inactive precursor
to produce active peptides and proteins is a general
mechanism to generate biologically diverse products
from a single gene. Here, we provide the first evidence
that fishes possess a simplified proteolytic regulation of
BDNF and that the pro28KDa proteolytic product,
whose function remains yet to be determined, is absent
at this stage of vertebrates evolution.
We found that acute stress profoundly alters the rela-


tive amount of proBDNF and mature BDNF. Our data
are suggestive of a lower proteolytic activity to generate
mature BDNF and thus, the uncleaved product is accu-
mulated in the seabass brain, but not in liver, immedi-
ately after an acute stress. Although, the mechanisms by
which stress can prevent efficient conversion of
proBDNF into mature BDNF are presently unknown,
several recent studies have pointed out that pro32KDa
BDNF has a biological function distinct from that of
mature BDNF. Both proBDNF precursor and mature
BDNF can be released from neurons [59,60]. While
proBDNF binds only to p75 receptor, mature BDNF dis-
plays high affinity to TrkB and lower affinity to p75
[61]. Binding of proBDNF to p75 promotes cell death
and attenuates synaptic transmission by inducing long
term depression [62,63], while mature BDNF sustains
long term potentiation and cell survival [59,64,65]. It is
therefore conceivable that the shift towards higher
proBDNF and lower BDNF level observed after acute
stress may have the biological role of attenuating pro-
active behavior inducing reduced activity in stressed ani-
mals. Stress affects the hormonal response in fish in
much the same way it does in higher animals. Stress sti-
mulates the hypothalamus, one of the oldest parts of the
brain (in evolutionary terms) and is responsible for con-
trolling the most basic functions such as hunger, thirst,
sex drive and, in mammals, body temperature; all func-
tions that are mediated also by BDNF. A reduced beha-
vioral activity may thus represent an adaptive response
to dangerous situations represented here by shallow
waters, to allow for an immediate energy saving and
recovery in preparation for future actions. In this con-
text, it is striking that 100% of animals in our
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experimental stress group showed >1SD increase in
proBDNF levels (and corresponding decrease in mature
BDNF). A theoretical, optimal prediction test can
achieve 100% sensitivity (i.e. predict all people from the
sick group as sick) and 100% specificity (i.e. not predict
anyone from the healthy group). Thus, our test perfor-
mances will make it feasible to screen for stress even in
low prevalence populations, particularly where samples
are first pooled before testing.
In conclusion, we have determined the structure of


Dicentrarchus labrax BDNF gene, its expression in neu-
ronal and non neuronal tissues, and we have demon-
strated that the proBDNF/totBDNF ratio (or its
counterpart matBDNF/totBDNF) is a novel quantitative
neurological biomarker capable to detect biological
stress in fishes with sensitivity 100%, specificity 87%,
Positive Predictive Value of 88% and Negative Predictive
Value of 100%.


Conclusion
The high predictivity of proBDNF/totBDNF ratio for
stress in lower vertebrates indicates that processing of
BDNF is a central mechanism in adaptation to stress
and predicts that a similar regulation of pro/mature
BDNF has likely been conserved throughout evolution
of vertebrates from fish to man.
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Effects of mitochondrial dysfunction on the
immunological properties of microglia
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Abstract


Background: Neurodegenerative diseases are characterized by both mitochondrial dysfunction and activation of
microglia, the macrophages of the brain. Here, we investigate the effects of mitochondrial dysfunction on the
activation profile of microglial cells.


Methods: We incubated primary mouse microglia with the mitochondrial toxins 3-nitropropionic acid (3-NP) or
rotenone. These mitochondrial toxins are known to induce neurodegeneration in humans and in experimental
animals. We characterized lipopolysaccharide- (LPS-) induced microglial activation and the alternative, interleukin-4-
(IL-4-) induced microglial activation in these mitochondrial toxin-treated microglial cells.


Results: We found that, while mitochondrial toxins did not affect LPS-induced activation, as measured by release
of tumor necrosis factor a (TNF-a), interleukin-6 (IL-6) and interleukin-1b (IL-1b), they did inhibit part of the IL-4-
induced alternative activation, as measured by arginase activity and expression, induction of insulin-like growth
factor 1 (IGF-1) and the counteraction of the LPS induced cytokine release.


Conclusions: Mitochondrial dysfunction in microglial cells inhibits part of the IL-4-induced alternative response.
Because this alternative activation is considered to be associated with wound healing and an attenuation of
inflammation, mitochondrial dysfunction in microglial cells might contribute to the detrimental effects of
neuroinflammation seen in neurodegenerative diseases.


Background
Activation of microglial cells, the macrophages of the
brain, is a common and early hallmark of neurodegen-
erative diseases and contributes directly to neuronal
pathology in virtually all CNS diseases [1]. Activated
microglia release a combination of bioactive agents
including interleukin-6 (IL-6), tumor necrosis factor
alpha (TNFa), and insulin-like growth factor 1 (IGF-1).
These bioactive agents have both protective and detri-
mental consequences for the surrounding brain tissue
[2,3]. In most neurodegenerative diseases, levels of pro-
inflammatory cytokines such as TNFa increase, suggest-
ing that a pro-inflammatory activation of microglia, as
also seen with lipopolysaccharide (LPS) stimulation, out-
weighs the protective effects of microglia in these dis-
eases. In contrast to pro-inflammatory activation,
alternative activation is involved in wound healing and


an attenuation of inflammation associated with protec-
tive effects. Alternative activation is induced by the type
2 helper T cell cytokine IL-4, which is produced in the
CNS and appears to be a critical regulator of neuroin-
flammation [4]. This alternative activation of microglia
is characterized by an increase in arginase activity [5].
The activation of microglia also depends on intrinsic


factors. In the SOD1 transgenic mouse model of amyo-
trophic lateral sclerosis (ALS) the exclusion of mutant
SOD1 expression in microglial cells is associated with
decreased inflammation and an extension of life span
[6]. Expression of mutant SOD1 by microglial cells
therefore increases the detrimental effects of these cells.
In fact, microglial cells constitutively express not only
SOD1 but also other proteins that harbor neurodegen-
eration-causing mutations, e.g huntingtin and alpha-
synuclein, and this might also modulate microglial
activation [6-11].
Another hallmark of neurodegenerative diseases are


mitochondrial dysfunctions [12]. Neurodegenerative
* Correspondence: anke.witting@uni-ulm.de
Department of Neurology, Ulm University, Ulm, Germany


Ferger et al. Journal of Neuroinflammation 2010, 7:45
http://www.jneuroinflammation.com/content/7/1/45


JOURNAL OF 
NEUROINFLAMMATION


© 2010 Ferger et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.



mailto:anke.witting@uni-ulm.de

http://creativecommons.org/licenses/by/2.0





disease-causing mutations like mutated huntingtin have
been linked to mitochondrial dysfunction [13], and an
impairment of mitochondrial activity has been observed
in cells and tissues isolated from patients with neurode-
generative diseases. Furthermore, toxins that inhibit the
mitochondrial electron transport chain induce neurode-
generative diseases in humans and animals. For instance,
inhibition of complex I (NADH dehydrogenase) with
rotenone induces a Parkinson disease-like phenotype in
animals with corresponding degeneration of dopaminer-
gic neurons in the substantia nigra of the brain stem.
Inhibition of complex II (succinate dehydrogenase) with
3-nitropropionic acid (3-NP) induces a Huntington dis-
ease-like phenotype in animals with corresponding
degeneration of medium spiny neurons in the striatum
[14]. In the 3-NP-induced neuronal degeneration model,
and in aged mice, activated microglial cells show signs
of mitochondrial dysfunction [15,16]. It is therefore
likely that the molecular pathways activated by neurode-
generative disease-causing mutations or toxins that lead
to mitochondrial dysfunction are also present in micro-
glial cells. Here we hypothesize that mitochondrial dys-
function will change the immunological profile of
microglia. To test our hypothesis we inhibited mito-
chondrial complexes of the electron transport chain of
primary mouse microglial cells and investigated the
inflammatory responses of these cells.


Methods
Cell culture
Mouse microglial cells in primary cultures were pre-
pared as described previously [17]. Briefly, 1-5 day old
C57Bl/6 mice were decapitated according to the guide-
lines of the animal research center of Ulm University,
Ulm, Germany. Meninges were removed from the
brains. Neopallia were dissected and enzymatically (1%
trypsin, Invitrogen, 0.05% DNAse, Worthington, 2 min)
and mechanically dissociated. The resulting cells were
centrifuged (200 × g, 10 min), suspended in culture
medium (DMEM, Invitrogen) supplemented with peni-
cillin (100 U/ml), streptomycin (100 μg/ml) (Invitrogen)
and heat-inactivated fetal bovine serum (10% FBS,
PAA); and plated into 75-cm2 flasks (BD Falcon) pre-
coated with 1 μg/ml poly-L-Ornithin (Sigma). Cells
from the neopallia of two brains were plated into 10 ml
per flask. After three days, adherent cells were washed
three times with DPBS (Invitrogen) and incubated with
serum-supplemented culture media. After 7-14 days in
culture, floating and loosely attached microglial cells
were manually shaken off, centrifuged (200 × g, 10 min)
and seeded into 96-well plates or 6-well plates (PRI-
MARIA, BD Falkon) at a density of 4 × 104 or 6 × 105


cells/well respectively or onto coverslips (15 × 104 cells/
coverslip) in DMEM without serum (DMEM,


Invitrogen) supplemented with penicillin (100 U/ml),
streptomycin (100 μg/ml) (Invitrogen) and Glutamax
(Invitrogen). Cells in the flasks were reincubated with
serum-supplemented media after the shake-off. Repopu-
lating microglial cells were removed every week for a
total of 4 weeks until fewer microglial cells were
observed. For astrocyte cultures, attached cells in the
flasks were rinsed once with DPBS, detached (0.05% tryp-
sin, 0,5 mM EDTA) and centrifuged (200 × g, 10 min).
Cells were plated onto coverslips (1.5 × 104 cells/cover-
slip) in DMEM with 5% FBS and supplemented with
penicillin, streptomycin and Glutamax. Coverslips were
pre-coated with 1 μg/ml poly-L-ornithine.


Immunocytochemistry
For immunocytochemical characterization of mouse
microglia in culture, we used microglial cells 24-48 h
after seeding them on polyornithin coated glass cover
slips. Astrocytes on cover slips were used 48-72 h after
seeding them. Cells were rinsed with PBS, fixed in 4%
paraformaldehyde for 10 min, and rinsed three times
with PBS. Cells were permeabilized with Triton-X100
(0.1%) for 5 min and incubated overnight with primary
antibodies at 4°C in the present of BSA (1%). We used
rat-anti-mouse CD11b at 1:50 (Serotec, MCA74) to
label microglia and rabbit-anti-GFAP at 1:200 (Abcam
ab7779) to label astrocytes. Bound primary antibodies
were detected with Alexa Fluor 568-conjugated goat-
anti-rat IgG (CD11b) at 1:200 or Alexa Fluor 488-conju-
gated goat-anti-rabbit IgG (GFAP) at 1:200. Secondary
antibodies were incubated for 1 h at room temperature.
Stained cells were rinsed with PBS and mounted on
slides with Vectashield with DAPI. Labeling was visua-
lized with an Axiovert 135 microscope. Photographs
were taken with an Axiocam Color digital camera. To
determine the actual quantity of microglial cells in our
microglial culture, we carried out three independent
immunocytochemical characterizations of these cultures,
made three digital images (20× magnification) of ran-
dom areas of each immunostaining, and manually
counted cell nuclei that were stained by DAPI to deter-
mine the total cell number present in the selected area.
In the same area, we also manually counted cells that
were stained by anti-CD11b and anti-GFAP.


Treatment of cells
Microglial cells in 96-well plates were stimulated with
different doses of rotenone (Sigma) or 3-nitropropionic
acid (3-NP) (Sigma) in DMEM without serum for the
indicated times. Rotenone was first dissolved in DMSO
at a concentration of 1 mM. 3-NP was first dissolved in
DPBS at a concentration of 50 mM and the pH was
adjusted to 7.2. From these solutions further dilutions
were made in DMEM without serum. Microglial cells
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were stimulated with 10 ng/ml IL-4 (R&D) or/and with
1 μg/ml LPS (Sigma).


LDH and WST-1 assays
The LDH assay and WST-1 assay were performed as
described in the manual for the LDH-Cytotoxicity Assay
Kit (Bio Vision) and the WST-1 Assay Kit (Quick Cell
Proliferation Assay Kit; BioVision). For a positive cell
death control, microglia were treated with 1% Triton-
X100 (Sigma) for 30 min.


Arginase activity assay
To measure the arginase activity of microglial cells we
used a modified spectrophotometric assay of arginase as
described by Han and Viola [18]. Briefly we prepared a
15 mM thioarginine (Cayman) solution and a 1 mM
DTNB (Cayman) solution in PBS. We incubated micro-
glial cells in 96-well plates with 0.9 mM thioarginine
and 0.1 mM DTNB in DMEM without serum for a few
hours and measured the absorbance at 412 nm. We
measured an increase in product formation over time in
wells containing microglia in contrast to cell-free wells
that did not show a product formation. The product for-
mation in untreated microglial cells (basal) was set to
100% for our calculations.


ELISAS for IL-6, TNF- a, IL-1 b and IGF-1
The amount of IL-6, TNF-a, IL-1 b and IGF-1 was
determined with specific ELISAs (IL-6, TNF-a and IL-
1b: BioLegend, IGF-1, R&D Systems) as described in the
manuals. After incubation with the toxins, IL-4 and/or
LPS for the indicated times supernatant was used for
the corresponding ELISAs. For the quantification of IL-
1 b microglial cells were stimulated with 3 mM ATP
(Sigma) for 30 min before the collection of the superna-
tant. This treatment is known to release the IL-1b from
the cells into the supernatant [19]. For the remaining
cells in the 96-well plates, protein assays (Bio-RAD Dc
Protein Assay) were performed as described in the man-
ual. The concentrations of the cytokines and growth fac-
tor were calculated in pg/mg protein.


Western blot
Microglial cells in six-well plates were incubated and sti-
mulated as described above. Cells were washed with ice
cold PBS and lysed with RIPA-Buffer (150 mM NaCl, 10
mM Tris, 0.1% SDS, 1% Triton-X-100, 1% Deoxycholate,
5 mM EDTA, pH 7.4) with protease inhibitors (Roche,
04693159001). Whole cell lysates were electrophoresed
(SDS/PAGE), transferred to polyacrylamide gels, and
immunoblotted using antibodies directed against argi-
nase 1 (BD Bioscience, 6106708) or tristetraprolin (TTP)
(Santa Cruz, G-20: SC-12565). Afterwards the blots
were stripped (0.2 M NaOH) and blotted against tubulin


(Sigma, T7816) or GAPDH (Santa Cruz, SC-25778).
Samples were scanned and analyzed with the Quantity
One program (Bio-Rad). TTP and arginase 1 expression
was analysed in relation to tubulin- or GAPDH
expression


Statistics
The values presented in the graphs correspond to mean ±
SEM of at least three independent experiments. One-way
ANOVA with a specified post-test was used to assess
differences between groups. Asterisks indicate statistically
significant differences with * p < 0.05, ** p < 0.01 and
*** p < 0.001.


Results
Mitochondrial toxins have no effect on LPS-induced
release of pro-inflammatory cytokines
Mitochondrial toxins like 3-NP and rotenone have been
reported to affect cell viability. To exclude toxic effects
of these mitochondrial inhibitors on our experimental
readouts, we examined the effects of 3-NP and rotenone
on cell viability using a WST-1 assay, which measures
mitochondrial dehydrogenase activity, and an LDH
assay, which measures release of LDH by dead cells. As
expected, rotenone and 3-NP both induce a dose-depen-
dent decrease in mitochondrial dehydrogenase activity
(Fig 1a, b). A significant reduction of mitochondrial
dehydrogenase activity was associated with reduced cell
viability as measured by LDH release (Fig 1c, d). The
concentrations of 3-NP (0.3 mM and 1 mM) and rote-
none (0.02 μM and 0.2 μM) that we used in further
experiments did not induce toxic effects (Table 1).
LPS is the prototypical inflammatory activator of


microglia in in vitro assays. We investigated whether the
mitochondrial toxins 3-NP and rotenone, both of which
affect the mitochondrial electron transport chain, have
an effect on this LPS-induced inflammatory activation of
microglial cells. Stimulation of primary mouse microglial
cells with 1 μg/ml LPS for 18 h induced production of
the pro-inflammatory cytokines IL-6, TNF-a and IL-1b
(Fig 2). The mitochondrial toxins 3-NP and rotenone had
no significant effect on basal or LPS-stimulated produc-
tion of IL-6, TNF-a or IL-1b (Fig 2). Thus, LPS-induced
inflammatory activation in regard to the production of
IL-6, TNF-a or IL-1b seems not to be dependent on the
integrity of the mitochondrial electron transport chain.
Cultures of primary mouse microglial cells typically


contain small amounts of other types of cells, such as
astrocytes [20]. We sought to determine the purity of
our primary mouse microglial cells that were cultured
for 24 h after plating. Using an antibody against CD11b,
a protein specific to macrophages and microglia, we
determined that 90.3 ± 4.9% of the cells in the cultures
were microglia (Fig. 3). An antibody against the
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astrocyte marker GFAP stained 1 ± 0.9% of the cells
(Fig. 3). Therefore, the cultures used in this study were
highly enriched in microglial cells.


Mitochondrial toxins inhibit IL-4-induced arginase activity
IL-4 induces an alternative activation of macrophages
and microglia that is characterized by an increase in


arginase activity and expression. This IL-4-induced
alternative activation is anti-inflammatory and is
involved in wound healing and attenuation of inflamma-
tion. To investigate whether mitochondrial toxins have
an effect on this anti-inflammatory activation, we incu-
bated primary mouse microglial cells with 10 ng/ml IL-
4, with or without the mitochondrial toxins rotenone or
3-NP. IL-4 treatment increased arginase activity and
expression (Fig 4). This increase in arginase activity and
expression was reduced by 3-NP and rotenone (Fig 4).
Thus, IL-4-induced alternative activation might be
dependent on a functional mitochondrial electron trans-
port chain.


Mitochondrial toxins inhibit the IL-4-induced reduction in
production of pro-inflammatory cytokines
IL-4-induced, alternatively activated macrophages are
known to counteract the production of pro-inflammtory
cytokines [21]. We investigated whether mitochondrial
toxins changed these IL-4-induced anti-inflammatory
effects.


Figure 1 Mitochondrial toxins induce dose-dependent cell death of microglial cells. Microglial cells were treated with rotenone or 3-NP.
After 24 hrs, cell viability (WST-1) and cell death (LDH) were measured as described in the Methods. Values are mean ± SEM for independent
measurements. n = 8-18 wells (i.e., 4-9 separate experiments performed in duplicate); * = p < 0.05, *** = p < 0.001, significantly different from
untreated cells (ANOVA followed by Dunnett’s Multiple Comparison test).


Table 1 Rotenone and 3-NP do not affect cell viability


WST-1 (% of basal)


Condition Control LPS IL-4 LPS + IL-4


Control 100 174 ± 24 121 ± 19 156 ± 24


0.3 mM 3-NP 96 ± 24 158 ± 23 89 ± 24 132 ± 29


1 mM 3-NP 76 ± 25 141 ± 42 107 ± 31 115 ± 29


0.02 μM Rotenone 146 ± 12 194 ± 42 118 ± 21 132 ± 26


0.2 μM Rotenone 115 ± 21 115 ± 38 114 ± 33 111 ± 27


Microglial cells were treated with rotenone or 3-NP and stimulated with 10
ng/ml IL-4. After 24 hrs, 1 μg/ml LPS was added for 18 hrs. The WST-1 assay
was performed as described in Methods. Values are mean ± SEM for
independent toxicity measurements. n = 6 wells (i.e., 3 separate experiments
performed in duplicate); not significantly different from control (ANOVA
followed by Dunnett’s Multiple Comparison test).
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IL-4-stimulated microglial cells reduced LPS-stimu-
lated IL-6 and TNF-a secretion (Fig 5a, b, d, e). The
mitochondrial toxins 3-NP and rotenone inhibited this
IL-4-induced reduction of IL-6 and TNF-a release (Fig
5a, b, d, e). IL-4-stimulated microglial cells also reduced
LPS-stimulated IL-1b production (Fig 5c, f), but 3-NP
and rotenone did not have an effect on this IL-4-induced
reduction in IL-1b (Fig 5c, f). This suggests that some
responses associated with alternative activation, such as
counteraction of the production of IL-6 and TNF-a,
depend on fully functional mitochondrial respiration.


Mitochondrial toxins inhibit IL-4-induced IGF-1 release
IL-4-induced, alternatively activated microglia are
known to produce and secrete the neuroprotective insu-
lin-like growth factor-1 (IGF-1) [22,23]. We investigated
if this neuroprotective effect of alternative activation is
also dependent on the mitochondrial electron transport
chain. Microglial cells treated with IL-4 increased IGF-1
release (Fig 6). 3-NP did not have an effect on the IL-4-
induced increase in IGF-1 release at 0.3 mM, but


attenuated this Il-4-induced response at 1 mM. Rote-
none attenuated the IL-4-induced increase in IGF-1
release at all investigated doses, and had a significant
inhibitory effect on basal, non-IL-4-induced IGF-1
release at 0.2 μM (Fig 6). Again, the neuroprotective
effect associated with IL-4-induced production of IGF-1
is dependent on a functional electron transport chain.


Mitochondrial toxins inhibit IL-4-induced tristetraprolin
expression
One mechanism by which IL-4 inhibits the release of
pro-inflammatory cytokines is through increased expres-
sion of tristetraprolin (TTP) via a mechanism mediated
by the transcription factor STAT6 [24]. TTP is an RNA-
binding protein that promotes decay of AU-rich element
(ARE)-containing mRNA, like TNF-a. We investigated
the effect of the mitochondrial toxin rotenone on IL-4-
induced expression of TTP. The mitochondrial toxin
rotenone inhibited IL-4-induced TTP expression (Fig.
7). Thus a functional change in electron transport chain
has an influence on IL-4-induced expression of TTP.


Figure 2 Mitochondrial toxins do not change LPS-stimulated cytokine production. Microglial cells were treated with rotenone or 3-NP.
After 24 hrs, 1 μg/ml LPS was added for 18 hrs. IL-6 (a, d), TNF-a (b, e) and IL-1 b (c, f) were measured as described in Methods. Values are
mean ± SEM for independent cytokine measurements. n = 6-16 wells (i.e., 3-8 separate experiments performed in duplicate); *= p < 0.05,
**= p < 0.001, ***= p < 0.001, significantly different from corresponding basal (ANOVA followed by Bonferroni’s Multiple Comparison test).
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Discussion
In this study we show that mitochondrial dysfunction in
mouse microglial cells inhibits specific responses of
alternative activation, whereas classic activation
remained unchanged. Evidence that mitochondrial dys-
function inhibits alternative activation is: first, that the
mitochondrial toxins 3-NP and rotenone inhibited IL-4-
induced arginase activity and expression. The second
line of evidence is that these toxins also inhibited IL-4-
induced counteraction of the production of the pro-
inflammatory cytokines IL-6 and TNF-a, likely by inhi-
biting IL-4-induced expression of TTP, an RNA-binding
protein that promotes decay of AU-rich mRNA.
Furthermore, mitochondrial toxins also inhibited IL-4-
induced production of the neurotrophic growth factor
IGF-1. However mitochondrial dysfunction seemed not
to inhibit every aspect of the IL-4 response, as the


mitochondrial toxins did not inhibit IL-4-induced coun-
teraction of the production of IL-1b. We conclude,
therefore, that some, but not all, of the responses asso-
ciated with the alternative activation status of microglia
are dependent on a functional mitochondrial electron
transport chain. In addition we found that classic activa-
tion of microglia, which was induced by stimulation
with LPS, is not affected by mitochondrial toxins, sug-
gesting that the classic activation might be independent
of the mitochondrial function.
In support of our data are findings in peripheral


macrophages, where alternative activation is dependent
upon functional mitochondria. Inhibition of mitochon-
drial respiration in macrophages inhibits induction of
arginase activity, a hallmark of anti-inflammatory
alternative activation [25]. Furthermore inhibition of
mitochondrial respiration in macrophages abolishes the


Figure 3 Immunocytochemical characterisation of cultures of mouse microglia. Cultures of microglia were immunostained with anti-CD11b
(a) and anti-GFAP (c). Cultures of astrocytes were immunostained with anti-CD11b (c) and anti-GFAP (d). All cells were also counterstained with
DAPI (blue) to identify the cells’ nuclei.
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Figure 4 Mitochondrial toxins inhibit IL-4-induced arginase activity. Microglial cells were treated with rotenone or 3-NP and stimulated with
10 ng/ml IL-4 for 24 hrs, and arginase expression was analysed by western blot. A representative blot is shown in (a). Quantification of three
western blots (b). Microglial cells were treated with rotenone or 3-NP and stimulated with 10 ng/ml IL-4 for 32 hrs. Arginase activity was
quantified after 5 h as described in Methods (c). Values are mean ± SEM for independent arginase activity measurements. n = 16-22 wells (i.e., 8-
11 separate experiments performed in duplicate); ***, p < 0.001, significantly different from corresponding basal (ANOVA followed by Bonferroni’s
Multiple Comparison test).


Figure 5 Mitochondrial toxins inhibit the IL-4-induced decrease in LPS-stimulated IL-6 and TNF-a release. Microglial cells were treated
with rotenone or 3-NP and stimulated with 10 ng/ml IL-4. After 24 hrs, 1 μg/ml LPS was added for 18 hrs. IL-6 (a, d), TNF-a (b, e) and IL-1b (c, f)
were measured as described in Methods. Values are mean ± SEM for independent cytokine measurements. n = 6-16 wells (i.e., 3-8 separate
experiments performed in duplicate); *= p < 0.05, **= p < 0.001, ***= p < 0.001, significantly different from corresponding basal (ANOVA
followed by Bonferroni’s Multiple Comparison test).
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anti-inflammatory effects of IL-4 on LPS-induced secre-
tion of IL-6 and TNF-a, whereas this inhibition of mito-
chondrial respiration does not have an effect on the
inflammatory activation of macrophages by LPS [25].
In contrast to Vats et al. [25] we found one IL-4-


induced response that is not affected by the mitochon-
drial toxins used in this study. The IL-4-induced anti-
inflammatory effect on LPS-induced secretion of IL1-b
by microglial cells [26] was not inhibited by mitochon-
drial toxins. Our finding suggests that IL-4-induced
alternative activation is not completely dependent on
mitochondrial respiration. Our findings are in


agreement with the notion that mitochondrial inhibitors
do not alter IL-4-induced STAT-6 signalling, which is
required for the anti-inflammatory response [25]. IL-4
induces the STAT-6-dependent anti-inflammatory
response by up-regulation of the mRNA binding protein
TTP [24]. TTP promotes decay of AU-rich element-
(ARE-) containing mRNA, such as that of TNF-a and
IL-6. Mice lacking TTP develop an inflammatory syn-
drome characterized by arthritis, dermatitis and cachexia
as a consequence of enhanced stability of TNF-a mRNA
and the resulting excess TNF-a production. We have
shown that IL-4 increases LPS-induced TTP expression


Figure 6 Mitochondrial toxins inhibit IL-4-induced IGF-1 release. Microglial cells were treated with rotenone or 3-NP and stimulated with 10
ng/ml IL-4. After 24 hrs, IGF-1 was measured as described in Methods. Values are mean ± SEM for independent IGF-1 measurements. n = 14-16
wells (i.e., 7-8 separate experiments performed in duplicate); *= p < 0.05, **= p < 0.001, ***= p < 0.001, significantly different from corresponding
basal (ANOVA followed by Bonferroni’s Multiple Comparison test).


Figure 7 Mitochondrial toxins inhibit IL-4-induced expression of TTP. Microglial cells were treated with rotenone and stimulated with 10
ng/ml IL-4. After 4 hrs, 1 μg/ml LPS was added for 18 hrs and TTP expression was analysed by western blot. A representative blot is shown in
(a). Quantification of western blots (b). Values are mean ± SEM for three to seven independent western blots.
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and that this increase is inhibited by mitochondrial tox-
ins. This represents a possible molecular mechanism for
the toxin-induced decrease in IL-4-mediated inhibition
of release of TNF-a and IL-6.
Microglial cells treated with rotenone produce super-


oxide, which leads to significant dopaminergic neuronal
cell death [27-29]. It is therefore possible that oxidative
stress is involved in mitochondrial toxin-induced inhibi-
tion of IL-4-mediated anti-inflammatory effects. TTP
phosphorylation and cellular location are influenced by
oxidative stress [30]. Interestingly, treatment of cells
with the mitochondrial uncoupler FCCP (carbonyl cya-
nide p-trifluoromethoxyphenyl-hydrazone) induces co-
localization of TTP with stress granules, whereas
arsenite-induced oxidative stress induces assembly of
phospho-TTP:14-3-3 complexes. Both effects are likely
associated with inhibition of TTP-promoted decay of
mRNA. However, inhibition of TTP may also have an
indirect inhibitory effect on inflammatory responses, as
HIF-a mRNA and the NF-�B pathway have been shown
to be regulated by TTP [31,32].
In contrast to Klintworth et al. [33] and our study,


studies by Zhou and colleagues [34] reported a stimula-
tory effect of rotenone on basal secretion of pro-inflam-
matory cytokines by primary rat microglia. This
discrepancy could be due either to species differences or
to an effect of different culture conditions.
Mitochondrial dysfunction in microglial cells have


been observed in several animal models of neurodegen-
eration and aging. In the 3-NP-induced neuronal degen-
eration model in rats, most mitochondrial dysfunctional
signals are associated with activated microglial cells [16].
In aged mice, mitochondrial DNA damage is most pro-
nounced in microglial cells, especially compared to neu-
rons [15]. Hayashi et al. [15] discuss the extremely slow
mitochondrial turnover in microglia and the idea that
abundant damaged mitochondria may therefore accu-
mulate in microglia. In line with this is the finding that
microglial cells in brain are self-maintaining cells that
are normally not renewed by bone marrow-derived pro-
genitor cells [35,36], and are therefore prone to an accu-
mulation of mitochondrial damage. Further research is
necessary to determine whether mitochondrial dysfunc-
tion occurs in microglial cells in other neurological
diseases.


Conclusions
In summary, we have shown that mitochondrial dys-
function in mouse microglial cells inhibit some aspects
of alternative activation, whereas classic activation seems
to remain unchanged. If, in neurological diseases, micro-
glial cells are also affected by mitochondrial dysfunction,
they might not be able to induce a full anti-inflamma-
tory alternative response and thereby exacerbate


neuroinflammation. This would be associated with detri-
mental effects for the CNS since wound healing and
attenuation of inflammation would be impaired. Recon-
stituting the alternative microglial response might there-
fore be a novel strategy to halt disease progression.
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Abstract
Background: This study was realized thanks to the collaboration of children and adolescents who had
been resected from cerebellar tumors. The medulloblastoma group (CE+, n = 7) in addition to surgery
received radiation and chemotherapy. The astrocytoma group (CE, n = 13) did not receive additional
treatments. Each clinical group was compared in their executive functioning with a paired control group
(n = 12). The performances of the clinical groups with respect to controls were compared considering the
tumor's localization (vermis or hemisphere) and the affectation (or not) of the dentate nucleus. Executive
variables were correlated with the age at surgery, the time between surgery-evaluation and the resected
volume.


Methods: The executive functioning was assessed by means of WCST, Complex Rey Figure, Controlled
Oral Word Association Test (letter and animal categories), Digits span (WISC-R verbal scale) and Stroop
test. These tests are very sensitive to dorsolateral PFC and/or to medial frontal cortex functions. The
scores for the non-verbal Raven IQ were also obtained. Direct scores were corrected by age and
transformed in standard scores using normative data. The neuropsychological evaluation was made at 3.25
(SD = 2.74) years from surgery in CE group and at 6.47 (SD = 2.77) in CE+ group.


Results: The Medulloblastoma group showed severe executive deficit (≤ 1.5 SD below normal mean) in
all assessed tests, the most severe occurring in vermal patients. The Astrocytoma group also showed
executive deficits in digits span, semantic fluency (animal category) and moderate to slight deficit in Stroop
(word and colour) tests. In the astrocytoma group, the tumor's localization and dentate affectation showed
different profile and level of impairment: moderate to slight for vermal and hemispheric patients
respectively. The resected volume, age at surgery and the time between surgery-evaluation correlated
with some neuropsychological executive variables.


Conclusion: Results suggest a differential prefrontal-like deficit due to cerebellar lesions and/or
cerebellar-frontal diaschisis, as indicate the results in astrocytoma group (without treatments), that also
can be generated and/or increased by treatments in the medulloblastoma group. The need for differential
rehabilitation strategies for specific clinical groups is remarked. The results are also discussed in the
context of the Cerebellar Cognitive Affective Syndrome.
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Background
Posterior fossa tumors constitute two thirds of all pediat-
ric brain tumors. The main tumors appearing in this zone
are medulloblastomas, pilocytic astrocytomas and epend-
ymomas, which together include about 90% of the cases.
The astrocytoma is the most frequent tumor affecting the
posterior fossa in children and in 97% of the cases it cor-
responds to the pilocytic astrocytoma [1,2]. Treatment
must be done through surgical resection and survival can
reach more than 90% in 5 years [3,4].


Medulloblastoma is a cerebellar-specific posterior fossa
tumor which is very frequent in children. Its incidence is
near to 50%, being the most frequent in children under 7
years old [1,4]. Treatment and prognosis are given accord-
ing to age but the tumor's size, site and level of spread also
must be taken into account. Survival's rate corresponds to
70% (data from 2000, [2]) after 5 years but prognosis is
worse for children under 2–3 years old. Surgical resection
is mandatory for treating evident tumors in all cases.
Besides, in children over 4 years old, complementary
treatment with radiotherapy must be applied to the neu-
roaxis in order to avoid a possible distant spreading, espe-
cially in patients with tumor remains after surgery or in
children who present recidiva. Chemotherapy, jointly
with radiotherapy, improves survival until the 60%.


One of the principal structures affected by these tumors is
the cerebellum and/or its connections. The cerebellum's
contribution to motor functions, coordination and bal-
ance [5-8], and to associative and non-associative motor
learning [9-15] is clear. Besides, evidences of the cerebel-
lum's relationship with associative motor learning sug-
gested the possibility of its implication in cognitive
functions [16-18]. Evidences in favor of this hypothesis
have been obtained in processes as attention [19-21], lan-
guage processing [22,23], short and long-term memory
[24,25] and visuo-spatial ability [26]. Moreover, there are
consistent findings which show that the cerebellum plays
a modulatory role in frontal functions as behavioral con-
trol, modulation of affect and executive functions [21-
24,27-31]. Schmahmann [31,32] has proposed a modular
topography hypothesis for the cerebellum in which the
vermis region would connect mainly with the orbitofron-
tal cortex and anterior cingulate cortex (ACC) and is
related to emotional modulation and social behaviors,
and the cerebellar hemispheres would connect mainly
with the dorsolateral and dorsomedial prefrontal cortex
(PFC) and relate to executive and cognitive processes. The
evidence supporting this hypothesis comes from human
and animal anatomical studies [31-37], functional neu-
roimaging [20,24,38-43], volumetric studies [44,45], neu-
ropsychological studies [16,17,21,27,28,46,47] and
clinical studies with patients who showed an important
cerebellar dysfunction such as: schizophrenia [48], autism


[19,30,47,49], olivo-ponto-cerebellar atrophy [50] and
cerebellar atrophy [51].


Stuss and Benson [52] proposed that executive function
could include the following processes: anticipation, goal
establishment, planning, response trials, monitoring of
results and use of feedback. Executive functions allow the
flexible planning for execution and the continuous moni-
toring of information and action coordinating thoughts
[53], emotions and actions in a spatio-temporal context
[54] and recruiting other cognitive processes. These higher
order functions allow the planning, recruitment and
organization of other cognitive processes by means of ini-
tiation, modulation and inhibitory mechanisms, and par-
ticipate in processes as working memory, selective
attention (frontal-parietal network) and language (fron-
tal-temporal network). About the prefrontal syndrome,
Lezak [55] remarks that the loss of executive functions
would affect most cognitive functions and implies loss of
self-sufficiency.


The fundamental structure for executive, cognitive, behav-
ioral and emotional regulation is the frontal cortex, which
is reciprocally interconnected with polimodal associative
cortex and with subcortical structures. The cerebellum's
relationship to executive functions is supported by con-
verging evidence. The neuropsychological evidence is
based on the observed deficits' similarities between fron-
tal and cerebellar lesions [27-29,49-51] and their projec-
tions [19,46,48]. The reciprocal connectivity could be in
the base of these dysfunctional deficits. The cerebellum
receives afferences, through the pontine nuclei, from
medial and dorsolateral prefrontal cortices [36,37], poste-
rior parietal [56], superior temporal [57,58], posterior
parahippocampal [59] and from cingulate cortex [60].
Reciprocally, the crossed cerebellar-thalamic-cortical
pathways project to the same cortical areas [33-35].
Recently, Dum and Strick [61] and Kelly and Strick [62],
using trans-synaptic viruses tracers have mapped the con-
nections between the prefrontal, parietal posterior and
motor cortices (BA 46, 9, 7, PMv and M1) with the ventral
dentate (neodentate) nucleus and have shown the recip-
rocal connectivity. The prefrontal area 9/46 of Petrides
and Pandya [63,64] is one of the main projections to cer-
ebellum (review in [65]). Then, cognitive and executive
functions impairments observed in cerebellar patients are
anatomical justified by a double feedback loop system.
The Cerebellar Cognitive Affective Syndrome (CCAS)
[31,32] was proposed to include the impairments in exec-
utive, linguistic, attentional, behavioral and emotional
functions presented by cerebellar patients. The same
authors have suggested that cerebellar modulation's loss
could produce a dysmetria of thought [22,31,32,66].
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Present study is part of a more broad research which tries
to establish the executive and cognitive status of children
suffering from cerebellum tumor resection. In a previous
report [67] with the same subjects' groups (astrocytoma
group: CE, medulloblastoma group: CE+ and control
group: C), the clinical groups showed impairment in pro-
cedural learning while verbal declarative learning was rel-
atively preserved. This impairment in the early phases of
procedural learning was not due to a lack of basic visuo-
motor skills which were relatively well preserved [67]. In
a forthcoming paper the attentional functions of these
children will be presented. The general objective of the
complete research is to establish the neuropsychological
status of the clinical groups in order to facilitate rehabili-
tation therapies and, from a basic research point of view,
to add understanding on the executive and cognitive role
of the cerebellum. The specific objective of this study was
the assessment of executive functions by means of neu-
ropsychological testing in CE and CE+ groups a few years
after surgery. Each clinical group was compared with a
control group equated by gender, age and academic level.
Only the medulloblastoma group received additional
treatments (radiation- and chemo-therapy) post-surgery.


Our first aim was to detect the presence of executive and
frontal functions impairments. Secondly, we tried to
establish different neuropsychological profiles as a func-
tion of tumor location (vermis or hemisphere) and the
affectation (or not) of the dentate nucleus. The relatively
large number in the astrocytoma group (n = l3) allowed
to address this objective. Finally, the influence of the
resected volume, age at surgery and the time elapsed
between surgery on the neuropsychological profile was
assessed in order to test the dependence among executive
impairments and these variables. It was also assessed the
possible functional recovery as time after surgery
increases.


Further, differences observed in the measured impair-
ments could provide some clues about the implication of
specific cortical regions given the different executive func-
tions that are assessed by means of the Stroop test (incon-
gruent condition: mainly superior medial prefrontal and
anterior cingulate cortex (ACC) control [68]) and the
complex Rey figure, Digit span (WISC-R subtests), Seman-
tic and Phonologic Verbal Fluency and the WCST tests
(mainly dorsolateral prefrontal cortex control) [68-71].
The applied tests are very sensitive to evaluate frontal
functions and could reinforce the hypothesis of the recip-
rocal functional connections between the cerebellum and
the prefrontal cortex needed for the executive functioning.
The neuropsychological assessment would be useful in
the definition of a rehabilitation strategy for these onco-
logical patients. Finally, if differences between clinical and
control groups are observed, evidence would be added to


the characterization of executive dysmetria in astrocytoma
and medulloblastoma cerebellar patients.


Methods
Subjects
Thirty-three individuals participated in this study: twenty-
one of them were clinical patients and twelve were con-
trols. The astrocytoma group (CE, without treatments)
comprised thirteen individuals (ten girls and three boys),
from them five had vermal tumor (11.36 ± 2.78 years)
and eight had hemispheric location of the tumor (11.59 ±
3.77 years). The mean group age at evaluation was 11.50
± 3.3 years old (range 6.66–18). The mean age at surgery
was for the global CE group 8.24 ± 3.95 years (range
1.91–14.58), and, specifically, vermis CE: 8.39 ± 3.19
years and hemispheric CE: 8.15 ± 3.43 years. The mean
time surgery-evaluation was: CE group: 3.25 ± 2.74 years
(range 0.41–10), vermis CE: 2.97 ± 1.03 and hemispheric
CE: 3.43 ± 3.49 years.


The medulloblastoma group (CE+, with treatments) com-
prised eight participants (three girls and five boys), but
the performance of one patient was eliminated from the
CE+ clinical sample. This patient suffered two surgeries
due to tumor recidiva and presented a high resected vol-
ume (tumor + margin = 134.8 cc). Therefore the CE+ clin-
ical sample was n = 7. However, it must be taken into
account that the neuropsychological profile of the CE+
children, considering all 8 patients, would be worse than
the one presented in this report. The mean age at evalua-
tion was 13.59 ± 1.62 years old (range 12–17). Five chil-
dren had vermis located tumor (14.11 ± 1.64 years) and
two children hemispheric (12.29 ± 0.41 years). The mean
age at surgery was for the global CE+ group: 7.12 ± 2.06
(range 4–9.83) and vermis CE+ group: 7.21 ± 1.44 years.
The mean time surgery-evaluation was: global CE+ group:
6.47 ± 2.77 (range 2.75–10.92) and vermis CE+ group:
6.9 ± 2.69.


Variable resected volume. The resected tumor volume
(tumor + margin) was computed following the reduced
equation of ellipsoid (a × b × c/2), being a, b and c the
diameters of the lesion as measured in MRI post surgery
using the Volume 1.0 software (designed by University of
Seville). The mean resected volume in CE group was:
49.23 ± 26.97 cc (range 7.5–122.1 cc), vermis CE: 52.97 ±
15.67 cc (range 31.4–67 cc), hemispheric CE: 46.89 ±
33.02 cc (range 7.5–122.1 cc). The mean resected volume
in CE+ group was: 35.75 ± 15.73 cc (range 18–48) and
vermis CE+ group 29.63 ± 16.44 cc. The data of hemi-
spheric CE+ group (n = 2) are not presented.


Variable dentate-affected. The surgeon (after analysis of
pre- and post-surgery MRI) categorized 6 patients as den-
tate affected and 7 as dentate unaffected in CE group.
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In the dentate-affected subgroup there was a secondary
lesion (uni or bilateral, without nucleus exeresis) due to
the nucleus compression exerted by the tumor and/or the
surgical operation. This circumstance appeared often
related to medial and high volume tumors. In CE group
the dentate-affected children were: 4 with hemisphere and
2 with vermis location.


The control group (C) comprised twelve subjects (seven
girls and five boys); the mean age at evaluation was 11.33
± 1.82 years old (range 9–14). There were no significant
group differences with regard to age, sex ratio or scholari-
zation years. Given the broad age range, the direct test
scores (the values obtained by each participant) were cor-
rected by age following normative data. Some of the clin-
ical variables have a high variability, but this is
characteristic of our patients sample collected in a two
years period from the Virgen del Rocio Hospital in Seville
(Spain).


The inclusion criteria for the clinical groups were: (i) nor-
mal social and emotional behavior before the diagnosis,
(ii) normal academic performance before diagnosis and
(iii) motor and visual performance not excessively deteri-
orated after surgery. The latter aspects were assessed and
have been previously described in Quintero et al. [67].


The control group members were chosen among children
of a private school in Seville. They were selected among a
group of 50 children (from 6 to 16 years old) participating
in a developmental-cognitive study who met the follow-
ing criteria: standard educational opportunities, normal


or corrected-to-normal visual acuity, and without any
detected behavioral problems. A posteriori, one control
group subject showed very low scores in the different
applied tests, however we kept this subject because no
uncovered pathology was detected. Table 1 summarizes
the clinical groups' main characteristics.


The present experimental protocol followed the Helsinki
Declaration norms regarding experiments involving
human participants and, in addition, was approved by the
ethic committees of the Virgen del Rocio Hospital and the
University of Seville.


Neuropsychological instruments
We assessed some of the components referred as part of
executive functions, more specifically, planning, abstrac-
tion and conceptual capacity, mental flexibility, phono-
logic and semantic associative verbal fluency, working
memory, selective attention, response conflict, response
inhibition, visual-spatial organization and construction.
To fulfill this objective different highly sensitive tests were
applied [55]. All tests were applied following standard-
ized criteria. Direct scores corrected by age were trans-
formed in T scores (normal mean = 50 ± 10) for the WCST
[72], Stroop [73] and Raven-IQ [74]. Direct scores of Rey-
copy test [75] were transformed in Z-scores corrected by
age following Taylor scoring criteria [76]: (each subject
score – mean normative data)/SD normative data. Direct
scores of Digit span (WISC-R verbal scale subtests [77])
were transformed in corrected by age scaled scores (nor-
mal mean = 10 ± 3). Direct scores of Verbal Fluency test
(initial letter and animal categories) were transformed in


Table 1: Clinical groups' main characteristics.


Histological tumor type n = 7
• Medulloblastoma (CE+ group) n = 13
• Astrocytoma (CE group)


CE+ group CE group C group


Location
• Vermis n = 5 n = 5
• Hemisphere n = 2 n = 8


Neurosurgery complications
• No n = 3 n = 12
• Yes (hydrocephalus) n = 1 n = 0
• Yes (postsurgical mutism) n = 3 n = 1
• Previous + others neurological sequelae n = 2 n = 0


Subjective deficits referred by the parents
• No n = 1 n = 9
• Yes n = 6 n = 2
• No information n = 0 n = 2
Age at Evaluation (years) 13.59 ± 1.62 11.5 ± 3.3 11.33 ± 1.8
Age at Surgery 7.12 ± 2.06 8.24 ± 3.95
Time between Surgery-Evaluation 6.47 ± 2.77 3.25 ± 2.74
Resected Volume (cc) 35.75 ± 15.73 49.23 ± 26.97
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corrected by age scaled scores following the Neuropsi bat-
tery scoring criteria (Spanish-speakers children) [78].


The normal/abnormal deficit criteria considered for T and
Z scores was 1.5 SD below the normative mean (severe
deficit ≤ 1.5 SD, moderate to slight impairment between -
1.4 SD and -1 SD). The deficit criteria considered in scaled
scores (SS) was 1 SD below the normative mean (10 ± 3)
because this cut-off score (7) maximize sensitivity and
specificity in discriminating between normal and brain-
damaged participants [72] (severe deficit ≤ 1 SD, moder-
ate to slight impairment between -1 SD and -0.66 SD).


Rey/Osterrieth complex figure test
The complex Rey figure copy [75,76] was used to test plan-
ning functions, visual-spatial organization and construc-
tion. The exactness, the type and the time to complete the
copy task were the variables measured. The exactness in
the copy execution is a quantitative measure taking in
account the number, localization and possible distortion
of the reproduced elements. The type of copy is a qualita-
tive measure (type 1 better than type 5) which is related to
age. Our objective was to test the clinical groups' capacity
to organize the figure's structure and the copy's planning.


Controlled oral word association test (F-A-S) [78]
In the Verbal Fluency test the subject was asked to say as
much words as possible in a limited time. Two types of
associative verbal fluency were measured: phonologic
(initial letter p) and semantic (animal category) fluency.
The frequency of words in one minute was measured.
Additionally, the frequency of words in each quarter
minute was obtained. The COWAT is a sensitive executive
frontal test, but is not specific since it is also sensitive to
diffuse damage [79]. This test evaluates language execu-
tive functions, but is also an indicator of speed processing.


Wisconsin card sorting test (WCST) [72]
This is the test most often used to assess the executive
functions [52,70]. Reasoning, visual stimuli conceptuali-
zation, categorization, problem solving, set shifting, men-
tal flexibility and self-regulation were assessed with the
WCST, in which subjects have to sort cards into different
piles based on changing rules. The subjects have to deduce
the correct criteria for categorization (shape, colour or
card number) based on the response (yes or no) of the
neuropsychologist and have to produce the appropriate
response. Therefore, it requires the evaluation of different
possible hypothesis in order to find the correct classifica-
tion rule. The percentage of conceptual responses,
number of completed categories, correct responses, errors,
perseverative errors and perseverative responses, are an
index of conceptualization capacity, solving problems
abilities, mental flexibility and self-regulation under exter-
nal circumstances. The perseverative errors variable is con-


sidered an indicator of frontal lesion [80]. The WCST is
particularly sensitive to different dysfunctions in frontal
cortex patients [70], but does not allow discriminating
between frontal lesions and frontal-pathways lesions [80].


Digits span (WISC-R verbal scale subtest) [77]
Digits in direct order (forward) and in inverse order (back-
ward) require concentration and immediate memory
allowing to measure the working memory capacity. Digits
span backward is a more difficult task than forward
because requires more executive attention in order to
maintain the retained information (direct order digits)
while executing the secondary task (inversing the digits
order). We used the verbal digit span because is consid-
ered an excellent index of working memory. The adminis-
tration, evaluation and natural direct scores (forward +
backward) were corrected by age and transformed in
scaled scores (normal mean 10 ± 3, cut-off: 7) following
the WISC-R procedure.


Stroop color and word test [73]
The Stroop test is a classic executive task for measuring
selective attention and the resistance to interference or
inhibition of stimuli that generate automatic responses.
This test also assesses conflict between competitive
responses, the capacity to discard distractions, mental
flexibility and self-regulation [55]. The administration of
the test requires a limited time; therefore it provides a
measurement of processing speed. The test presents three
pages, each with 100 stimuli organized in 5 columns, and
with the following tasks: (i) reading of black ink written
words i.e. RED; (ii) to indicate the ink colour i.e. XXX and
(iii) to indicate the colour in which the letters are written,
while the word refers to another colour. Forty five seconds
are allowed for each page, and the subjects have to per-
form as fast as possible. Administration, correction and
scoring followed standard criteria. Individual direct scores
corrected by age and transformed in T-scores were
obtained for the three conditions: word reading, colour
naming and incongruent.


Raven's standard progressive matrices [74]
The Raven (SPM general scale) is a normalized multiple-
choice test composed of five series with 12 items without
limit in execution time. This test allows assessing the con-
ceptual capacity to establish relationships between geo-
metrical figures in each item (spatial, numeric and
geometric), perceptual abilities, visuo-spatial reasoning
and intellectual non-verbal capacity. The IQ score for each
child was transformed in T scores.


Statistical analysis
We have checked that normality assumption (Kol-
mogorov-Smirnof with Lilliefors significance correction)
was not observed in all the variables of the tests and/or
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different groups, so the results were analyzed using non-
parametric Mann-Whitney U tests (p < 0.05) in order to
compare the control group's mean performance with clin-
ical groups. An independent comparison was performed
for each clinical group and assessed measurements due to
differences in the kind (cellular bases) of tumor and post-
surgical treatments.


Possible influences related to the tumor's location (hemi-
sphere or vermis) and to the affectation (or not) of the
dentate nucleus on the neuropsychological performance
were assessed by means of statistical analysis on the astro-
cytoma group (surgery without additional treatments).
Mann-Whitney U test were computed to compare the per-
formance of vermis CE group (n = 5) vs. C and hemi-
spheric CE group (n = 8) vs. C. These comparisons would
allow defining if the vermis or hemispheric located tumor
was more disruptive for executive functioning. The low
sample in medulloblastoma only allowed to analyze the
vermis CE+ group (n = 5) but not the hemispheric CE+
group (n = 2). Additional non-parametric tests based on
the Mann-Whitney U test were computed to compare den-
tate-affected CE group (n = 6) vs. C, dentate-unaffected CE
group (n = 7) vs. C and affected vs. unaffected.


Finally, non-parametric Spearman's correlations (p <
0.05) were computed for each clinical group in order to
assess the statistical dependence among the evaluated var-


iables and the children's age at surgery, time between sur-
gery-evaluation and resected volume.


Results
The mean and SD of direct scores and corrected by age
standard scores (T, Z and scaled scores) and the Mann-
Whitney U comparison of standard scores between the
groups C vs. CE+ (medullobastoma + treatments) and C
vs. CE (astrocytoma without treatments) appear in table
2.


The CE group presented statistically significant differences
with respect to controls in the three conditions of the
Stroop (word: p < 0.0001, colour: p = 0.001 and incongru-
ent: p = 0.046), digits (p = 0.003) and semantic fluency (p
= 0.026) tests. The CE+ group was impaired with respect
to controls in the scores of all applied tests: Stroop, three
conditions: p < 0.0001, digits (p = 0.017), semantic flu-
ency (p < 0.0001), phonologic fluency (p = 0.022), WCST-
perseverative errors (p = 0.028), WCST-perseverations (p
= 0.028) and Rey-copy exactness (p = 0.028). Raven-IQ
showed differences too (p = 0.017).


The mean and SD of direct and corrected by age standard
scores (T, Z and scaled scores) and the Mann-Whitney U
(standard scores) of vermis CE, hemisphere CE and ver-
mis CE+ groups independently compared with the C
group appear in table 3.


Table 2: Mean and standard deviations of direct (DS) and standard scores (T, SS: scaled scores and Z). Mann-Whitney U means-
standard scores comparisons for the statistically significant applied tests between medulloblastoma group (at 6.47 years from surgery 
+ with treatments) and astrocytoma group (at 3.25 years from surgery, without treatments) with the control group, respectively.


Control C group N = 12 CE group Astrocytoma N = 13 CE+ group Medulloblastoma N = 7


IQ and Executive Tests M ± SD Direct Scores (DS) and corrected by 
age T, Z and scaled score (SS)


M ± SD Mann-Whitney U M ± SD Mann-Whitney U


RAVEN IQ DS = 101.58 ± 10.35 T = 51.25 ± 6.91 DS = 93 ± 16.8 T = 45.38 ± 11.32 n.s. DS = 85.85 ± 14.06 T = 40.71 ± 9.34 U = 
14.5, p = 0.017


WCST
Errors DS = 36.83 ± 21.61 T = 48.5 ± 9.88 DS = 42.16 ± 20.16 T = 45.58 ± 8.34 n.s. DS = 54.28 ± 16.01 T = 38.85 ± 7 U = 19, 


p = 0.056 n.s.
Perseverative Responses DS = 27.66 ± 26.21 T = 46.16 ± 12.82 DS = 27.58 ± 20.04 T = 45.75 ± 10.46 n.s. DS = 42 ± 23.07 T = 34.42 ± 10.81 U = 16, 


p = 0.028
Perseverative Errors DS = 22.91 ± 19.97 T = 46.75 ± 12.60 DS = 23.83 ± 16.85 T = 45.66 ± 10.72 n.s. DS = 33.85 ± 16.84 T = 35 ± 10.59 U = 16, 


p = 0.028
REY COPY
Exactness DS = 33.37 ± 3.34 Z = 0.662 ± 0.70 DS = 33.38 ± 4.01 Z = 0.764 ± 0.38 n.s. DS = 27.28 ± 9.17 Z = -1.623 ± 2.71 U = 16, 


p = 0.028
DIGITS (WISC-R)
Verbal Digits span DS = 15.42 ± 2.63 SS = 9 ± 2.3 DS = 9.23 ± 3.08 SS = 5.46 ± 1.98 U = 10.5, 


p = 0.003
DS = 8.57 ± 4.72 SS = 5.42 ± 2.5 U = 6.5, 


p = 0.017
VERBAL FLUENCY
Phonologic Fluency DS = 12.41 ± 4.05 SS = 11.66 ± 3.6 DS = 9.76 ± 3.85 SS = 9.3 ± 3.11 U = 44.5, p 


= 0.06
DS = 10.42 ± 4.35 SS = 8 ± 3 U = 15, 


p = 0.022
Semantic Fluency DS = 18.41 ± 3.28 SS = 11 ± 2.55 DS = 15.23 ± 4.91 SS = 8.38 ± 3.33 U = 37, 


p = 0.026
DS = 11.28 ± 4.27 SS = 4.57 ± 2.76 U = 3, 


p < 0.0001
STROOP


Word Reading DS = 116.50 ± 6.96 T = 54.50 ± 3.39 DS = 90.69 ± 21.11 T = 41.07 ± 10.52 U = 
11, p = 0.000


DS = 75.33 ± 14.19 T = 33.5 ± 7.09 U = 0, 
p < 0.0001


Colour Naming DS = 82.66 ± 6.38 T = 51.58 ± 4.46 DS = 65.69 ± 14.11 T = 40.23 ± 9.40 U = 
20.5, p = 0.001


DS = 54.83 ± 767 T = 32.83 ± 5.38 U = 0, 
p < 0.0001


Incongruent Condition DS = 48.25 ± 5.44 T = 53.25 ± 5.44 DS = 39.15 ± 10.87 T = 44.15 ± 10.87 U = 
41, p = 0.046


DS = 31.33 ± 5.46 T = 36.33 ± 5.46 U = 0, 
p < 0.000 1
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The vermis CE+ group was more impaired than the whole
medulloblastoma group. However in some of the WCST
variables no statistically significant differences were
obtained due to the poor performance of one control sub-
ject who reduced about 3 points the mean scores of con-
trol group (the scores for this control subject were:
categories: 2, errors: -1.8 SD, perseverations: < -3 SD, per-
severative errors: -2.8 SD, conceptual responses: -1.9 SD
below the normal mean). In spite of that, the vermis CE+
group showed statistically significant differences vs. con-
trols in perseverative errors (p = 0.037) (table 3) and the
following T-scores in errors: 38.2, perseverations: 32.2
and conceptual responses: 38.4.


The vermis CE group showed higher and different impair-
ment profile than the hemispheric CE group compared
respectively with controls. This group was statistically sig-
nificantly different in the Stroop-word condition (p =
0.003), digits span (p = 0.005), semantic fluency (p =
0.002), phonologic fluency (p = 0.048) and Raven-IQ (p
= 0.009). The hemispheric CE group only presented statis-
tically significant differences in the Stroop (word: p =
0.001 and colour: p < 0.0001) and digits span (p = 0.029)
tests.


The number of participants in the astrocytoma group (n =
13) allowed to perform complementary analysis to pre-
cise possible influences of dentate nucleus affectation in
the evaluation (table 4). The surgeon categorized 6
patients as dentate affected and 7 as dentate unaffected.
When compared these groups with C group, both pre-


sented statistically significant differences in the Stroop
(word and colour) and digits span, but only the dentate-
affected group showed statistically significant differences
in semantic fluency (p = 0.001). The comparison between
dentate-affected vs. dentate-unaffected groups showed a
statistically significant higher resected volume (p = 0.035)
and WCST-errors (p = 0.026) in dentate-affected patients
with respect to the non-affected dentate group.


Following MRI data, from the six children dentate-
affected, four of them had hemisphere location and two
vermis location (table 4). A last comparison was done
between hemispheric CE patients: dentate-affected (n = 4)
vs. unaffected (n = 4). This comparison determined that
dentate-affected patients showed impairment in semantic
fluency (p = 0.029), but not hemispheric dentate-unaf-
fected patients.


The table 5 shows the number of SD below the mean of
the different clinical groups compared with the C group
and with the normative data. The level of impairment was
higher when the clinical groups were compared with con-
trols than with population norms, except for the WCST
due to the problem previously described.


The non-parametric Spearman correlations results appear
in table 6. In astrocytoma group the correlations related to
the Age-at-surgery variable showed that those children
with older age at surgery required lower number of intents
(p = 0.003) to complete the WCST and made better Rey-
copy type (p = 0.000) than younger children at surgery.


Table 3: Results related to vermis and hemisphere tumor location. Mean and standard deviations of direct (DS) and standard scores (T 
and scaled scores: SS). Mann-Whitney U means-standard scores comparisons for the statistically significant applied tests between 
vermal astrocytoma, hemisphere astrocytoma and vermal medulloblastoma groups with the control group, respectively.


Direct Scores (DS) and 
corrected by age T and 


scaled scores (SS)


CONTROL GROUP N = 11 
Mean ± SD


ASTROCYTOMA VERMIS 
N = 5 Mean ± SD and Mann-


Whitney U


ASTROCYTOMA 
HEMISPHERE N = 8 Mean ± 


SD and Mann-Whitney U


MEDULLOBLASTOMA 
VERMIS N = 5 Mean ± SD 


and Mann-Whitney U


Raven-IQ DS = 101.58 ± 10.35
T = 51.25 ± 6.91


DS = 85.40 ± 10.11
T = 40.2 ± 7


U = 6.5, p = 0.009


DS = 97.75 ± 18.94
T = 48.62 ± 12.67


n.s.


DS = 82 ± 15.11
T = 38.2 ± 10


U = 7.5, p = 0.014
WCST Perseverat. Errors DS = 22.91 ± 19.97


T = 46.75 ± 12.6
DS = 25.6 ± 26.29


T = 48 ± 16.35
n.s.


DS = 22.57 ± 7.43
T = 44 ± 4.96


n.s.


DS = 37.6 ± 19.08
T = 32.4 ± 11.78


U = 10.5, p = 0.037
Stroop-Word DS = 116.5 ± 6.96


T = 54.5 ± 3.39
DS = 92.20 ± 21.34
T = 41.8 ± 10.68


U = 13.39, p = 0.003


DS = 89.75 ± 22.39
T = 40.62 ± 11.13
U = 8.5, p = 0.001


DS = 71.5 ± 16.13
T = 31.75 ± 8.09
U = 0, p = 0.001


Stroop-Colour DS = 82.66 ± 6.38
T = 51.58 ± 4.46


DS = 67.40 ± 18.16
T = 41.4 ± 12.32


n.s.


DS = 64.62 ± 12.23
T = 39.5 ± 7.96


U = 6, p < 0.0001


DS = 50.5 ± 4.79
T = 29.75 ± 3


U = 0, p = 0.001
Stroop-Incongruent DS = 48.25 ± 5.44


T = 53.25 ± 5.44
DS = 39 ± 13.11
T = 44 ± 13.11


n.s.


DS = 39.25 ± 10.22
T = 44.25 ± 10.22


p = 0.057, n.s.


DS = 28.5 ± 4.2
T = 33.5 ± 4.2


U = 0, p = 0.001
Digits span WISC-R verbal 


scale
DS = 15.42 ± 2.63


SS = 9 ± 2.3
DS = 8.2 ± 1.3
SS = 4.4 ± 2.3


U = 1.5, p = 0.005


DS = 9.87 ± 3.75
SS = 6.12 ± 1.55
U = 9, p = 0.029


DS = 8 ± 5.6
SS = 5.2 ± 2.94


U = 5, p = 0.048
Phonologic Fluency DS = 12.41 ± 4.05


SS = 11.66 ± 3.6
DS = 8.40 ± 4.03


SS = 8 ± 2.91
U = 11.5, p = 0.048


DS = 10.62 ± 3.73
SS = 10.12 ± 3.13


n.s.


DS = 8.8 ± 4.08
SS = 6.6 ± 2.19


U = 5.5, p = 0.006
Semantic Fluency DS = 18.41 ± 3.28


SS = 11 ± 2.55
DS = 12.60 ± 3.04


SS = 6.4 ± 2.4
U = 3.5, p = 0.002


DS = 16.87 ± 5.30
SS = 9.62 ± 3.33


n.s.


DS = 11.4 ± 3.84
SS = 4.4 ± 1.81


U = 0, p < 0.0001
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The time surgery-evaluation variable showed that a longer
time from surgery correlated positively with the number
of corrects responses-WCST (p = 0.025). Finally, a higher
resected-volume correlated positively with worse execution
in phonologic (p = 0.002) and semantic (p = 0.026) flu-
ency and with Rey-copy exactness (p = 0.020).


In Medulloblastoma group the age at surgery correlated
positively with the semantic fluency (p = 0.034). The


other variables did not showed statistically significant cor-
relations.


Discussion
As it can be appreciated in the tables 2, 3 and 4 the clinical
groups present a differential level of impairment with
respect to controls and normative data (table 5).


Table 5: Level of deficit compared with normative data, and compared with control group. Number of standard deviations (SD) below 
the normal T-score mean (50 ± 10) and below the normal scaled-score mean (SS = 10 ± 3, cut-off: 7). Deficit criteria for T scores: -1.5 
SD below normal mean and moderate to slight deficit about -1.4 SD and -1 SD. Deficit criteria for scaled scores: -1 SD below normal 
mean and moderate to slight deficit about -0.9 SD and -0.66 SD below normal mean.


Executive tests Global CE+ n = 7 
compared with


CE+ Vermis n = 5 
compared with


Global CE n = 13 
Compared with


CE Vermis n = 5 
compared with


CE Hemisph n = 8 
compared with


C norms C norms C norms C norms C Norms


Stroop-Word -2.1 -1,65 -2.27 -1.82 -1,35 -0.9 -1.27 -0.82 -1.38 -0.94
Stroop-Colour -1.87 -1.71 -2.18 -2 -1.13 -0.97 -1 -0.86 -1.2 -1.05
Stroop-incongr. -1.69 -1.37 -1.97 -1.65 -0.91 -0.58 -0.92 -0.6 -0.9 -0.57


Digits span Deficit ≤ -1 SD -1.55 -1.53 cut-off: 7 -1.65 -1.6 cut-off: 7 -1.54 -1.51 cut-off: 7 -2 -1.86 cut-off: 7 -1.25 -1.29 cut-off: 7
Semantic Fluency Deficit ≤ -1 


SD
-2,52 -1.81 cut-off: 7 -2.58 -1.87 cut-off: 7 -1 -0.54 cut-off: 7 -1.8 -1.2 cut-off: 7 -0.54 -0.12 cut-off: 7


Phonologic Fluency Deficit ≤ -
1 SD


-1 -0.66 cut-off: 7 -1.4 -1.13 cut-off: 7 -0.65 -0.23 cut-off: 7 -1 -0.67 cut-off: 7 -0.42 0 cut-off: 7


Rey-copy Exactness -2.28 -1.62 -2.27 -1.6
WCST-Errors -0.96 -1.11 -1.03 -1.18


WCST-Persever -1.2 -1.56 -1.4 -1.78
WCST-Persever Errors -1.2 -1.5 -1.43 -1.76


WCST-Concept -0.76 -0.91 -1 -1.16 -0.8
Raven-IQ C III+ norms C norms C norms C norms C norms
G factor -1.05 IV -0.93 IV -1.3 IV -1.18 IV -0.6 III- -0.46 III- -1.1 IV -0.98 IV -0.26 III -0.13 III


Table 4: Astrocytoma patients grouped by affectation (or not) of dentate nucleus at 3.25 years from surgery. Mean and SD standard 
scores (T and scaled scores: SS). Mann-Whitney U standard mean-scores statistically significant comparisons between: dentate-
affected, dentate-unaffected patients versus control group, respectively. Dentate-affected compared with dentate-unaffected patients. 
Hemisphere dentate-affected compared with unaffected patients.


ASTROCYTOMA GROUP (n = 13)


Dentate-affected (n = 6) vs C group Dentate-unaffected (n = 7) vs C group C group (n = 12)


Mean ± SD
Mann-Whitney U


Mean ± SD
Mann-Whitney U


Mean ± SD


Stroop-word T = 39.66 ± 11.21
U = 2.5, p < 0.0001


T = 42.28 ± 10.62
U = 8.5, p = 0.003


T = 54.5 ± 3.39


Stroop-colour T = 43 ± 8.67
U = 11.5, p = 0.018


T = 37.85 ± 10
U = 9, p = 0.004


T = 51.58 ± 4.46


Digits span SS = 4.66 ± 2.06
U = 2, p = 0.005


SS = 6.14 ± 1.77
U = 8.5, p = 0.038


SS = 9 ± 2.3


Semantic Fluency SS = 7 ± 1.4
U = 3.5, p = 0.001


SS = 9.57 ± 4.11
n.s.


SS = 11 ± 2.55


Dentate affected versus Dentate unaffected
Resected volume 63.31 ± 30.48 cc 37.16 ± 17.65 cc U = 6.5, p = 0.035


WCST-Errors T = 40.83 ± 5.84 T = 50.33 ± 8.05 U = 4.5, p = 0.026
WCST-Perseverations T = 40 ± 6.87 T = 51.5 ± 10.69 trend to signif
WCST-Persever Errors T = 39.66 ± 1.83 T = 51.66 ± 10.8 trend to signif


Hemispheric CE patients Dentate affected (n = 4) versus Dentate unaffected (n = 4)
Semantic Fluency SS = 7 ± 0.81 SS = 12.25 ± 2.62 U = 0, p = 0.029


Digits span SS = 5.25 ± 1.25 SS = 7 ± 1.41 n.s.
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At 6.47 years from surgery, the medulloblastoma group
compared with norms showed severe executive deficit in
semantic verbal fluency (-1.81 SD, cut-off 7), digit span (-
1.53 SD, cut-off 7) Stroop (three conditions: -1.65, -1.71
and -1.37 below normal mean), Rey-copy exactness (-1.62
SD), perseverations-WCST (-1.56 SD) and perseverative
errors-WCST (-1.5 SD) and a moderate to slight level of
impairment in errors (-1.11 SD), conceptual-WCST
responses (-0.91 SD) and phonologic fluency (-0.66 SD,
cut-off 7) indicating a frontal deficit. These deficits were
more severe in the vermal CE+ group (table 5). However,
the non-verbal Raven IQ was normal-low (-0.93 SD below
normal mean, g factor IV), and more impaired in the ver-
mal CE+ group (-1.3 SD). We want to remind here that
these scores compared with C group would be worse if the
outlier control subject would have been removed. Botez
[27-29] has indicated that cerebellar lesions affect three
main neuropsychological aspects: visuo-spatial organiza-
tion, executive functions for planning and programming
activities and increased RTs for visual and auditory targets,
indicating a reduced information processing speed.


At 3.25 years from surgery, the astrocytoma group showed
differential profile and level of impairment related to
tumor location. Vermis CE patients compared with norms
showed executive deficit in verbal working memory (digit
span: -1.86 SD, cut-off 7) and semantic fluency (-1.2 SD,
cut-off 7), moderate impairment in phonologic fluency
(mean SS = 8), and about -0.9 SD below normal mean in
the Stroop (word and colour), conceptual-WCST and
Raven IQ (-1 SD, g IV). These results suggest that these
children would present an executive deficit more marked
in the language frontal-temporal network and, according
to Stroop results, a reduced speed processing. When com-
pared with the control group these scores were even worse
(tables 3 and 5). The hemispheric CE group also showed


deficit in working memory (digit span: -1.29 SD) and an
impairment about -1 SD below normal mean in the word
and colour Stroop-conditions, but interference was not
impaired (-0.6 SD). We discard a possible motor origin
behind the slowed speed processing because we already
proved that this group did not show visuo-motor impair-
ment as measured by the finger-tapping task, simple reac-
tion-time (RTs) and grooved pegboard tests [67]. Only the
dentate-affected subgroup of the hemispheric CE patients
presented semantic fluency impairment. The phonologic
fluency and the Raven IQ were normal (g factor III).


The greater impairment of the CE+ group could be due to
the additive effect of the kind of tumor, pre-surgical, sur-
gical and post-surgical problems and treatments [81,82].
It has been found that radiotherapy can affect the neu-
ropsychological performance of children with medullob-
lastoma, and it is difficult to disentangle the relative
contribution of radiation and the tumor's resection.
Infants and very young children with medulloblastoma
remain a difficult therapeutical challenge because they
have the most virulent form of the disease and are at high-
est risk for treatment-related sequelae [81]. However, the
children of the astrocytoma group did not receive chemo
and/or radiotherapy but they also showed executive
impairments, particularly when the tumor presented a
vermal location.


As a conclusion, vermal medulloblastoma patients
showed the most severe executive deficit of all tested func-
tions, global medulloblastoma group showed severe defi-
cit and vermal and hemispheric astrocytoma patients
showed moderate to slight executive deficit and slowness
in the tested functions.


Table 6: Spearman's correlations related to resected volume (tumor + margin in cc), age at surgery and time elapsed between surgery 
and evaluation variables and all assessed neuropsychological variables for the astrocytoma and medulloblastoma groups.


ASTROCYTOMA (n = 13) Spearman Correlations RESECTED VOLUME (mean = 49.23 ± 26.97 cc)


Phonologic Fluency -0.744, p = 0.002
Semantic Fluency -0.551, p = 0,026


Rey-Exactness -0.572, p = 0.020
Dentate nucleus affected 0.602, p = 0.015


ASTROCYTOMA (n = 13) Spearman Correlations AGE AT SURGERY (mean = 8.24 ± 3.95)
WCST-Intents -0.732, p = 0.003


Rey-copy type (type 1 better than type 5) -0.864, p < 0.0001 (negative correlation: better copy)


ASTROCYTOMA (n = 13) Spearman Correlations TIME surgery-evaluation (mean = 3.25 ± 2.74)
WCST-Correct Responses 0.577, p = 0.025


MEDULLOBLASTOMA (n = 7) Spearman Correlations AGE AT SURGERY (mean = 7.12 ± 2.06)
Semantic Fluency 0.721, p = 0.034
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Stroop test
Attention and inhibition are important for reducing the
interference of irrelevant information on the working
memory, but also for suppressing previously relevant
information that becomes irrelevant during the task. The
impairment on inhibition also can be particularly impor-
tant for decision-making in social and emotional behav-
iors indicating the lack of self-regulation. Frontal patients
and other groups with frontal-subcortical pathways
impairments present a poor execution in the Stroop tasks.
Patients with right superior medial-frontal lesions (8B, 9,
and superior portion of 32 BA) are the most impaired
(errors and slowness) for the incongruent Stroop condi-
tion [68].


In our sample, the CE+ group compared with norms pre-
sented a clear deficit in accomplishing the Stroop tasks
indicating a selective attentional deficit [19,30], poor
mental flexibility and a lack of inhibitory control on inter-
fering stimuli [83].


The CE group (vermis and hemispheric patients) com-
pared with norms showed scores about -1 SD below nor-
mal mean for the word and colour conditions but not for
the incongruent condition (-0.6 SD), suggesting that the
impairment was caused by speed processing slowness. In
a posterior fossa tumors patients study [84] moderate
impairments in the three Stroop conditions (W = -1.25, C
= -1.37 and I = -1.19) were obtained in patients evaluated
at 7.5 years from surgery (surgery at 8.25 years old), but
they analyzed together diverse tumor patients (most of
them astrocytoma). If we collapsed the CE and CE+
groups the results would be similar to those previously
described [84]. Our results are also coherent with another
study [85] where it is compared the performance of young
adults (23 years old) resected of astrocytoma (T ≤ 40) with
a group of medulloblastoma patients with chemo- and
radiotherapy (T ≤ 33).


Several functional neuroimaging studies have demon-
strated the activation of the superior medial prefrontal
cortex [86,87], the anterior cingulate cortex (ACC)
[41,83,88,89] and the cerebellum [39,90,91] during the
performance of the Stroop incongruent condition. A dys-
function in adults with cerebellar damage in the interfer-
ence was shown using PET neuroimage techniques by Fiez
et al. [39]. The most characteristic medial prefrontal dys-
function is the impairment of inhibitory cognitive control
(mainly superior medial PFC), but other behavioral dis-
turbances as lack of self-control and affective deficits
(behavioral and emotional inhibitory control) are also
present (mainly inferior medial PFC). Anterior cingulate
cortex (ACC) patients present attentional deficit, distract-
ibility, lack of initiative, apathy and flattened affect. The
ACC cortex is a wide region classically related to emotions


that has been cytoarchitectonically divided in different
regions with sub-regions [92]. The cerebellum connectiv-
ity with these frontal regions via thalamus (parafascicular,
centromedian intralaminar, dorsomedial, anterior ventral
and lateral ventral nuclei) [93] would explain the Stroop
deficit in cerebellar patients. In accordance with the triple
attentional system described by Posner [94], the ACC is
active when a conflict is present between simultaneous
processes [95] as occurs in the Stroop incongruent condi-
tion, but this is not its unique function, the ACC also
coordinates multiple attentional subsystems and plays a
crucial role in other cognitively demanding tasks [89].


Verbal fluency
Phonologic and semantic fluency are measurements of
associative verbal fluency in restricted situations. Both ver-
bal fluencies require the generation of words based in cat-
egories (phonological or semantical) and both require the
language executive function in order to establish a search
strategy, search of information, retrieval from stored
information in long-term memory and active mainte-
nance in the working memory, as well as self-regulation
for an efficient performance. The frontal cortex partici-
pates in the executive control of processes as initiation,
search and active evocation of phonologic and semantic
representations. These last are more distributed and there-
fore should be more affected than phonologic fluency if
executive functions are disturbed. The frontal cortex must
also monitor intrusions and perseverations. Subjects with
prefrontal lesions have a preserved language but show an
important disconnection between knowledge and execu-
tion, and are impaired in both phonologic and semantic
fluency. Lesions studies have shown that patients with left
dorsolateral and striatal lesions were the most impaired in
phonologic fluency performance (right dorsolateral or
inferior medial frontal lesions patients were not signifi-
cantly affected). Bilateral dorsolateral and (superior and
inferior) medial frontal cortices are needed for an ade-
quate performance on semantic fluency task (Stuss et al.
[69] for review). Another unilateral prefrontal lesions
study [96] also showed that phonological fluency is medi-
ated by the left dorsolateral PFC. In contrast, the semantic
fluency involves bilateral dorsolateral PFC and the right
ventromedial frontal areas. Several functional neuroim-
age studies [38,90,97-99] have found cerebellar activation
in verbal fluency tasks. In addition, it has been obtained
an association between the cognitive demand in the
semantic task and bilateral cerebellum activation [100].
Ravnkilde et al. [90], by means of PET in normal subjects,
showed that during phonological fluency task left dorso-
lateral prefrontal cortex, left and right inferior frontal cor-
tex, left supplementary motor cortex, left and middle
anterior cingulate gyrus, left orbitofrontal cortex, right
posterior temporal lobe and cerebellum (mainly in the
right hemisphere) were activated.
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Our cerebellar patients showed differential verbal fluency
impairment. The medulloblastoma group scaled scores
(SS) compared with norms (deficit -1 SD, cut-off 7) pre-
sented severe deficit (-1.81 SD) in semantic fluency and
moderate to slight deficit in phonologic fluency (-0.66
SD, SS = 8). These scores are more severe in vermis CE+
patients (SF: -1.87 SD and PF: -1.13 SD). The astrocytoma
group showed different profile in vermal and hemispheric
patients. Vermis CE patients showed deficit in semantic
fluency (-1.2 SD) and moderate impairment (-0.67 SD) in
phonologic fluency. The hemispheric CE dentate-affected
patients showed deficit in semantic fluency (-1 SD) but
not the unaffected patients, and both had normal scores
in phonologic fluency. The absence of this deficit in den-
tate-unaffected hemispheric CE patients, rules out the
possibility that the observed deficit in vermal CE patients
would be due to motor-speech impairment. Given that CE
patients did not receive chemo and/or radiotherapy, the
semantic fluency deficit could be due to the dysfunctional
crossed cerebellum-cortical diaschisis and suggests a
greater impairment in vermal CE patients and in all den-
tate-affected CE patients. Verbal fluency deficits have also
been reported in other cerebellar patients [25,46,47,51].
For the CE+ group it could be argued that the deficit in
verbal fluency is due to the radiation and/or chemother-
apy. However, Riva and Giorgi [101] assessed a resected
hemisphere-astrocytoma group and a vermal medullob-
lastoma group before receiving any additional treatment
(5–6 weeks after surgery) and they reported deficit in ver-
bal fluency in both groups.


Digits span (WISC-R verbal scale subtests)
The first Digit span task allows testing the number of
items maintained in the short-term-memory (STM).
Therefore, it allows giving an estimation of the limited
retention capacity in the STM and its temporal dimension
(digit forward: "say the same numbers as rapid as you
can"). The second task (working memory) implies an
increased selective attention and executive control for the
planning, allocation of attentional resources and the nec-
essary attentional maintenance in order to interfere with
the previous retention memory process when coordi-
nates/synchronizes a verbal information (digit backward:
"say the same numbers in inverse order as rapid as you
can"). This subtle working memory task requires executive
control, initial phonological encoding, sub-vocal
rehearsal of items that are actively remembered, but also
attentional focus and shifting between previous items and
the on-line task (mainly parietal posterior contribution).


The multiple-component-model [102] considers two sep-
arate systems: the phonological loop for verbal information
and the visuospatial sketchpad for non-verbal information,
and a separate attentional controller or central executive.
The verbal system is subdivided in a passive phonological


store that retains some time (decay) verbal information
through phonological representations, and an active
rehearsal articulatory process that maintains by reactivation
these representations.


Some functional neuroimage studies using specific neu-
ropsychological tasks to test the Baddeley's model and
other models showed differences between recognition
(parietal BA 7 and temporal-parietal, supported by con-
verging psychophysiological evidence) and recall (fron-
tal). [103]. Lesional studies showed that posterior lesions,
especially perisylvian (left ventral supramarginal gyrus)
brain-damage patients are the most impaired in verbal
working memory, while Broca's area patients showed
moderate deficit in verbal span and severe deficit in overt
or covert rehearsal working memory process, linked to
speech deficit by concurrent articulation effect [103]. Prob-
ably, the language comprehension, symbolic abstraction
and conceptualization capacities are necessary to more
demanding tasks (i.e. "in inverse order").


Functional neuroimage studies [24,39,43,98,104,105]
provide anatomical working memory process support in
bilateral dorsolateral PFC (BA 9, 46), ventrolateral PFC
(Broca: 44/45), medial frontal pre-SMA (BA 6) and ACC
(BA 32) and superior posterior parietal cortices (BA 7), all
related to updating information and maintaining sequen-
tial order, and bilateral inferior parietal (supramarginal
gyrus BA 40) related to specific representations. Paulesu et
al. [105] located the phonological store in the left supra-
marginal gyrus and the articulatory control process in
Broca's area. Lateral cerebellar areas are also active during
verbal working memory tasks [39,98,99]. Desmond and
Fiez [98], by means of f-MRI, during a verbal working
memory task showed that HVI and superior HVIIA cere-
bellar activations represent input from the articulatory
control system of working memory from the frontal lobes,
and that HVIIB activation is derived from the phonologi-
cal store in temporal and parietal regions.


In our report, both clinical groups showed deficit in lan-
guage working memory as measured by the WISC-R digit
span. Medulloblastoma group showed deficit (-1.53 SD),
most increased in vermal CE+ patients (-1.6 SD). Astrocy-
toma group children did not present evident dysartrhia
problems (most related to overt or covert articulatory
rehearsal). Vermal CE patients showed the most severe
deficit (-1.86 SD below normal mean: 10 ± 3) in verbal
working memory. These patients also showed the already
described deficit in semantic fluency and moderate to
slight problems in phonologic fluency, reading, naming,
conceptual responses and non-verbal Raven-IQ, but the
interference was less compromised (-0.6 SD), suggesting
that this severe deficit in verbal working memory capacity

Page 11 of 16
(page number not for citation purposes)







Behavioral and Brain Functions 2008, 4:18 http://www.behavioralandbrainfunctions.com/content/4/1/18

would interfere with the correct performance in other lan-
guage functions.


All hemispheric CE patients showed deficit (-1.29 SD),
but it is more severe in dentate affected patients (-1.58
SD) – who also presented semantic fluency deficit – than
in dentate unaffected patients (-1 SD). Digit span deficit
in cerebellar tumors patients also has been reported
[84,106].


The astrocytoma group impairment suggests that preser-
vation of reciprocal cerebellar-dorsolateral PFC pathways
is necessary for correct verbal executive functioning,
although the specific systemic participation of the cerebel-
lum in these high level functions is not well known.


Rey complex figure
The obtained results for the Rey-Osterrieth complex figure
copy showed that only the medulloblastoma group pre-
sented deficit with respect to norms for the exactness of
the copy (Z = -1.62). This result implies difficulties in the
executive planning and organization of the copy and vis-
ual-spatial perception and construction. The copy task is
very difficult for prefrontal patients due to the impairment
in temporal sequential planning [26-29,107], and CE+
group showed other frontal-like deficit. Other studies in
children with posterior fossa tumors also found this defi-
cit [84] showing a similar Z-score = -1.9 and suggest that
the impairment is more associated to a deficit in executive
functioning than to visuo-spatial problems. Patients in
representative case studies [106] showed deficit too. Our
results are also in agreement with those of [85], who com-
pare the performance of medulloblastoma vs astrocytoma
groups in the Rey figure copy and showed that medullob-
lastoma group presented a statistically significant impair-
ment with respect to the astrocytoma group.


Wisconsin card sorting test
The medulloblastoma group compared with norms
showed deficit in perseverative responses (-1.56 SD below
normal mean), perseverative errors (-1.5 SD) and moder-
ate impairment in errors and conceptual responses about
-1 SD below normal mean. Vermal CE+ patients presented
a more severe deficit (perseverations: -1.78 SD, persevera-
tive errors: -1.76 SD, errors: -1.18 SD and conceptual
responses: -1.16 SD below normal mean). These results
indicate difficulties with planning, cognitive flexibility, set
shifting and integration of cognitive responses which are
assessed by the WCST. Since frontal patients show impair-
ment of these capacities [52,70,71], our results in CE+
group indicate a frontal-like deficit [80]. The increased
number of perseverative errors and perseverations indi-
cate deficit in the shifting strategy and the increased errors
a moderate impairment in maintaining the strategy too.


In vermal-medulloblastoma subgroups at 5–6 weeks after
surgery, without treatments, Riva and Giorgi [101]
showed the following Z-scores for perseverations-WCST
(speech-problem group = 0.5, language-problem group =
2.8, behavioral alteration group = 1.3 and one patient
autistic-like = 2.4). When averaging as a global medullob-
lastoma group they obtained Z = 1.75, which is the same
deficit level (-1.78 SD below T-normal mean) we
obtained at 6.47 years from surgery and treatments.


In the astrocytoma group (at 3.25 years from surgery),
dentate-affected compared with unaffected patients
showed an impairment about -1 SD in perseverative
errors, perseverations and errors-WCST (table 4).


The WCST is particularly sensitive to different dysfunc-
tions in dorsolateral (left and right) and superior medial
frontal cortex patients in lesion studies [70], and f-MRI
studies showed the dorsolateral PFC particularly involved
while solving the WCST [108,109]. The CE+ group deficit
in this task must be due to cerebellar-dorsolateral connec-
tions damage caused by surgery (as in Riva and Giorgi
[101]) and increased by post-surgery treatments, given
that we also obtained deficit in perseverative error. Den-
tate-affected CE group showed moderate executive deficit
too although they did not received treatments.


Raven test
The obtained mean-score in the CE+ group was low-nor-
mal (85.85 ± 14, -1 SD below normal mean). With respect
to the lack of impairment in the global CE group it must
be remarked that the non verbal Raven-IQ was -1 SD in
vermal CE patients, while the hemispheric group was nor-
mal. Radiation dosimetry and hydrocephalia also could
be some of the factors predicting a low IQ [110-112].
However our vermis CE group neither receive radiation
nor presented hydrocephalia.


General discussion
The neuropsychological evaluation showed a differential
prefrontal-like deficit: vermal medulloblastoma patients
showed the most severe executive deficit and global
medulloblastoma group showed severe deficit of all tested
executive functions. All astrocytoma patients showed
executive deficit in verbal working memory (more
increased in vermal patients) and slowing of speed
processing. The vermal astrocytoma patients showed
semantic fluency deficit, moderate to slight impairment in
phonologic fluency, conceptualization and non-verbal
Raven IQ. Hemispheric astrocytoma patients showed the
global group deficits, but only dentate-affected patients
showed semantic deficit. All dentate-affected (vermal and
hemispheric) astrocytoma patients showed semantic flu-
ency deficit and moderate impairment (-1 SD) in perse-
verative errors, perseverations and errors WCST responses.
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The deficit level is clearly related with the kind of tumor
(cellular bases), vermal or hemispheric cerebellar tumor's
location and dentate nucleus' affectation by compression
without exeresis nucleus. In the few existing studies the
clinical samples were small. Those reports which consid-
ered independently the kind of tumors (cellular bases)
showed a greater deficit in medulloblastoma group than
in astrocytoma group. Another contribution of present
report is to include by first time, according to our knowl-
edge, the dentate affectation variable as a source of possi-
ble executive and cognitive impairment.


In the astrocytoma group, higher resected-volume is sig-
nificantly correlated with dentate-affectation and worse
scores in verbal fluency (phonologic and semantic) and
Rey-copy exactness (table 6). The older children at surgery
(age-at-surgery statistically significant correlations)
showed better Rey-copy type and required lower number
of intents to complete the WCST than younger children.
Longer time elapsed between surgery and evaluation (time
surgery-evaluation statistically significant correlations) is
related to more correct responses-WCST, suggesting that it
is possible some improvement in conceptualization
capacity as time increases after surgery. Luria [113] termed
as "Frontal Secundary Syndrome" the observed deficits in
adult cerebellar-tumor patients and indicated the possi-
bility of recovery in some patients without severe seque-
lae.


The only significant correlation in medulloblastoma
group was related to the age at surgery. Older children at
surgery showed better performance in semantic fluency
than younger children. Semantic maturation occurs lately
than the phonologic. Therefore, younger children (range
at surgery: 4–10 years old) were most immature for
semantic fluency before surgery, and consequently pre-
sented difficulties in organizing this function. Some
developmental MRI-studies showed that decreased
amounts of normal-appearing white matter correlated
with verbal thinking, non-verbal thinking, attention and
IQ [114,115] in medulloblastoma children (with treat-
ments) compared with age and gender-matched normally
developing children. Neuroectodermal tumors treatments
involve conformal radiotherapy and increased radiation-
dose including craniospinal irradiation (without mini-
mizing the dose to any brain structures, including the
temporal lobe). Liu et al. [116], using a more sensitive
technique with high-resolution MRI and an automated
cortical reconstruction technique, have found abnormal
changes in the grey-matter development of these patients.
They compared the normal differential developmental
pattern of cortical thicker (frontal and temporal lobes)
and thinner (posterior cortex) in children about 10 years.
Results showed significant differences in both (cortical
thickness and thinner areas) and reflect significant cortical


thinning in the treated medulloblastoma children com-
pared with normal developed children. They concluded
that cortical areas undergoing development are more sen-
sitive to the radiation-dose effects.


The present report assessed functions indicate a frontal-
like syndrome with differential deficits level: very severe
in vermal medulloblastoma patients, severe in global
medulloblastoma group and moderate to slight in vermal,
hemisphere dentate-affected and hemisphere dentate-
unaffected astrocytoma patients respectively. These execu-
tive deficits cannot be attributed to the chemo- or radio-
therapy exclusively, given that also appeared in children
who only received surgery, although it is clear that these
treatments can generate and increase the reported impair-
ments. Therefore, the obtained executive impairments
support the concept of Cerebellar Cognitive Affective Syn-
drome (CCAS) proposed by Schmahman and Sherman
[31] as a framework to characterize the cerebellar patients,
but since we only have tested some executive functions
(and learning capacities [67]), we cannot add more evi-
dence about affective functions. The results obtained in
our study are coherent with the role of prediction and
preparation proposed for the cerebellum [117], given that
after cerebellar lesion some executive functions remains,
although clearly deteriorated. Paraphrasing the notion of
thought dysmetria [31,32,66], this sub-optimal function-
ing could be defined as an executive dysmetria.


Limitations of the study
As in similar studies, the principal limitation is the small
sample. In studies with clinical participants the presence
of non-controlled variables is always a concern. In this
sense it has been shown that oncologic patients can suffer
depression, anxiety [118] or post-traumatic stress disorder
[119]. Therefore, it is very difficult to control all the possi-
ble intervening variables and they can be considered as
one of the data variability sources.


Conclusion
The following conclusions can be drawn: i) It has been
shown the systemic participation of the cerebellum in
executive processes in astrocytoma (without treatments)
and medulloblastoma (with chemo- and radiotherapy)
cerebellar patients with tumor resection. ii) These groups
presented differential deficits in the executive functions
depending on the kind of tumor and post-surgical treat-
ments. iii). The astrocytoma group presented differential
level of deficit: the vermal tumor resection was more dis-
ruptive than the hemispheric lesions for executive func-
tions. The dentate-affected group is more impaired than
unaffected group. iv). The observed executive dysmetria in
both clinical groups is coherent with the systemic partici-
pation of the cerebellum and reciprocal ACC and Frontal
cortex connections in executive functions, and with the
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executive aspects of Cerebellar Cognitive Affective Syn-
drome after cerebellar lesion. v). The increased time post-
surgery is positively correlated with a relative improve-
ment of some cognitive functions in astrocytoma chil-
dren, the most susceptible group to rehabilitation. A
better knowledge about neuropsychological dysfunctions
after cerebellar tumor resection would help the establish-
ment of more specific rehabilitation strategies. In a forth-
coming paper, the attentional functions impairments will
be evaluated by means of different computerized tasks.
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Abstract
Despite major advances in our understanding of the initiating factors that trigger many
neurodegenerative disorders, to date, no novel disease-modifying therapies have been shown to
provide significant benefit for patients who suffer from these devastating disorders. As most
neurodegenerative disorders are late-onset, slowly progressive, and appear to have long relatively
asymptomatic prodromal phases, it is possible that therapies optimally targeting the triggers of
these disorders may have limited benefit when treatment is initiated in the symptomatic patient.
Such therapies may work in the prodromal phase, or when given prophylactically, but in the
symptomatic patient there simply may be too much damage to the neuronal networks to restore
functionality by reducing or even eliminating the primary stressor. As functional neuronal demise
and overt neuronal death are almost certainly the key factors that mediate the functional
impairment, it is clear that preventing neuronal death and dysfunction will have a huge clinical
benefit. Unfortunately, we lack a detailed understanding of neuronal death pathways in almost all
neurodegenerative disorders. To rationally develop new disease modifying therapies that target
steps in the degenerative cascade downstream of the disease trigger will require a number of
factors. First, we need to refocus our basic research efforts on identifying the precise steps in the
pathological cascade that lead to neuronal death in each neurodegenerative disease and, if possible,
determine the relative placement of those events within a potentially very complex cascade.
Second, we will need to determine which of these steps are potentially targetable. Finally, we will
need to develop novel therapies that interfere with these steps and demonstrate that such
therapies alone, or in combination with therapies that target the trigger of these devastating
diseases, have clinical benefit.


Introduction
Over the last two decades there has been enormous
progress with respect to understanding the initiating fac-
tors that trigger complex cascades that ultimately result in
various neurodegenerative disorders [1-3]. Much of this
progress has been the result of 1) biochemical and histo-
chemical characterization of proteins that accumulate
within various inclusions in the diseased brain and 2)


genetic linkage studies identifying mutations in genes that
cause neurodegenerative disease. These biochemical, his-
tochemical, and genetic studies were often mutually rein-
forcing; the protein found to accumulate in the brain
proved often to be the same protein encoded by the dis-
ease causing mutant gene (see Table 1). Once mutant
genes have been identified, animal models that recapitu-
late at least some aspects of the human disease have been
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made by creating transgenic mice expressing the mutant
genes in the brain [4,5]. As there are no naturally occur-
ring animal models for many neurodegenerative diseases,
the creation of animal and cell based models based on
mutant genes identified in humans have had a tremen-
dous impact on target identification, enabled pre-clinical
studies of novel therapies in those animal models, and led
to the clinical testing of a number of novel therapeutics.
Indeed, the advent of animal models that recapitulate fea-
tures of Alzheimer' disease (AD), Parkinson's disease
(PD), Huntington's disease (HD), familial amyotrophic
lateral sclerosis (ALS), and host of other human neurode-
generative diseases, has catalyzed efforts to develop thera-
pies aimed at modifying the underlying disease process
and, to some degree, redirected the field from developing
symptomatic therapies to these potential disease-modify-
ing therapies.


Despite this progress in identifying the trigger of many
neurodegenerative diseases there have been only limited
advances with respect to the clinical treatment of patients
who suffer from these devastating and, for the most part,
lethal diseases. To date, these advances have stemmed not
from understanding the trigger of the disease, but largely
from understanding the neurochemical and functional
circuitry deficits present. For example the development of
cholinesterase inhibitors for the treatment of AD was
largely based on the observation that in AD cholinergic
neurons are severely depleted and cholinesterase and
choline acetyl transferase activity are markedly reduced
compared to controls. Indeed the neurochemical deficits
that have been reported are striking, with reductions of up


to 90% activity in AChE and CHAT in postmortem brains
of AD patients [6-8]. Similarly, the development of levo-
dopa therapy was based on the reduction in dopamine
levels in the basal ganglia [9-11]. Indeed, it is well estab-
lished that gross motor impairments are not present in
most patients with Parkinson's disease until > 70–80% of
the dopaminergic neurons in the substantia nigra have
degenerated or died, with accompanying loss of the
dopaminergic input from the nigra to the striatum.


Notably, these symptomatic therapies appear to have lit-
tle, if any, disease-modifying effect; though symptoms
may be improved, the inevitable progression of the dis-
ease is not altered to any great extent. Obviously, a therapy
that provides some symptomatic relief is better than no
therapy at all, which is what is available for almost all of
the uncommon neurodegenerative conditions. However,
ideally, we would like to do better and not only improve
symptoms but markedly slow or halt the progression of
neurodegeneration.


The natural history of typical neurodegenerative diseases 
and prophylactic therapy
Based on the study of patients with genetic forms of com-
mon and uncommon neurodegenerative diseases it can be
inferred that the majority of these diseases feature a fairly
long disease free period in which no pathological or clin-
ical changes are noted. Subsequently, there appears to be
a prodromal phase where the initiating pathology is
detectable, but the patient remains symptom free. This
prodromal phase may last for years or even decades. Dur-
ing this phase additional pathological changes occur in


Table 1: Examples of the Relationship Between Lesions, Proteins and Causal Genes in Neurodegenerative Diseases


Disease Lesions Major Protein In Deposit Genetic Alterations


Alzheimer's Plaques
NFT


Aβ
tau


Mutations/Multiplication in APP and 
Presenilin genes cause altered Aβ 


production


Parkinson's (classic)1 Lewy Body α-synuclein Mutation/Multiplication of α-synuclein 
gene


FTDP-17tau NFT tau Mutations in tau


FTLDu Ubiquitin positive inclusions TDP-43 Mutations in Granulin gene, evidence 
that Granulin interacts with TDP-43


Polyglutamine Diseases 
(e.g. Huntington's, SCA)


Inclusions of expanded Poly Q 
protein


PolyQ encoding protein Expanded CAG repeats encoded 
stretches of Poly Q


ALS Ubiquitin positive inclusions TDP-43 Mutations in TDP-43


ALS Ubiquitin positive inclusions Inclusions are TDP negative Mutations in SOD1


1 Numerous genes have now been implicated in Parkinsonism, some of these genes result in classic Lewy body pathology others do not, and some 
such as LRRK2 can produce distinct pathologies even within a single family.
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the brain, including neuronal loss, dystrophy, and synap-
tic dysfunction. Thus, when symptoms become apparent
there is typically extensive damage to either vulnerable
brain regions in diseases that are characterized by more
focal dysfunction or widespread damage to multiple brain
regions. Indeed, given compensatory mechanisms, neuro-
nal reserve, and the relatively insensitive tests used for
clinical diagnosis of most neurodegenerative conditions,
by the time a patient presents with symptoms there is
extensive neuronal loss and dystrophy. Such a natural
progression is characteristic of Alzheimer's disease (Figure
1), where brain atrophy can be seen even in patients with
mild-cognitive impairment of the AD type, a well-recog-
nized prodromal phase of AD. Notably, if they come to
autopsy, patients with MCI of the AD type also exhibit
extensive AD neuropathology, and cross-sectional study
of postmortem brains from patients with Trisomy 21 indi-
cate that these individuals will become demented long
after they show the initial signs of AD pathology, namely
accumulation of amyloid beta protein (Aβ) in plaques
and tau in neurofibrillary tangles. Although difficult to
prove definitively, one can infer, based on the imaging


studies, that one can lose up to 80% of their dopaminergic
neurons in the substantia nigra before showing overt
motor deficits [12,13]. Indeed, the latter example suggests
that symptoms may result from the additional loss or dys-
function of relatively few surviving neurons, whereas the
massive loss of neurons in the prodromal disease phase
did not result in overt clinical symptoms.


If massive neuronal loss or massive neuronal dysfunction
occurs before overt symptoms, and there is a long delay
between initiating pathology and the clinical symptoms,
it is only reasonable to question the potential "therapeu-
tic" effectiveness of treatments targeting the trigger of the
disease. In contrast, it is reasonable to propose that such
treatments would be highly effective, if initiated prior to
onset of the primary pathology or during the early phases
of that pathology prior to significant neuronal loss. The
problem with such a scenario is that it may take decades
to prove that a given therapy works, and given the finan-
cial, regulatory, and ethical obstacles to such true preven-
tion trials, there is no current road map that suggests such
prevention trials will become feasible in the near future.


Progression of a typical Neurodegenerative DiseaseFigure 1
Progression of a typical Neurodegenerative Disease. Alzheimer's disease is used as an example to exhibit the natural 
progression of a neurodegenerative disease. In the top panel typical magnetic resonance imaging (MRI) scans are shown from a 
cognitively intact "normal" subject (left), a subject with mild cognitive impairment of the Alzheimer's type (middle), and a 
patient with AD (right). Note that even the subject with MCI despite displaying minimal symptoms has already clearly lost brain 
mass and that this increases as the disease progresses. Indeed there is a clear cascade effect in which underlying pathology 
drives neuronal loss and degeneration leading to clinical symptoms. Based on this one would argue that the optimal time to tar-
get the "trigger" of AD would be prior to any signs of damage to the brain or during the initial prodromal phase when patho-
logical changes might be apparent but no clinical signs are yet apparent. Another therapeutic opportunity would be to try to 
stop the neuronal loss downstream of the initiating pathology.
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Thus, investigators who study neurodegenerative diseases
and are serious about translating an enhanced under-
standing of pathogenesis of these diseases into therapies
face a very challenging paradox: most therapies developed
as potentially disease modifying target the trigger of the
disease; yet they will be tested in the therapeutic setting
where it is not unreasonable to think they will be ineffec-
tive or minimally effective. There simply has been too
much downstream damage to the brain.


Pathogenic cascades downstream of disease triggers
Despite the progress in understanding the triggers of neu-
rodegenerative disease, the precise pathways that lead to
neuronal death are not well established. Indeed, for
almost every neurodegenerative disease multiple hypoth-
eses exist regarding the mechanism or mechanisms that
lead to neuronal dysfunction. In many cases, common
pathways are invoked across multiple diseases. Indeed,
inflammation, oxidative stress, mitochondrial dysfunc-
tion, and axonal transport deficits are postulated to play


some role in almost every neurodegenerative disorder
[14-18]. Likewise, proteasomal dysfunction, chronic
stress responses, altered autophagy, calcium dyshomeos-
tasis, and neuronal cell cycle induction also appear to be
common, if not universal features, of many neurodegen-
erative diseases [19-25]. However, placing these pathways
in the proper relationship to the disease trigger is chal-
lenging.


From a completely conceptual point of view, one can
think of the pathological cascades initiated by a given
neurodegenerative disease trigger in three different
generic scenarios (Figure 2). The first scenario is a com-
pletely linear cascade in which the initial toxic insult leads
to a linear cascade that eventually results in neuronal
death. The second scenario would be a branching cascade
where the toxic insult simultaneously initiates multiple
pathological cascades that then collectively contribute to
neuronal death and dysfunction. The third scenario is a


Different types of Neurodegenerative CascadesFigure 2
Different types of Neurodegenerative Cascades. The utility of targeting events downstream of any disease trigger will in 
part be determined by the type of cascade that is established. If a linear cascade (left panel) is established there may be many 
events that can be targeted that will have equal efficacy. Halting any step in the cascade may stop the cascade. In a branching 
cascade (middle panel), the situation where a single initiating event triggers multiple insults that then mutually contribute to 
neuronal death, the efficacy of targeting a single downstream pathway may be much more limited. In the case of a mixed cas-
cade (right panel), in which an initiating event can trigger a complex cascade which may initially be linear and then later branch, 
understanding the placement of any given insult within cascade may be critical with respect to determining how effective ther-
apies targeting that step will be with respect to slowing or halting neurodegeneration.


Linear Cascade Branching Cascade Mixed Cascade


Trigger


1 Insult


Neuronal Death/Dysfunction


2 Insult


3 Insult


4 Insult


Trigger


Insult A Insult B Insult C Insult D


Neuronal Death/Dysfunction


Trigger


1 Insult


2 Insult A 2 Insult B 2 Insult C


Neuronal Death/Dysfunction
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mixed cascade where both linear and branching cascades
might be initiated in various orders by the trigger.


The distinctions between these types of cascades are not
trivial. From an investigational point of view, it has
proven extremely challenging to precisely order the events
in the cascade even in animal models that show massive
neuronal loss, such as mutant tau models of FTDP-17
[26]. From a therapeutic point of view distinguishing
between these cascades will almost certainly guide deci-
sions regarding therapies that target factors downstream
of the trigger. For example, if neuronal death is mediated
by a linear cascade, the likelihood that a therapeutic agent
targeting any one of the insults within that cascade will
have a major effect is much larger. This is especially true if
the therapeutic agent is targeting an early insult in the cas-
cade. If neuronal death is mediated by a branching cas-
cade, a therapy targeting any single downstream pathway
may have limited efficacy. In any case, given that in most
neurodegenerative diseases a mixture of linear and
branching cascades are likely to play a role in neuronal
death, enhanced efforts to understand the order of events
would seem to be critical in order to efficiently guide opti-
mal therapies.


How do we dissect the downstream cascades?
Even with advances in imaging the human brain and
development of probes for certain molecular phenotypes
(e.g. amyloid imaging agents to visualize amyloid load in
AD), it is unlikely that study of the progression of human
neurodegenerative disease will be sufficient to dissect the
downstream cascades leading to neuronal death. Like-
wise, cell culture models of neurodegenerative disease
may provide hypotheses regarding the primacy of various
pathways, but such hypotheses eventually will need to be
tested in animal models. Indeed, animal models of neuro-
degenerative disease are essential to developing novel
therapies and understanding the role of various factors in
driving neuronal death and dystrophy. However, one
must be cautious about "therapeutic" studies in animal
models. In many cases the studies are not therapeutic but
actually reflect primary prevention. The treatment was ini-
tiated prior to the onset of detectable pathology. In other
cases, such as many APP mouse models of Aβ deposition,
the mutant human transgene expression in the brain does
not fully recapitulate the human disease, especially the
extent and degree of neuronal loss. In such cases one has
to question whether a treatment that shows efficacy in the
mouse model with no neuronal loss will be effective in a
human with massive neuronal loss.


Should the field refocus on the mediators of cell death and 
therapies targeting those pathways?
There is a sharp dichotomy within the neurodegenerative
disease field between common diseases such as AD and


PD and the plethora of rare neurodegenerative disease
such as the polyglutamine disorders, with respect to com-
mercial interest in developing novel therapies. For the
common neurodegenerative conditions, there is tremen-
dous incentive to develop new therapies. There is a huge
unmet medical need, a huge market, and a new AD or PD
therapy even of modest efficacy will be a blockbuster in
terms of sales. In contrast, the relatively small number of
patients with any individual rare neurodegenerative dis-
eases means that there is much less commercial interest in
developing new therapies. Thus, most therapeutic devel-
opment for these conditions occurs in academic laborato-
ries with an increasing effort from philanthropic
organizations to assist with the clinical development.
Occasionally, biotech companies or major pharmaceuti-
cal companies will partner in these efforts, but typically
with limited resources.


If one considers the recent therapeutic developments in
AD as an example of the prioritization of therapeutic
development in a common neurodegenerative disease,
one can see that pharmaceutical companies have largely
invested in two main strategies. Targeting the trigger,
namely efforts to prevent, remove, or neutralize accumu-
lation and aggregation of toxic Aβ; and, more recently, a
renewed interest in cognitive-enhancing agents. There is
very limited development of novel strategies intervening
downstream of the trigger, largely because there is not a
good "road map" for what to target. Yet, based on ration-
ale outlined above, therapies targeting downstream trig-
gers could have a major impact on disease progression.


With the downsizing of basic research efforts within the
commercial sector, it is highly likely that most novel tar-
gets downstream of the trigger will be identified in the
non-profit sector. However, again using AD as an exam-
ple, much of the funding portfolio for basic AD research
is invested in factors that influence the trigger, and a much
smaller segment of the portfolio is focused on those
downstream pathways. As one could argue, at least with
respect to anti-Aβ therapies, that the numbers of therapeu-
tic approaches are sufficient to determine whether such
strategies will be efficacious in humans with AD, it would
seem that there should be a renewed focus by academics
with respect to identifying the downstream pathways that
mediate neuronal death. Such studies will almost cer-
tainly identify novel targets that then can be moved
towards the clinic.


In contrast to diseases where there is a clear commercial
incentive for therapeutic development (e.g. AD and PD),
the non-profit sector must play a larger role in therapeutic
development for the uncommon neurodegenerative dis-
eases. One possible way to leverage such therapeutic
development is to demonstrate that the pathway targeted
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may actually play a role not only in the rare condition but
in a common condition such as PD or AD. Obviously, this
is unlikely to work for therapies targeting a trigger of the
disease, but could work if dysfunction of a critical down-
stream pathway drives neuronal dysfunction and death in
multiple diseases.


Summary
In this review series, a panel of experts in the neurodegen-
erative disease field will address the questions of "What
kills neurons in neurodegenerative disease?" In the vast
majority of cases, we simply don't know the detailed
answer. We do know the trigger, or at least in most dis-
eases there is a reasonable consensus that we know
enough about the trigger to develop strategies to target it
therapeutically (Appendix 1). It is the intent of this series
to provide a "road map" for the field to refocus on the
question of the pathways that conspire to kill neurons in
various neurodegenerative diseases, and hopefully galva-
nize a new era of therapeutic development that will result
in novel disease modifying therapies for patients suffering
form these devastating disorders (Appendix 2).
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Appendix 1
Key observations
• Through genetic, pathological, biochemical, and animal
modeling studies the triggers of many neurodegenerative
disease have been identified.


• Most neurodegenerative diseases are late-onset, slowly
progressive, and appear to have long relatively asympto-
matic prodromal phase.


• Clinical symptoms are typically apparent only after
extensive pathological damage including extensive neuro-
nal dystrophy and degeneration.


• The cascades downstream of the initiating triggers of dis-
ease that lead to neuronal death and dysfunction remain
enigmatic for most neurodegenerative diseases.


• Therapies targeting the triggers of neurodegenerative dis-
eases are likely to have the greatest benefit if given during
the prodromal phase or earlier.


• Therapies that prevent neuronal death and dystrophy by
targeting steps in the cascade downstream of the disease
trigger may provide disease modification even in patients
with clinical symptoms.


Appendix 2
Critical next steps
• Intensify efforts to indentify the pathways that lead to
neurodegeneration.


• Not only identify the individual steps within the neuro-
degenerative cascade, but also correctly order the steps
within the cascade.


• If animal models do not fully recapitulate neurodegen-
erative disease phenotypes continue to develop better ani-
mal models.


• Develop safe therapies that are designed to block down-
stream events in neurodegenerative disease cascades and
prevent neuronal dysfunction and degeneration in pre-
clinical studies.


• Test these therapies in the clinic.
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Abstract  


Background 


Neurodegenerative diseases are characterized by both mitochondrial dysfunction and 


activation of microglia, the macrophages of the brain. Here, we investigate the effects 


of mitochondrial dysfunction on the activation profile of microglial cells. 


Methods 


We incubated primary mouse microglia with the mitochondrial toxins 3-


nitropropionic acid (3-NP) or rotenone. These mitochondrial toxins are known to 


induce neurodegeneration in humans and in experimental animals. We characterized 


lipopolysaccharide- (LPS-) induced microglial activation and the alternative, 


interleukin-4- (IL-4-) induced microglial activation in these mitochondrial toxin-


treated microglial cells. 


Results 


We found that, while mitochondrial toxins did not affect LPS-induced activation, as 


measured by release of tumor necrosis factor α (TNF-α), interleukin-6 (IL-6) and 


interleukin-1β (IL-1β), they did inhibit part of the IL-4-induced alternative activation, 


as measured by arginase activity and expression, induction of insulin-like growth 


factor 1 (IGF-1) and the counteraction of the LPS induced cytokine release. 


Conclusions 


Mitochondrial dysfunction in microglial cells inhibits part of the IL-4-induced 


alternative response. Because this alternative activation is considered to be associated 


with wound healing and an attenuation of inflammation, mitochondrial dysfunction in 
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microglial cells might contribute to the detrimental effects of neuroinflammation seen 


in neurodegenerative diseases. 
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Background  


Activation of microglial cells, the macrophages of the brain, is a common and early 


hallmark of neurodegenerative diseases and contributes directly to neuronal pathology 


in virtually all CNS diseases [1]. Activated microglia release a combination of 


bioactive agents including interleukin-6 (IL-6), tumor necrosis factor alpha (TNFα), 


and insulin-like growth factor 1 (IGF-1). These bioactive agents have both protective 


and detrimental consequences for the surrounding brain tissue [2, 3]. In most 


neurodegenerative diseases, levels of pro-inflammatory cytokines such as TNFα 


increase, suggesting that a pro-inflammatory activation of microglia, as also seen with 


lipopolysaccharide (LPS) stimulation, outweighs the protective effects of microglia in 


these diseases. In contrast to pro-inflammatory activation, alternative activation is 


involved in wound healing and an attenuation of inflammation associated with 


protective effects. Alternative activation is induced by the type 2 helper T cell 


cytokine IL-4, which is produced in the CNS and appears to be a critical regulator of 


neuroinflammation [4]. This alternative activation of microglia is characterized by an 


increase in arginase activity [5].  


The activation of microglia also depends on intrinsic factors. In the SOD1 transgenic 


mouse model of amyotrophic lateral sclerosis (ALS) the exclusion of mutant SOD1 


expression in microglial cells is associated with decreased inflammation and an 


extension of life span [6]. Expression of mutant SOD1 by microglial cells therefore 


increases the detrimental effects of these cells. In fact, microglial cells constitutively 


express not only SOD1 but also other proteins that harbor neurodegeneration-causing 
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mutations, e.g huntingtin and alpha-synuclein, and this might also modulate 


microglial activation [6-11].  


Another hallmark of neurodegenerative diseases are mitochondrial dysfunctions [12]. 


Neurodegenerative disease-causing mutations like mutated huntingtin have been 


linked to mitochondrial dysfunction [13], and an impairment of mitochondrial activity 


has been observed in cells and tissues isolated from patients with neurodegenerative 


diseases. Furthermore, toxins that inhibit the mitochondrial electron transport chain 


induce neurodegenerative diseases in humans and animals. For instance, inhibition of 


complex I (NADH dehydrogenase) with rotenone induces a Parkinson disease-like 


phenotype in animals with corresponding degeneration of dopaminergic neurons in 


the substantia nigra of the brain stem. Inhibition of complex II (succinate 


dehydrogenase) with 3-nitropropionic acid (3-NP) induces a Huntington disease-like 


phenotype in animals with corresponding degeneration of medium spiny neurons in 


the striatum [14]. In the 3-NP-induced neuronal degeneration model, and in aged 


mice, activated microglial cells show signs of mitochondrial dysfunction [15, 16]. It is 


therefore likely that the molecular pathways activated by neurodegenerative disease-


causing mutations or toxins that lead to mitochondrial dysfunction are also present in 


microglial cells. Here we hypothesize that mitochondrial dysfunction will change the 


immunological profile of microglia. To test our hypothesis we inhibited mitochondrial 


complexes of the electron transport chain of primary mouse microglial cells and 


investigated the inflammatory responses of these cells.  


 


Methods 


Cell culture 
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Mouse microglial cells in primary cultures were prepared as described previously 


[17]. Briefly, 1-5 day old C57Bl/6 mice were decapitated according to the guidelines 


of the animal research center of Ulm University, Ulm, Germany. Meninges were 


removed from the brains. Neopallia were dissected and enzymatically (1% trypsin, 


Invitrogen, 0.05 % DNAse, Worthington, 2 min) and mechanically dissociated. The 


resulting cells were centrifuged (200 x g, 10 min), suspended in culture medium 


(DMEM, Invitrogen) supplemented with penicillin (100 U/ml), streptomycin (100 


µg/ml) (Invitrogen) and heat-inactivated fetal bovine serum (10% FBS, PAA); and 


plated into 75-cm2 flasks (BD Falcon) pre-coated with 1µg/ml poly-L-Ornithin 


(Sigma). Cells from the neopallia of two brains were plated into 10 ml per flask. After 


three days, adherent cells were washed three times with DPBS (Invitrogen) and 


incubated with serum-supplemented culture media. After 7-14 days in culture, 


floating and loosely attached microglial cells were manually shaken off, centrifuged 


(200 x g, 10 min) and seeded into 96-well plates or 6-well plates (PRIMARIA, BD 


Falkon) at a density of 4x104 or 6x105 cells/well respectively or onto coverslips (15 x 


104 cells/coverslip) in DMEM without serum (DMEM, Invitrogen) supplemented with 


penicillin (100 U/ml), streptomycin (100 µg/ml) (Invitrogen) and Glutamax 


(Invitrogen). Cells in the flasks were reincubated with serum-supplemented media 


after the shake-off. Repopulating microglial cells were removed every week for a total 


of 4 weeks until fewer microglial cells were observed. For astrocyte cultures, attached 


cells in the flasks were rinsed once with DPBS, detached (0.05% trypsin, 0,5mM 


EDTA) and centrifuged (200 x g, 10 min). Cells were plated onto coverslips (1.5 x 


104 cells/coverslip) in DMEM with 5% FBS and supplemented with penicillin, 


streptomycin and Glutamax. Coverslips were pre-coated with 1µg/ml poly-L-


ornithine.  
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Immunocytochemistry 


For immunocytochemical characterization of mouse microglia in culture, we used 


microglial cells 24-48 h after seeding them on polyornithin coated glass cover slips. 


Astrocytes on cover slips were used 48-72 h after seeding them. Cells were rinsed 


with PBS, fixed in 4% paraformaldehyde for 10 min, and rinsed three times with PBS. 


Cells were permeabilized with Triton-X100 (0.1%) for 5 min and incubated overnight 


with primary antibodies at 4°C in the present of BSA (1%). We used rat-anti-mouse 


CD11b at 1:50 (Serotec, MCA74) to label microglia and rabbit-anti-GFAP at 1:200 


(Abcam ab7779) to label astrocytes. Bound primary antibodies were detected with 


Alexa Fluor 568-conjugated goat-anti-rat IgG (CD11b) at 1:200 or Alexa Fluor 488-


conjugated goat-anti-rabbit IgG (GFAP) at 1:200. Secondary antibodies were 


incubated for 1h at room temperature. Stained cells were rinsed with PBS and 


mounted on slides with Vectashield with DAPI. Labeling was visualized with an 


Axiovert 135 microscope. Photographs were taken with an Axiocam Color digital 


camera. To determine the actual quantity of microglial cells in our microglial culture, 


we carried out three independent immunocytochemical characterizations of these 


cultures, made three digital images (20x magnification) of random areas of each 


immunostaining, and manually counted cell nuclei that were stained by DAPI to 


determine the total cell number present in the selected area. In the same area, we also 


manually counted cells that were stained by anti-CD11b and anti-GFAP.  
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Treatment of cells 


Microglial cells in 96-well plates were stimulated with different doses of rotenone 


(Sigma) or 3-nitropropionic acid (3-NP) (Sigma) in DMEM without serum for the 


indicated times. Rotenone was first dissolved in DMSO at a concentration of 1 mM. 


3-NP was first dissolved in DPBS at a concentration of 50 mM and the pH was 


adjusted to 7.2. From these solutions further dilutions were made in DMEM without 


serum. Microglial cells were stimulated with 10 ng/ml IL-4 (R&D) or/and with 1 


µg/ml LPS (Sigma).   


 


LDH and WST-1 assays 


The LDH assay and WST-1 assay were performed as described in the manual for the 


LDH-Cytotoxicity Assay Kit (Bio Vision) and the WST-1 Assay Kit (Quick Cell 


Proliferation Assay Kit; BioVision). For a positive cell death control, microglia were 


treated with 1% Triton-X100 (Sigma) for 30 min.  


 


Arginase activity assay 


To measure the arginase activity of microglial cells we used a modified 


spectrophotometric assay of arginase as described by Han and Viola [18]. Briefly we 


prepared a 15mM thioarginine (Cayman) solution and a 1mM DTNB (Cayman) 


solution in PBS. We incubated microglial cells in 96-well plates with 0.9 mM 


thioarginine and 0.1 mM DTNB in DMEM without serum for a few hours and 


measured the absorbance at 412 nm. We measured an increase in product formation 


over time in wells containing microglia in contrast to cell-free wells that did not show 


a product formation. The product formation in untreated microglial cells (basal) was 


set to 100% for our calculations.   
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ELISAS for IL-6, TNF-    αααα, IL-1 ββββ and IGF-1 


The amount of IL-6, TNF-α, IL-1 β and IGF-1 was determined with specific ELISAs 


(IL-6, TNF-α and IL-1β: BioLegend, IGF-1, R&D Systems) as described in the 


manuals. After incubation with the toxins, IL-4 and/or LPS for the indicated times 


supernatant was used for the corresponding ELISAs. For the quantification of IL-1 β 


microglial cells were stimulated with 3mM ATP (Sigma) for 30 min before the 


collection of the supernatant. This treatment is known to release the IL-1β from the 


cells into the supernatant [19]. For the remaining cells in the 96-well plates, protein 


assays (Bio-RAD Dc Protein Assay) were performed as described in the manual. The 


concentrations of the cytokines and growth factor were calculated in pg/mg protein.  


 


Western blot 


Microglial cells in six-well plates were incubated and stimulated as described above. 


Cells were washed with ice cold PBS and lysed with RIPA-Buffer (150 mM NaCl, 10 


mM Tris, 0.1% SDS, 1% Triton-X-100, 1% Deoxycholate, 5mM EDTA, pH 7.4) with 


protease inhibitors (Roche, 04693159001). Whole cell lysates were electrophoresed 


(SDS/PAGE), transferred to polyacrylamide gels, and immunoblotted using 


antibodies directed against arginase 1 (BD Bioscience, 6106708) or tristetraprolin 


(TTP) (Santa Cruz, G-20: SC-12565). Afterwards the blots were stripped (0.2 M 


NaOH) and blotted against tubulin (Sigma, T7816) or GAPDH (Santa Cruz, SC-


25778). Samples were scanned and analyzed with the Quantity One program (Bio-


Rad). TTP and arginase 1 expression was analysed in relation to tubulin- or GAPDH 


expression  
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Statistics 


The values presented in the graphs correspond to mean ± SEM of at least three 


independent experiments. One-way ANOVA with a specified post-test was used to 


assess differences between groups. Asterisks indicate statistically significant 


differences with * p < 0.05, ** p < 0.01 and *** p < 0.001.    


 


Results  


Mitochondrial toxins have no effect on LPS-induced release of pro-


inflammatory cytokines 


Mitochondrial toxins like 3-NP and rotenone have been reported to affect cell 


viability. To exclude toxic effects of these mitochondrial inhibitors on our 


experimental readouts, we examined the effects of 3-NP and rotenone on cell viability 


using a WST-1 assay, which measures mitochondrial dehydrogenase activity, and an 


LDH assay, which measures release of LDH by dead cells. As expected, rotenone and 


3-NP both induce a dose-dependent decrease in mitochondrial dehydrogenase activity 


(Fig 1a, b). A significant reduction of mitochondrial dehydrogenase activity was 


associated with reduced cell viability as measured by LDH release (Fig 1c, d). The 


concentrations of 3-NP (0.3 mM and 1 mM) and rotenone (0.02 µM and 0.2 µM) that 


we used in further experiments did not induce toxic effects (Table 1).  


LPS is the prototypical inflammatory activator of microglia in in vitro assays. We 


investigated whether the mitochondrial toxins 3-NP and rotenone, both of which 


affect the mitochondrial electron transport chain, have an effect on this LPS-induced 


inflammatory activation of microglial cells. Stimulation of primary mouse microglial 


cells with 1 µg/ml LPS for 18 h induced production of the pro-inflammatory 
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cytokines IL-6, TNF-α and IL-1β (Fig 2). The mitochondrial toxins 3-NP and 


rotenone had no significant effect on basal or LPS-stimulated production of IL-6, 


TNF-α or IL-1β (Fig 2). Thus, LPS-induced inflammatory activation in regard to the 


production of IL-6, TNF-α or IL-1β seems not to be dependent on the integrity of the 


mitochondrial electron transport chain. 


Cultures of primary mouse microglial cells typically contain small amounts of other 


types of cells, such as astrocytes [20]. We sought to determine the purity of our 


primary mouse microglial cells that were cultured for 24h after plating. Using an 


antibody against CD11b, a protein specific to macrophages and microglia, we 


determined that 90.3 ± 4.9 % of the cells in the cultures were microglia (Fig. 3). An 


antibody against the astrocyte marker GFAP stained 1 ± 0.9 % of the cells (Fig.3). 


Therefore, the cultures used in this study were highly enriched in microglial cells. 


 


Mitochondrial toxins inhibit IL-4-induced arginase activity 


IL-4 induces an alternative activation of macrophages and microglia that is 


characterized by an increase in arginase activity and expression. This IL-4-induced 


alternative activation is anti-inflammatory and is involved in wound healing and 


attenuation of inflammation. To investigate whether mitochondrial toxins have an 


effect on this anti-inflammatory activation, we incubated primary mouse microglial 


cells with 10 ng/ml IL-4, with or without the mitochondrial toxins rotenone or 3-NP. 


IL-4 treatment increased arginase activity and expression (Fig 4). This increase in 


arginase activity and expression was reduced by 3-NP and rotenone (Fig 4). Thus, IL-


4-induced alternative activation might be dependent on a functional mitochondrial 


electron transport chain. 
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Mitochondrial toxins inhibit the IL-4-induced reduction in production of pro-


inflammatory cytokines 


IL-4-induced, alternatively activated macrophages are known to counteract the 


production of pro-inflammtory cytokines [21]. We investigated whether 


mitochondrial toxins changed these IL-4-induced anti-inflammatory effects.  


IL-4-stimulated microglial cells reduced LPS-stimulated IL-6 and TNF-α secretion 


(Fig 5a, b, d, e). The mitochondrial toxins 3-NP and rotenone inhibited this IL-4-


induced reduction of IL-6 and TNF-α release (Fig 5a, b, d, e). IL-4-stimulated 


microglial cells also reduced LPS-stimulated IL-1β production (Fig 5c, f), but 3-NP 


and rotenone did not have an effect on this IL-4-induced reduction in IL-1β (Fig 5c, 


f). This suggests that some responses associated with alternative activation, such as 


counteraction of the production of IL-6 and TNF-α, depend on fully functional 


mitochondrial respiration.  


 


Mitochondrial toxins inhibit IL-4-induced IGF-1 release  


IL-4-induced, alternatively activated microglia are known to produce and secrete the 


neuroprotective insulin-like growth factor-1 (IGF-1) [22, 23]. We investigated if this 


neuroprotective effect of alternative activation is also dependent on the mitochondrial 


electron transport chain. Microglial cells treated with IL-4 increased IGF-1 release 


(Fig 6). 3-NP did not have an effect on the IL-4-induced increase in IGF-1 release at 


0.3 mM, but attenuated this Il-4-induced response at 1mM. Rotenone attenuated the 


IL-4-induced increase in IGF-1 release at all investigated doses, and had a significant 


inhibitory effect on basal, non-IL-4-induced IGF-1 release at 0.2 µM (Fig 6). Again, 


the neuroprotective effect associated with IL-4-induced production of IGF-1 is 


dependent on a functional electron transport chain.  
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Mitochondrial toxins inhibit IL-4-induced tristetraprolin expression  


One mechanism by which IL-4 inhibits the release of pro-inflammatory cytokines is 


through increased expression of tristetraprolin (TTP) via a mechanism mediated by 


the transcription factor STAT6 [24]. TTP is an RNA-binding protein that promotes 


decay of AU-rich element (ARE)-containing mRNA, like TNF-α. We investigated the 


effect of the mitochondrial toxin rotenone on IL-4-induced expression of TTP. The 


mitochondrial toxin rotenone inhibited IL-4-induced TTP expression (Fig.7). Thus a 


functional change in electron transport chain has an influence on IL-4-induced 


expression of TTP.  


 


Discussion  


In this study we show that mitochondrial dysfunction in mouse microglial cells 


inhibits specific responses of alternative activation, whereas classic activation 


remained unchanged. Evidence that mitochondrial dysfunction inhibits alternative 


activation is: first, that the mitochondrial toxins 3-NP and rotenone inhibited IL-4-


induced arginase activity and expression. The second line of evidence is that these 


toxins also inhibited IL-4-induced counteraction of the production of the pro-


inflammatory cytokines IL-6 and TNF-α, likely by inhibiting IL-4-induced expression 


of TTP, an RNA-binding protein that promotes decay of AU–rich mRNA. 


Furthermore, mitochondrial toxins also inhibited IL-4-induced production of the 


neurotrophic growth factor IGF-1. However mitochondrial dysfunction seemed not to 


inhibit every aspect of the IL-4 response, as the mitochondrial toxins did not inhibit 


IL-4-induced counteraction of the production of IL-1β. We conclude, therefore, that 


some, but not all, of the responses associated with the alternative activation status of 
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microglia are dependent on a functional mitochondrial electron transport chain. In 


addition we found that classic activation of microglia, which was induced by 


stimulation with LPS, is not affected by mitochondrial toxins, suggesting that the 


classic activation might be independent of the mitochondrial function.   


In support of our data are findings in peripheral macrophages, where alternative 


activation is dependent upon functional mitochondria. Inhibition of mitochondrial 


respiration in macrophages inhibits induction of arginase activity, a hallmark of anti-


inflammatory alternative activation [25]. Furthermore inhibition of mitochondrial 


respiration in macrophages abolishes the anti-inflammatory effects of IL-4 on LPS-


induced secretion of IL-6 and TNF-α, whereas this inhibition of mitochondrial 


respiration does not have an effect on the inflammatory activation of macrophages by 


LPS [25].  


In contrast to Vats et al. [25] we found one IL-4-induced response that is not affected 


by the mitochondrial toxins used in this study. The IL-4-induced anti-inflammatory 


effect on LPS-induced secretion of IL1-β by microglial cells [26] was not inhibited by 


mitochondrial toxins. Our finding suggests that IL-4-induced alternative activation is 


not completely dependent on mitochondrial respiration. Our findings are in agreement 


with the notion that mitochondrial inhibitors do not alter IL-4-induced STAT-6 


signalling, which is required for the anti-inflammatory response [25]. IL-4 induces the 


STAT-6-dependent anti-inflammatory response by up-regulation of the mRNA 


binding protein TTP [24]. TTP promotes decay of AU-rich element- (ARE-) 


containing mRNA, such as that of TNF-α and IL-6. Mice lacking TTP develop an 


inflammatory syndrome characterized by arthritis, dermatitis and cachexia as a 


consequence of enhanced stability of TNF-α mRNA and the resulting excess TNF-α 


production. We have shown that IL-4 increases LPS-induced TTP expression and that 
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this increase is inhibited by mitochondrial toxins. This represents a possible molecular 


mechanism for the toxin-induced decrease in IL-4-mediated inhibition of release of 


TNF-α and IL-6. 


Microglial cells treated with rotenone produce superoxide, which leads to significant 


dopaminergic neuronal cell death [27-29]. It is therefore possible that oxidative stress 


is involved in mitochondrial toxin-induced inhibition of IL-4-mediated anti-


inflammatory effects. TTP phosphorylation and cellular location are influenced by 


oxidative stress [30]. Interestingly, treatment of cells with the mitochondrial 


uncoupler FCCP (carbonyl cyanide p-trifluoromethoxyphenyl-hydrazone) induces co-


localization of TTP with stress granules, whereas arsenite-induced oxidative stress 


induces assembly of phospho-TTP:14-3-3 complexes. Both effects are likely 


associated with inhibition of TTP-promoted decay of mRNA. However, inhibition of 


TTP may also have an indirect inhibitory effect on inflammatory responses, as HIF-α 


mRNA and the NF-κB pathway have been shown to be regulated by TTP [31, 32].  


In contrast to Klintworth et al. [33] and our study, studies by Zhou and colleagues 


[34] reported a stimulatory effect of rotenone on basal secretion of pro-inflammatory 


cytokines by primary rat microglia. This discrepancy could be due either to species 


differences or to an effect of different culture conditions.  


Mitochondrial dysfunction in microglial cells have been observed in several animal 


models of neurodegeneration and aging. In the 3-NP-induced neuronal degeneration 


model in rats, most mitochondrial dysfunctional signals are associated with activated 


microglial cells [16]. In aged mice, mitochondrial DNA damage is most pronounced 


in microglial cells, especially compared to neurons [15]. Hayashi et al. [15] discuss 


the extremely slow mitochondrial turnover in microglia and the idea that abundant 


damaged mitochondria may therefore accumulate in microglia. In line with this is the 
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finding that microglial cells in brain are self-maintaining cells that are normally not 


renewed by bone marrow-derived progenitor cells [35, 36], and are therefore prone to 


an accumulation of mitochondrial damage. Further research is necessary to determine 


whether mitochondrial dysfunction occurs in microglial cells in other neurological 


diseases.  


 


Conclusions  


In summary, we have shown that mitochondrial dysfunction in mouse microglial cells 


inhibit some aspects of alternative activation, whereas classic activation seems to 


remain unchanged. If, in neurological diseases, microglial cells are also affected by 


mitochondrial dysfunction, they might not be able to induce a full anti-inflammatory 


alternative response and thereby exacerbate neuroinflammation. This would be 


associated with detrimental effects for the CNS since wound healing and attenuation 


of inflammation would be impaired. Reconstituting the alternative microglial response 


might therefore be a novel strategy to halt disease progression. 
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Figure legends 


Figure 1  - Mitochondrial toxins induce dose-dependent cell death of microglial 


cells 


Microglial cells were treated with rotenone or 3-NP. After 24 hrs, cell viability (WST-


1) and cell death (LDH) were measured as described in the Methods. Values are mean 


± SEM for independent measurements. n = 8-18 wells (i.e., 4-9 separate experiments 


performed in duplicate); *= p < 0.05, ***= p < 0.001, significantly different from 


untreated cells (ANOVA followed by Dunnett’s Multiple Comparison test). 


 


Figure 2  - Mitochondrial toxins do not change LPS-stimulated cytokine 


production. 


Microglial cells were treated with rotenone or 3-NP. After 24 hrs, 1 µg/ml LPS was 


added for 18 hrs. IL-6 (a, d), TNF-α (b, e) and IL-1 β (c, f) were measured as 


described in Methods. Values are mean ± SEM for independent cytokine 


measurements. n = 6-16 wells (i.e., 3-8 separate experiments performed in duplicate); 


*= p < 0.05, **= p < 0.001, ***= p < 0.001, significantly different from 


corresponding basal (ANOVA followed by Bonferroni’s Multiple Comparison test). 


 


Figure 3  - Immunocytochemical characterisation of cultures of mouse 


microglia. 


Cultures of microglia were immunostained with anti-CD11b (a) and anti-GFAP (c). 


Cultures of astrocytes were immunostained with anti-CD11b (c) and anti-GFAP (d). 


All cells were also counterstained with DAPI (blue) to identify the cells’ nuclei.  
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Figure 4  - Mitochondrial toxins inhibit IL-4-induced arginase activity. 


Microglial cells were treated with rotenone or 3-NP and stimulated with 10 ng/ml IL-


4 for 24 hrs, and arginase expression was analysed by western blot. A representative 


blot is shown in (a). Quantification of three western blots (b). Microglial cells were 


treated with rotenone or 3-NP and stimulated with 10 ng/ml IL-4 for 32 hrs. Arginase 


activity was quantified after 5 h as described in Methods (c). Values are mean ± SEM 


for independent arginase activity measurements. n = 16-22 wells (i.e., 8-11 separate 


experiments performed in duplicate); ***, p < 0.001, significantly different from 


corresponding basal (ANOVA followed by Bonferroni’s Multiple Comparison test). 


 


Figure 5  - Mitochondrial toxins inhibit the IL-4-induced decrease in LPS-


stimulated IL-6 and TNF-α release. 


Microglial cells were treated with rotenone or 3-NP and stimulated with 10 ng/ml IL-


4. After 24 hrs, 1 µg/ml LPS was added for 18 hrs. IL-6 (a, d), TNF-α (b, e) and IL-1β 


(c, f) were measured as described in Methods. Values are mean ± SEM for 


independent cytokine measurements. n = 6-16 wells (i.e., 3-8 separate experiments 


performed in duplicate); *= p < 0.05, **= p < 0.001, ***= p < 0.001, significantly 


different from corresponding basal (ANOVA followed by Bonferroni’s Multiple 


Comparison test). 


 


Figure 6  - Mitochondrial toxins inhibit IL-4-induced IGF-1 release. 


Microglial cells were treated with rotenone or 3-NP and stimulated with 10 ng/ml IL-


4. After 24 hrs, IGF-1 was measured as described in Methods. Values are mean ± 
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SEM for independent IGF-1 measurements. n = 14-16 wells (i.e., 7-8 separate 


experiments performed in duplicate); *= p < 0.05, **= p < 0.001, ***= p < 0.001, 


significantly different from corresponding basal (ANOVA followed by Bonferroni’s 


Multiple Comparison test). 


 


Figure 7  - Mitochondrial toxins inhibit IL-4-induced expression of TTP. 


Microglial cells were treated with rotenone and stimulated with 10 ng/ml IL-4. After 4 


hrs, 1 µg/ml LPS was added for 18 hrs and TTP expression was analysed by western 


blot. A representative blot is shown in (a). Quantification of western blots (b). Values 


are mean ± SEM for three to seven independent western blots.  
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Tables 


Table 1: Rotenone and 3-NP do not affect cell viability 


 WST-1 (% of basal) 


Condition Control LPS  IL-4  LPS + IL-4 


Control 100 174 ±  24 121 ±  19 156 ±  24 


0.3 mM 3-NP   96 ± 24 158 ±  23   89 ±  24 132 ±  29 


1 mM 3-NP   76 ±  25 141 ±  42 107 ±  31 115 ±  29 


0.02 µM Rotenone 146 ±  12 194 ±  42 118 ±  21 132 ±  26 


0.2 µM Rotenone 115 ±  21 115 ±  38 114 ±  33 111 ±  27 


 


Microglial cells were treated with rotenone or 3-NP and stimulated with 10 ng/ml IL-


4. After 24 hrs, 1 µg/ml LPS was added for 18 hrs. The WST-1 assay was performed 


as described in Methods. Values are mean ± SEM for independent toxicity 


measurements. n = 6 wells (i.e., 3 separate experiments performed in duplicate); not 


significantly different from control (ANOVA followed by Dunnett’s Multiple 


Comparison test). 
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Abstract
While numerous hypotheses have been proposed to explain the molecular mechanisms underlying
the pathogenesis of neurodegenerative diseases, the theory of oxidative stress has received
considerable support. Although many correlations have been established and encouraging evidence
has been obtained, conclusive proof of causation for the oxidative stress hypothesis is lacking and
potential cures have not emerged. Therefore it is likely that other factors, possibly in coordination
with oxidative stress, contribute to neuron death. Using Parkinson's disease (PD) as the paradigm,
this review explores the hypothesis that oxidative modifications, mitochondrial functional
disruption, and impairment of protein degradation constitute three interrelated molecular
pathways that execute neuron death. These intertwined events are the consequence of
environmental exposure, genetic factors, and endogenous risks and constitute a "Bermuda triangle"
that may be considered the underlying cause of neurodegenerative pathogenesis.


Review
A "Bermuda Triangle" of Insults Induces 
Neurodegeneration
Understanding the molecular basis of neurodegenerative
diseases has proven to be a major challenge, yet is vitally
important because of the prevalence of these chronic con-
ditions in the aging population. While diverse neurode-
generative disorders, which encompass Alzheimer's
disease (AD), Parkinson's disease (PD), Huntington's dis-
ease (HD), and Amyotrophic Lateral Sclerosis (ALS),
involve unique proteins and selectively disparate brain
regions, they share two key features: formation of insolu-
ble protein aggregates and neuron degeneration [1].


Therefore it is reasonable to speculate that a common
causative process underlies the pathogenesis of neurode-
generative disorders. Specifically focusing on PD, this
review proposes that neurodegeneration is due to three
interrelated molecular mechanisms: oxidative modifica-
tions, mitochondrial dysfunction, and impaired protein
degradation.


One possible unifying molecular mechanism that can
induce both the formation of protein inclusions and neu-
ron degeneration is the oxidative reactions derived from
the production of reactive oxygen and nitrogen species. A
substantial increase in oxidized proteins, lipids, and DNA
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has been found in postmortem brain tissue of PD patients
as compared to age-matched disease-free subjects [2].
Although these observations do not demonstrate that oxi-
dative processes are the sole cause of neuronal demise,
they are consistent with data in animal and cellular model
systems (reviewed below) that establish a role for oxida-
tion in neurodegeneration and death.


The four electron reduction of oxygen to water is a funda-
mental biochemical process largely responsible for the
survival of organisms in aerobic environments. Oxidation
and reduction reactions are also important in the central
nervous system for the formation and metabolic process-
ing of catecholamines, for the production of signaling
molecules such as nitric oxide, and for the metabolism of
xenobiotics. The coupling of these enzymatic systems
ensures that electrons are transferred to the desired sub-
strate, avoiding partial reduction of oxygen to reactive spe-
cies. However, inappropriate reduction of oxygen does
occur occasionally, resulting in the production of superox-
ide and hydrogen peroxide.


Mitochondria are considered a key source of reactive spe-
cies. Interruptions or disturbances in the electron trans-
port chain allow electrons to be transferred and reduce
molecular oxygen by one electron to form superoxide, or
by two electrons to form hydrogen peroxide. In addition
to generating ATP, mitochondria also play critical roles in
regulating cellular viability. Therefore, functional com-
promise of this organelle has a large impact on oxidative
homeostasis. To protect against reactive species, a network
of antioxidant enzymes including Cu, Zn superoxide dis-
mutase (SOD) in the cytosol, Mn SOD in the mitochon-
dria, peroxidases, and catalase secure conversion of these
reactive species to water and therefore prevent adverse oxi-
dation of cellular macromolecules.


How then do reactive species induce stress? The answer to
this question is not entirely understood but several sug-
gestions have been advanced. A significant increase in the
rate of reactive species production, potentially coupled
with a decline in the efficiency of the antioxidant net-
works that remove them may permit secondary reactions
with cellular biomolecules (proteins, lipids, DNA/RNA)
that result in undesired oxidations. While neuronal
homeostasis can be disturbed by these oxidative modifica-
tions, protective mechanisms including protein degrada-
tion, lipid turnover, and DNA repair sustain cellular
homeostasis by repairing or removing the oxidized mac-
romolecules. However, compromise of these defense
mechanisms – either by direct oxidative modification or
indirectly by the inability to process oxidatively modified
substrates – may render the cell incapable of efficiently
removing oxidized biomolecules, resulting in their accu-
mulation.


Alteration of protein folding and degradation, due to oxi-
dative stress, mitochondrial dysfunction, or other factors
has been strongly associated with neurodegenerative dis-
eases. Protein aggregation is a hallmark of a diverse array
of these late-onset neurodegenerative disorders, and thus
factors that influence protein folding, processing, and
clearance have been a focus of much research. Two major
pathways are responsible for the degradation of cellular
proteins: the ubiquitin-proteasome system (UPS) [3] and
the autophagy-lysosome pathway [4-6].


The UPS is the principal mechanism of degradation for
short-lived proteins and proteins that are misfolded in the
endoplasmic reticulum [5]. UPS substrates are selectively
targeted for degradation by the 20S or 26S proteasome
complex after the conjugation of a polyubiquitin tag
through a three-step enzymatic cascade [7]. Upon recruit-
ment to the proteasome, the substrates must be unfolded
to pass through the narrow barrel of the proteasome
where they are degraded [5,7]. The consistent observation
that antibodies against ubiquitin label some of the
human and rodent protein inclusions suggests that failure
of the UPS may contribute to neurodegeneration. How-
ever, the effect of UPS inhibition on cell death and protein
aggregation in cellular model systems as well as rodent
models has yielded conflicting results that have not been
entirely resolved [8-13]. These variable results suggest that
other factors, including other protein degradation path-
ways such as autophagy and mitochondrial dysfunction
associated with a decline in ATP levels, may contribute to
cellular viability. This hypothesis remains to be further
explored in cellular and rodent model systems.


The other primary pathway for protein degradation in the
cell is through autophagy. While the ultimate result of
autophagy is always the delivery of proteins or organelles
to the lysosome for degradation, there are three different
routes by which this can be accomplished. Macroau-
tophagy is a non-selective method of bulk degradation
whose activity is upregulated in response to stress. Micro-
autophagy is also a non-selective process, though it is
maintained at a constitutively active state. The final type
of autophagy is chaperone-mediated autophagy (CMA).
Like macroautophagy, CMA is present at low basal levels
in the cell and is upregulated in response to stress. How-
ever, CMA is unique from the other two forms of
autophagy in that it is a selective process [4,14]. While the
UPS, macroautophagy, and CMA have been implicated as
potential contributors to neurodegeneration, their precise
involvement is controversial and unclear.


Macroautophagy was first implicated in neurodegenera-
tion after it was noted that autophagic structures were
present in affected brain regions of patients with neurode-
generative diseases, including PD [15-18]. Initial hypoth-
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eses speculated that these autophagic vacuoles were
evidence of neurons "eating themselves to death" [15].
This was based on previous observations that autophagic
mechanisms can participate in induction of non-apop-
totic cell death cascades [19-25]. However, recent evi-
dence has shown that, particularly within the context of
neurodegeneration, macroautophagy may instead serve as
a protective process by which cells attempt to clear mis-
folded proteins and damaged organelles[4]. Independ-
ently generated data has revealed the neuroprotective role
of macroautophagy through manipulation of either Atg7
or Atg5 – two different proteins essential for autophagy.
Conditionally knocking out either of these genes in the
central nervous system of mice leads to severe neurode-
generation and formation of protein inclusions, accompa-
nied by motor dysfunction and early death [26,27]. In
cells, inhibition of macroautophagy at the stage of
autophagosome formation by 3-methyladenine (3-MA),
at the stage of autophagosome-lysosome fusion by Bafilo-
mycin A1 (BafA1), or at the stage of lysosomal degrada-
tion by deficiency of the enzyme cathepsin D, led to
enhanced aggregation of polygluatmine, polyalanine, and
α-synuclein proteins [28-30]. In contrast, the induction of
autophagy leds to increased clearance and reduced toxic-
ity of pathogenic proteins, decreased aggregate formation
and neurodegeneration, and improved behavioral pheno-
type in fly and mouse models [29-35]. Stimulation of
autophagy has been accomplished either by rapamycin,
which inhibits the negative regulator of autophapgy
mammalian target of rapamycin (mTOR), or by several
mTOR independent compounds including lithium, treha-
lose, and small molecules identified in a screen [29-35].


CMA may also be playing a role in cell vulnerability. In
CMA deficient cells, baseline levels of survival were unaf-
fected, but stressors such as UV light or multiple types of
oxidative stress significantly reduced viability [36]. Addi-
tionally, the proteins implicated in neurodegenerative dis-
ease, APP, Htt, and α-synuclein, all contain a putative
CMA targeting motif, indicating that regulation of this
degradation system may have important effects on patho-
genic protein homeostasis[14].


The UPS, macroautophagy, and CMA are each involved in
the degradation of oxidized proteins. In response to mod-
erate levels of oxidative stress, cells are able to induce a
protective upregulation of all three of these protein degra-
dation pathways, supporting an interplay between protein
oxidation and protein degradation during normal home-
ostasis [4,37-43].


However, more severe oxidative stress impairs the degra-
dation of oxidized proteins [39,40,44]. For the UPS sys-
tem, oxidative modifications that induce crosslinking,
misfolding, and aggregation prevent the proper unfolding


necessary for substrates to be passed through the barrel of
the proteasome for degradation, making these substrates
resistant to degradation as well as potentially inhibiting
the overall activity of the proteasome [45-48]. Addition-
ally, direct oxidative modification of the proteasome sub-
units inhibits 20S and 26S catalytic peptidase activity
[46,49-54]. In a rat model of ischemia/reperfusion, the
lipid peroxidation product 4-hydroxyl-2-noneal (HNE)
impaired the peptidase activity of the proteasome by
direct oxidative modification of the α-like 20S proteas-
ome subunits iota, C3, and an isoform of XAPC7 [53,54].


Additionally, oxidatively modified proteins may impair
the cellular machinery of autophagic degradation [55].
Reactive species can damage the lysosomal membrane
and crosslink membrane proteins, resulting in cytosolic
leakage of lysosomal hydrolases [56-58]. Some oxida-
tively modified aggregated species are resistant to degrada-
tion by proteases and accumulate within lysosomes.
There, the non-degraded proteins become a potential new
source of reactive species, further damaging the lysosomal
membrane [59].


Below we discuss evidence that implicates known envi-
ronmental, genetic, and endogenous factors as contribu-
tors that intitiate oxidative modifications, mitochondrial
dysfunction, and protein aggregation in PD (Figure 1). We
propose that the combined interactions of these three
interrelated molecular pathways – oxidative modifica-
tions, mitochondrial dysfunction, and impaired protein
degradation – constitute a "Bermuda Triangle" that ulti-
mately induces neuron death.


Environmental Toxins
One of the most striking clues into the processes involved
in PD came from the observation of rapid-onset motor
impairments that replicated most of the features of spo-
radic PD in individuals accidentally exposed to 1-Methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [60]. Fur-
ther epidemiological studies have suggested that exposure
to other pesticides and environmental toxins are associ-
ated with PD development. Through their implied ability
to target mitochondria, disrupt dopamine metabolism,
and participate in the formation of oxidants, these toxins
initiate a cascade of deleterious events that can cause the
progressive degeneration observed in disease [61].


In addition to the prototypical example of MPTP, a host
of other compounds that generate oxidative and nitrative
stress (defined as the formation of nitric oxide-dependent
oxidants) have been found to be harmful to neurons.
These agents have been used for the creation of intoxica-
tion models in rodents and non-human primates that
reproduce some of the neuropathological findings and
behavioral symptoms of the human disease. These intox-
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ication models described below are valuable in under-
standing the role of oxidative mechanisms, mitochondrial
dysfunction, and protein aggregation in neuron death and
the selective vulnerability of the nigrostriatal pathway.


Mechanistically, MPP+, the active metabolite of MPTP, is
selectively taken up by dopaminergic neurons where it is


suggested to inhibit complex I of the mitochondrial respi-
ratory chain, inhibit the uptake of dopamine, and partici-
pate in oxidation-reduction biochemistry [62]. MPTP
administration, widely used in non-human primates and
mice, has been shown to replicate many features of PD,
including motor phenotype, degeneration of nigral
dopaminergic neurons, and formation of α-synuclein


A "Bermuda Triangle" of insults leads to neurondeath in PDFigure 1
A "Bermuda Triangle" of insults leads to neurondeath in PD. Known risk factors for the onset of Parkinson's disease 
(PD) include environmental (green), genetic (purple), and endogenous (blue) influences. Contributions from these risk factors 
trigger oxidative modifications, mitochondrial dysfunction, and impaired protein degradation that together form a "Bermuda 
triangle" of interrelated molecular events that underlie neurodegeneration. The interactions between these pathways are sup-
ported by the following (for details and citations, please refer to text): (1) Disturbances in mitochondrial respiration generate 
reactive oxygen species. (2) Overexpression of SOD is protective against mitochondrial toxins. (3) NOS deficiency or inhibi-
tion attenuates MPTP, paraquat, and rotenone toxicity. (4) Inhibition of degradation systems leads to increased sensitivity to 
oxidative stressors. (5) Impaired degradation leads to an accumulation of substrates, increasing the probability for oxidative 
modifications. (6) Excessive production of reactive oxygen and nitrogen species modifies proteins, leading to inactivation, 
crosslinking, and aggregation. (7) α-Synuclein modified by oxidized dopamine impedes CMA. (8) Oxidative modifications mod-
ify the lysosomal membrane and crosslink membrane proteins. (9) UPS and CMA are not able to unfold and remove oxidatively 
proteins. (10) Oxidative modification of proteasome subunits inhibits UPS function. (11) Macroautophagy is the principle mech-
anism for the degradation of damaged mitochondria. (12) Proteasome inhibition increases mitochondrial reactive species gen-
eration and decreases complex I and II activity.


Ub
+


NO


ONOOH
H2O2


NO/O2
-


Oxidized
Dopamine


NO / O2
-


� H2O2 /
Peroxidase /


NO2
-


�


ONOOH

Page 4 of 16
(page number not for citation purposes)







Molecular Neurodegeneration 2009, 4:24 http://www.molecularneurodegeneration.com/content/4/1/24

positive filamentous proteinaceous inclusions resembling
Lewy Bodies [63-66].


The concept that oxidative processes are playing a major
role in the demise of the catecholaminergic neurons is
reinforced by data documenting that mice over-expressing
the antioxidant protein cytosolic SOD1 [67] are protected
against MPTP toxicity. Additionally, the contribution of
reactive nitrogen species to MPTP-induced neuron injury
is revealed by studies in nitric oxide synthase (NOS) defi-
cient animals. MPTP toxicity is attenuated in either iNOS
or nNOS deficient mice [68,69] or mice that are treated
with nNOS inhibitors [70,71] suggesting that nitric oxide-
derived oxidants are participants in the oxidative and
nitrative processes that lead to MPTP-induced neurode-
generation.


The herbicide paraquat, a biologically redox active mole-
cule, is a toxin that has deleterious effects on neurons.
Paraquat is used in mouse models of neurodegeneration
and leads to reduced motor activity, cell death selectively
within the dopaminergic neurons of the substantia nigra,
and degeneration of the striatal fibers in a dose-dependent
way [72,73]. Additionally, systemic administration of
paraquat results in upregulation of α-synuclein expression
and the formation of aggregates [74], similar to changes
that have been reported following administration of
MPTP [75]. Overexpression of SOD in cells or mice has
been shown to protect against paraquat toxicity, support-
ing the role of oxidative stress in neuron death [76-79].
Delivery of molecules with SOD/catalase and antioxidant
scavenging capacity such as MnTBAP or EUK-189 were
shown to have a similar effect [80-82], although recent
studies have indicated that this protection against
paraquat may be due to antioxidant-independent mecha-
nisms of MnTBAP including prevention of mitochondrial
Ca2+ accumulation [83,84].


Rotenone is an insecticide that selectively inhibits mito-
chondrial complex I. It has been used in rat models to pro-
duce a Parkinson-like phenotype including selective
degeneration of the dopaminergic neurons of the nigros-
triatal region, motor impairment, and fibrillar inclusions
[85]. Unlike MPTP, rotenone is highly lipophilic and con-
sequently can enter any cell type [86]. Therefore, rotenone
could potentially inhibit mitochondrial complex I
throughout the brain. However, rats chronically infused
with rotenone develop selective nigral degeneration and
α-synuclein positive, Lewy body-like inclusions indicating
that dopaminergic cells are somehow exquisitely sensitive
to mitochondrial impairment [85]. The molecular details
underlying this inherent dopaminergic neuron vulnera-
bility still require further investigation, and will be dis-
cussed below.


Finally, 6-hydroxydopamine (6-OHDA), a prototypical
oxidative stress toxin used in animal models for over 30
years, mimics PD by causing degeneration of the
dopaminergic neurons [87,88]. 6-OHDA is structurally
similar to dopamine and norepinephrine and thus can
accumulate in catecholaminergic cells. In the presence of
oxygen and transition metals it oxidizes into para-qui-
none and hydrogen peroxide, with superoxide (O2


.-) and
semi-quinone radicals as intermediate species of the reac-
tion [89]. The generation of reactive species and strong
electrophiles attacking nucleophilic groups and inactivat-
ing macromolecules have been shown to contribute to
neurodegeneration [87,88]. Injection of 6-OHDA in the
substantia nigra of rats leads to rapid death of dopamin-
ergic neurons, while injection in the stiatum induces a ret-
rograde degeneration of the neurons in the substantia
nigra [90-92].


Genetic Links
While the majority of PD cases are sporadic, rare instances
of genetic heritability have helped to provide further
insight into the mechanisms contributing to disease. Cur-
rently, thirteen genetic loci, denoted PARK1–13, have
been associated with PD [93]. From these loci, six genes
have been established as a causative factor of familial PD:
α-synuclein (PARK1/4), parkin (PARK2), PINK1
(PARK6), DJ-1 (PARK7), LRRK2 (PARK8), and ATP13A2
(PARK9) [93-95]. ATP13A2 is a lysosomal P-type ATPase
that has been associated with a recessive juvenile form of
PD [96]. A recent studies highlighted a genetic interaction
between ATP13A2 and α-synuclein and showed that
ATP13A2 is able to modulate α-synuclein toxicity [97].
However, while ATP13A2's lysosomal location reinforces
the importance of autophagic degradation, this review
will focus on the other five PD genes that have been most
extensively investigated. Each of these five genes (DJ-1,
PINK1, Parkin, LRRK2, and α-synculein) has yielded data
supporting critical associations with mitochondrial and
oxidative processes and protein degradation.


DJ-1
Mutations and deletions in the gene encoding DJ-1 have
been linked to recessive familial PD. DJ-1 is a mitochon-
drial-associated protein which has been suggested to func-
tion as an antioxidant with peroxidredoxin-like activity
[98-100]. Mass spectrometry and other methodologies
have indentified Cys106 in DJ-1 as the critical amino acid
for DJ-1 mediated protection against oxidative stress as
well as for the relocation of DJ-1 to the mitochondria dur-
ing oxidative stress [101]. Irreversible oxidation of this
residue renders the protein incapable of protecting cells
from oxidant insults [102].


Support for a role of DJ-1 as a protective antioxidant pro-
tein is derived from experiments demonstrating that
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knockout/knockdown of DJ-1 or expression of DJ-1 with
a pathogenic mutation in cells leads to an increased sensi-
tivity to oxidative stress [99,103]. Similarly, increased sen-
sitivity to neurotoxins that generate oxidative stress such
as MPTP, rotenone, and paraquat has been documented
in DJ-1 deficient drosophila and mice [104-108]. Corre-
spondingly, over-expression of DJ-1 protects against oxi-
dative insults. In dopaminergic cell lines, overexpression
of wild type, but not mutant, DJ-1 was able to protect cells
from hydrogen peroxide and 6-OHDA challenges, leading
to reduced levels of reactive species, protein oxidation,
and cell death [109,110]. In animal models, overexpres-
sion of wild type but not mutant DJ-1 was protective
against dopaminergic neural degeneration in mice
exposed to MPTP or rats exposed to 6-OHDA
[108,110,111].


PINK1
PTEN-induced kinase 1(PINK1) is a mitochondrial associ-
ated protein whose loss of function mutations lead to a
recessive form of hereditary early onset PD [112]. PINK1
is a putative serine/threonine kinase with an N-terminal
mitochondrial targeting sequence [113]. Both endog-
enous and recombinant PINK1 are localized to the mito-
chondria in cell culture and a drosophila model [112-
114]. Functionally, it is postulated that PINK1 phosphor-
ylates mitochondrial proteins in response to cellular stress
and thus protects against mitochondrial dysfunction
[112,115]. Additional roles for PINK1 in regulating mito-
chondrial fusion and fission as well as modulating prote-
olytic activity through interaction with the serine protease
HtrA2 have also been proposed [116-119]. Within the
context of disease, lymphoblasts of patients with muta-
tions in PINK1 show increased lipid peroxidation and
defects in mitochondrial complex I activity [120,121].
Additionally, abnormal mitochondrial morphology was
evident in primary cells derived from patients with two
different mutations in PINK1 [120].


PINK1 has been shown to influence cell viability. Knock-
down of PINK1 in SH-SY5Y, HeLa, and mouse primary
neurons, caused abnormal mitochondrial morphology,
compromised mitochondrial function, increased markers
of oxidative stress, and ultimately decreased cell viability
[120,122]. Additionally, those cells were more vulnerable
to challenges by rotenone and the active metabolite of
MPTP, MPP+ [120,123,124]. Conversely, overexpression
of PINK1 in cell models protected against cell death
induced by mitochondrial permeability transition pore
opening, oxidative stress, and proteasome inhibitors. Pro-
tection of cellular viability was related to the ability of
PINK1 to prevent loss of mitochondrial membrane poten-
tial, to suppress cytochrome c release from mitochondria,
and suppress activation of caspase-3 [112,115,125,126].
Expression of PINK1 with pathogenic mutations, expres-


sion of a truncated form of PINK1, or expression of PINK1
lacking the kinase domain eliminated this protective
effect [112,115,125,126].


Similar to the cell models, mitochondrial abnormalities
and increased sensitivity to stressors have also been docu-
mented in PINK1 deficient drosophila [127-130]. This
phenotype was able to be rescued by expression of wild
type but not mutant PINK1 as well as by expression or
administration of SOD-1, further supporting the view that
the protective role of PINK1 is related to oxidative proc-
esses [128,130].


Interestingly, PINK1 knockout mice do not display gener-
alized mitochondrial defects [131]. However, impaired
mitochondrial respiration does occur specifically within
the nigrostriatal dopaminergic circuit, and mitochondria
isolated from the knockout mice display increased sensi-
tivity to hydrogen peroxide [132]. PINK1 knockout mice
also have impaired dopamine release and impaired syn-
aptic plasticity, suggesting a specific role in dopaminergic
neuron function [131]. This has important implications
for the specificity with which dopaminergic neurons are
affected in PD.


Parkin
Identification of loss of function mutations in the gene
encoding the ubiquitin ligase parkin in autosomal reces-
sive PD indicates that dysfunction of the ubiquitin protea-
some system is a contributing factor in the pathogenesis
of PD [133-135]. Additionally, recent evidence implicates
parkin in mitochondrial function and oxidative processes.


Parkin is localized to the mitochondria of proliferating
cells and influences mitochondrial biogenesis [136].
Attempts to examine the effect of parkin modifications on
other proteins have included two dimensional gel electro-
phoresis combined with proteomic analysis in parkin
knockout mice, as well a genetic screen for parkin modifi-
ers and the use of cDNA microarrays to characterize tran-
scriptional alterations in parkin deficient drosophila
[137-139]. These studies report that parkin modulates
expression of proteins involved in the regulation of energy
metabolism, such as subunits of pyruvate dehydrogenase,
mitochondrial complexes I and IV, and ATP synthase, as
well as in proteins involved protection against oxidative
stress, such as peroxiredoxin 1, 2, and 6, Hsp70 related
proteins, carbonyl reductase, and thioredoxin reductase
[137,138]. Drosophila models deficient in parkin or
expressing parkin with a pathogenic mutation exhibit
mitochondrial dysfunction and alterations in oxidative
response components [139,140]. Additionally, parkin
deficient drosophila have increased sensitivity to paraquat
[141]. In parkin knockout mice, impaired mitochondrial
function and decreased antioxidant capacity is accompa-
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nied by nigrostriatal defects, synaptic dysfunction, and
dopaminergic behavioral deficits [138,142].


Parkin overexpression in cultured cells helped prevent
mitochondrial swelling, cytochrome c release, caspase 3
activation, increased reactive species levels, and cell death
[143,144]. In a murine model, viral overexpression of par-
kin was able to inhibit dopaminergic neural loss in mice
exposed to MPTP [111]. As an E3 Ubiquitin ligase, parkin
levels are upregulated in response to unfolded protein
reponse stress induced by the application of the N-glyco-
sylation inhibitor tunicamycin or the reducing agent 2-
mercaptoethanol [145]. Parkin overexpression corre-
spondingly is able to rescue cells from the unfolded pro-
tein response (UPR) induced by various stressors [145].
Additionally, parkin overexpression has been shown to
protect cells against proteasomal dysfunction and death
induced by mutant α-synuclein [146]


Oxidative modifications may also impact parkin itself. S-
nitrosylation, a nitric oxide-derived post-translational
modification, of parkin occurs in vitro, in a mouse model
of PD, and in the brains of PD patients [147]. S-nitrosyla-
tion decreases parkin's ubiquitin E3 ligase activity and its
protective function in cells expressing α-synuclein and
synphilin-1 that were exposed to a proteasome inhibitor
[147,148]. Such consequences provide a mechanism by
which parkin's function may be disrupted and thus con-
tribute to disease progression in sporadic PD. S-nitrosyla-
tion has also been shown to affect the activity of other
proteins relevant to neurodegeneration, including pro-
tein-disulfide isomerase (PDI), an ER chaperone [149]. S-
nitrosylation inhibits PDI's enzymatic activity, preventing
it from promoting the proper folding of proteins during
times of cellular stress and preventing PDI's protective
effect [149].


Recent studies have provided further support for the role
of parkin in oxidative processes by establishing that par-
kin functions downstream of PINK1 within the same
pathway. Drosophila mutants that are deficient in either
parkin or PINK1 exhibit similar phenotypes. Transgenic
expression of parkin is able to rescue the phenotype of
PINK1 deficient flies, although the reverse is not true
[127-129]. This downstream relationship is supported by
the fact that in PINK1 deficient flies, the level of parkin
protein is significantly reduced [128]. Additionally, it has
been shown that DJ-1 with a pathogenic mutation is able
to associate with parkin, and this association is promoted
by oxidative stress [150].


Leucine-rich repeat kinase 2
Recently, leucine-rich repeat kinase 2 (LRRK2) has been
recognized as a cause of an autosomal dominant late-
onset form of familial PD. LRRK2 expression in the brain


largely correlates to the nigrostriatal dopaminergic sys-
tem, although diffuse expression throughout the brain has
also been noted, including expression in the cerebral cor-
tex, hippocampus, and cerebellum [151-154]. Within the
cell, LRRK2 associates largely with membrane bound
structures, including the mitochondria, lysosomes,
plasma membrane, synaptic vesicles, golgi apparatus, and
endoplasmic reticulum and is likely associated with lipid
rafts in these membranes [154-156]. LRRK2 contains
putative GTPase, protein kinase, WD40 repeat, and leu-
cine-rich repeat (LRR) domains, but the endogenous func-
tion of the protein is still being investigated [157].


In support of the role of mutated LRRK2 in neurodegener-
ation, expression of LRRK2 with pathogenic mutations in
SH-SY5Y cells and primary neurons reduced cell viability
[155,158-160]. LRRK2 also affects the ability of the cell to
handle oxidative stress. Overexpression of mutant LRRK2
failed to rescue cultured cells from hydrogen peroxide
exposure, while expression of wild type LRRK2 success-
fully attenuated this stress [161]. Additionally, drosophila
expressing mutant LRRK2 were significantly more sensi-
tive to paraquat and hydrogen peroxide than flies express-
ing wild type LRRK2 or deficient in LRRK2 [162]. The
magnitude of oxidative damage was lowest in drosophila
deficient in LRRK2, while flies expressing the mutant
LRRK2 had the highest levels [162]. While these observa-
tions support the dominant-negative effect of LRRK2
mutations, it is unclear why wild type LRRK2 is more det-
rimental than a deficiency of LRRK2. Further studies need
to be conducted to fully understand both the normal and
pathogenic function of this protein.


α-Synuclein
In addition to the discovery that three different autosomal
dominant missense mutations in the gene encoding α-
synuclein cause early onset, familial PD, wild type α-synu-
clein has also been identified as one of the primary com-
ponents of Lewy bodies in sporadic cases [163-167]. α-
Synuclein is a soluble, relatively unstructured protein,
expressed throughout the central nervous system whose
function relates to synaptic vesicular regulation and to
chaperone-like activity [168-170]. A hydrophobic region
spanning residues 71–82, as well as factors that have not
been fully understood, contribute to the orderly assembly
of α-synuclein into amyloid fibers that ultimately consti-
tute in part the Lewy bodies and other inclusions [171-
173]. α-Synuclein appears to both contribute to mito-
chondrial dysfunction, oxidative stress, and impaired pro-
tein degradation, as well as itself be a target for oxidative
modifications that may affect aggregation and neurotoxic-
ity.


In a cell model, overexpression of α-synuclein led to mito-
chondrial dysfunction and increased levels of reactive spe-

Page 7 of 16
(page number not for citation purposes)







Molecular Neurodegeneration 2009, 4:24 http://www.molecularneurodegeneration.com/content/4/1/24

cies [174]. A similar effect was reported in transgenic mice
expressing α-synuclein with the A53T pathogenic muta-
tion. These mice developed mitochondrial degeneration
and cell death [175]. α-Synuclein additionally appears to
sensitize mice to mitochondrial toxins. Transgenic mice
expressing mutant α-synuclein had increased neural
degeneration, mitochondrial abnormalities, α-synuclein
aggregation, and levels of oxidative and nitrative modifi-
cations after exposure to challenges including MPTP,
paraquat and maneb [176-179]. Importantly, mice that
lack α-synuclein are protected against MPTP toxicity [180-
182]. Recent evidence has also shown that α-synuclein
accumulates within mitochondria due to an N-terminal
targeting sequence, leading to impaired mitochondrial
complex I activity and increased production of reactive
species [183]. Significantly more α-synuclein was accu-
mulated in mitochondria isolated from the substantia
nigra and striatum of patients with sporadic PD than from
controls [183].


α-Synuclein may also play a role in disease through its
effects on protein degradation. It has been suggested that
α-synuclein may initiate UPS inhibition, as it has been
shown to disrupt the proteasome in vitro, an effect that is
enhanced by the pathogenic α-synuclein mutations
[146,184-186]. The mechanisms underlying this inhibi-
tion are not fully understood, though possibilities include
binding of α-synuclein to a subunit of the proteasome,
blockage of the proteasome by aggregated proteins, or
potentially an unknown downstream mechanism. Addi-
tionally, α-synuclein may play a role in autophagy. In vitro
studies have shown α-synuclein is preferentially degraded
by CMA [187]. However pathogenic mutations of synu-
clein or modification by oxidized dopamine cause α-
synuclein to bind strongly to the lysosomal CMA receptor.
This blocks the uptake and degradation of α-synuclein
and other CMA substrates [55,187]. Downstream effects
of this disruption may explain how α-synuclein muta-
tions are able to induce cell death – α-synuclein induced
impaired CMA degradation of myocyte enhancer factor
2D (MEF2D), a transcription factor required for neuronal
survival, resulting in the cytosolic accumulation of
MEF2D that bound poorly to DNA, causing an overall
decrease in MEF2D function [188].


While α-synuclein can modulate mitochondrial function,
oxidative challenges, and protein degradation machinery,
oxidation and nitration also appear to modify α-synuclein
directly and consequently affect its aggregation. α-Synu-
clein nitrated on tyrosine residues has been identified in
the detergent-insoluble fraction of the brains of PD
patients, suggesting that this modification may induce the
aggregation of this protein or that aggregated forms of the
protein are selectively modified by nitrating oxidants
[189]. In cell, mouse, and non-human primate models,


treatment with MPTP has been shown to increase oxida-
tive modifications and aggregation of α-synuclein
[64,75,190]. Treatment of cells or rats with rotenone and
mice with paraquat similarly increased α-synuclein aggre-
gation and inclusion formation and cellular dysfunction
[74,85,191].


Collectively, these findings led to biochemical examina-
tion of the effect of oxidative or nitrative modification on
α-synuclein. Fibrillar α-syncuclein aggregates with a peri-
nuclear localization were formed in cells expressing α-
syncuclein upon kinetically controlled exposure to nitric
oxide and superoxide [192]. Studies with purified protein
revealed that tyrosine nitration effects the ability of α-
synuclein to bind to lipid vesicles and slows the rate of
degradation by the 20S proteasome and calpain-I [193].
Nitration of α-synuclein monomers and dimers is able to
accelerate the rate of fibril formation through the recruit-
ment of non-nitrated α-synuclein, but nitration of oli-
gomers inhibits fibril formation [193-195]. In addition to
nitration, exposure of α-synuclein to nitrating oxidants
also results in the formation of highly stable o, o'-dityro-
sine cross linked dimers and oligomers [196]. o, o'-Dityro-
sine cross linking was found to stabilize pre-formed
fibrils, which significantly accelerate the formation of
fibrilar aggregates. Site-directed mutation of the four tyro-
sine residues in α-synuclein discerned that the tyrosine
residues are essential for crosslinking and stabilization in
response to nitrative insults. [196]. However, oxidative
modifications also are able to affect α-synuclein and
invoke crosslinking and stable fibril formation independ-
ent of tyrosine residues [197]. The C-terminal of α-synu-
clein has been found to be critical for oligomerization of
α-synuclein into detergent insoluble species in response
to oxidation by copper and hydrogen peroxide [198].


Due to the regional specificity of pathology in PD
patients, the effect of dopamine on α-synuclein has also
been investigated. During a chemical compound library
screen for molecules that would inhibit formation of α-
synuclein fibrils, Lansbury and coworkers discovered that
the neurotransmitter dopamine inhibits the formation of
α-synuclein fibrils [199]. The interaction of dopamine
with α-synuclein appeared to arrest the process of fibril
formation at a stage of oligomeric species [199]. We have
extended these observations to indicate that dopamine
oxidation is essential for this kinetic arrest of α-synuclein
oligomers [200]. Since dopamine oxidation generates
reactive species and strong electrophiles, mutational anal-
ysis of putative amino acid targets in α-synuclein that
could be modified by this oxidation was explored [200].
Examination of sites such as the three methionine resi-
dues and histidine 50 revealed that covalent modification
of these amino acids was not responsible for the effects of
oxidized dopamine [200]. The data indicated that the
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interaction of oxidized dopamine with α-synuclein is
directed, not towards a single amino acid, but rather five
amino acid residues: tyrosine-glutamate-methionine-pro-
line-serine (YEMPS) in position 125–129 in the C-termi-
nus of the protein [200,201]. Recent studies have
confirmed these findings and also indicated that the gluta-
mate 83 residue also participates in stabilizing the interac-
tion of oxidized dopamine with the YEMPS region [202].
The in vitro data has been confirmed in cellular model
systems that express A53T α-synuclein or A53T α-synu-
clein with all 5 amino acids 125–129 mutated, establish-
ing the importance of this C terminal region in the
stabilization of α-synuclein oligomers in the presence of
oxidized dopamine [201,203]. The decrease in catecho-
lamine levels that has been described as an early even in
PD pathogenesis [204] may then allow the formation of
insoluble α-synuclein aggregates later in disease [203].
Additionally, α-synuclein modified by oxidized
dopamine may have deleterious effects on cellular func-
tion, indicating that aggregation may not be a necessary
prerequisite for cell death. α-Synuclein modified by oxi-
dized dopamine has been shown to block CMA by bind-
ing strongly to the L2A receptor and blocking the uptake
of itself and other substrates [55]. Oligomeric α-synuclein
was shown to bind to the lysosomal membrane but was
unable to be unfolded or taken up into the lysosomes
[55]. Furthermore, α-synuclein modified by oxidized
dopamine was able to decrease neuronal viability to a
degree similar to the effect of L2A RNAi [55]. Therefore α-
synuclein may serve as both a modulator and a target of
oxidative and nitrative modifications.


Endogenous Factors
In addition to evidence from genetic and environmental
risks, the two endogenous factors of aging and dopamine
oxidation have implicated oxidative modifications, mito-
chondrial dysfunction, and impaired protein degradation
in PD.


Aging
In PD, the most significant risk factor for developing dis-
ease is age. The accumulation of proteins altered by oxida-
tive modifications has been shown to increase with age,
which correlates with the late-onset of neurodegenerative
pathology [205,206]. Examination of cultured human
fibroblasts, human brain tissue, as well as tissues from
other organisms have shown that in elderly individuals,
approximately one third of proteins have been oxidatively
modified [206-208]. This increase is not linear but instead
occurs as an initial gradual rise that magnifies several fold
in late age [6,206-208]. Oxidative modifications most
likely accumulate with age due to a combination of
increased production of reactive species, decreased anti-
oxidant function, and impaired ability to repair or remove
the modified proteins.


Dysfunctional clearance has been largely supported by
findings that the activities of the UPS, macroautophagy
and CMA decline with age, consequently diminishing the
ability of the cell to clear modified proteins or protect
itself from damaging free radicals [47,209-216]. Due to
impaired degradation, proteins with oxidative modifica-
tions accumulate in the cell, increasing their propensity
for aggregation [47,216]. Additionally, once the activity of
these degradation pathways is diminished, a feed-forward
effect on oxidative damage may result. Sullivan et al.
found that proteasomal inhibition increased mitochon-
drial reactive species generation and decreased mitochon-
drial complex I and II activity [217]. Therefore, inhibition
of the proteasome and autophagy pathways may be fur-
ther contributing to oxidative damage.


Dopamine Oxidation
The characteristic topology of cell loss that is revealed
from neuropathological studies of PD brains, with the rel-
atively selective vulnerability of the ventrolateral and cau-
dal regions of the substantia nigra pars compacta, can
provide useful clues on the etiology of the disease. In par-
ticular, it has been postulated that the oxidative environ-
ment of dopaminergic neurons might be a key
component in the pathogenesis of PD. Typically,
dopamine is rapidly sequestered within vesicles by the
vesicular monoamine transporter, where the acidic pH
significantly delays the oxidation of dopamine. However,
an oxidative environment can be created if dopamine
remains in the cytosol, where it can oxidize at physiologi-
cal pH to generate reactive ortho-quinones, aminoc-
hromes, as well as superoxide and hydrogen peroxide
[218,219]. Excessive cytosolic oxidation of catechols has
been shown to be neurotoxic in cell culture and rodent
models [220-222]. However, it is unclear whether intrac-
ellular oxidation of dopamine is able to significantly con-
tribute to the neuron injury.


The gradual accumulation of oxidized dopamine that
occurs in normal aging does not appear sufficient to
induce neuronal death. However, a consequence of the
accrual of oxidized dopamine is the formation of neu-
romelanin. Neuromelanin, the substance that gives the
dopaminergic neurons of the substantia nigra their char-
acteristic dark appearance, is a polymer of oxidized and
subsequently heterocyclized dopamine. It has been pro-
posed that the polymer is sequestered within the neurons
to form a new cellular organelle of unknown function
[223]. In that capacity it has been hypothesized that the
neuromelanin polymer might be neuroprotective by fur-
ther chelating toxins and transition metals such as iron
and manganese [223-226]. Since divalent redox capable
metals such as iron participate in catalytic reactions with
hydrogen peroxide to generate potent oxidizing species,
such a role would be crucial to protecting neurons. Efforts
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to limit the availability of iron have been found to protect
neurons from injury and death [227-230].


Alternatively, other studies have revealed a correlation in
PD brains between cell loss and the presence of neuromel-
anin, which suggests that the neuromelanin-pigmented
subpopulation of dopaminergic neurons are more vulner-
able in disease [231]. Another interesting but unexplored
observation is the co-localization of the characteristic pro-
tein inclusions (Lewy bodies) in close proximity to neu-
romelanin in human post mortem PD brains [232,233].
It is possible that the synthesis of neuromelanin, which
requires the oxidation of dopamine and the formation of
oxidants and electrophiles, promotes the formation of
protein aggregates by oxidizing proteins, providing a scaf-
fold for protein filament assembly, or both. In support of
its role as a scaffold for aggregation, the melanosome has
been shown to be crucial for the assembly of the non-
pathogenic natively amyloidogenic protein Pmel17 [234].
Additionally, the melanosome precursor itself assembles
into amyloid-like fibrils that may promote the association
and assembly of other amyloidogenic proteins [235].
Aggregation may also been promoted by the raft like lipid
component of neuromelanin, as hydrophobic interac-
tions would bring macromolecules in close proximity
[235,236]. Another interesting observation is that the
presence of neuromelanin in dopaminergic neurons is
unique to primates, which may explain inconsistencies in
the attempts to recapitulate disease in rodent models
[237-240].


Conclusion
Examining the "Bermuda triangle" in which dopamine
neurons are lost, oxidative modifications, mitochondrial
dysfunction, and impaired protein degradation appear to
be three interrelated molecular pathways responsible for
the pathogenesis of both sporadic and familial PD (Figure
1). Evidence from environmental, genetic, and endog-
enous factors highlights the interplay of these three mech-
anisms as the common detrimental denominators
inducing neuronal death. Not only do these three proc-
esses have clear impacts on cellular viability, but their par-
ticipation explains other characteristic features of disease,
such as the presence of oxidized proteins, inclusions,
increased prevalence with late age, and dopaminergic
regional selectivity. Together, through their effects on cel-
lular homeostasis and their interactions with one another,
oxidative stress, mitochondrial dysfunction, and impaired
protein degradation provide the final impetus with which
insult to neurons is transformed into neurodegenerative
disease.


Currently, treatment for PD is focused merely on alleviat-
ing symptoms. As research progresses towards a better
understanding of the molecular mechanisms underlying


disease, hopefully a more effective therapy can ultimately
be designed. Current trials to deliver compounds that can
restore mitochondrial function and reduce oxidative bur-
den will be informative and not only improve therapeutic
treatment of PD but also provide vital results to guide
future studies investigating the molecular mechanisms of
neurodegeneration.
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Inflammation is associated with many neurodegenerative diseases, including Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis, and multiple sclerosis. In this Review, we
discuss inducers, sensors, transducers, and effectors of neuroinflammation that contribute to neu-
ronal dysfunction and death. Although inducers of inflammation may be generated in a disease-
specific manner, there is evidence for a remarkable convergence in the mechanisms responsible
for the sensing, transduction, and amplification of inflammatory processes that result in the produc-
tion of neurotoxic mediators. A major unanswered question is whether pharmacological inhibition
of inflammation pathways will be able to safely reverse or slow the course of disease.

Introduction
Virchow’s seminal descriptions of activated microglia antici-


pated by more than a century the current interest in roles of


the innate and adaptive immune systems in diverse forms of


neurodegenerative disease. Microglia, a type of glial cell, are


macrophages that are resident in the brain and spinal cord and


form the frontline defense of the innate immune system. Direct


evidence for an innate inflammatory response in Alzheimer’s


disease (AD) was described nearly 20 years ago (reviewed in


Akiyama, 1994), and subsequent studies have documented


inflammatory components in Parkinson’s disease (PD), amyotro-


phic lateral sclerosis (ALS), multiple sclerosis (MS), and a growing


number of other nervous system pathologies. Although inflam-


mation may not typically represent an initiating factor in neurode-


generative disease, there is emerging evidence in animal models


that sustained inflammatory responses involving microglia and


astrocytes contribute to disease progression. A major unre-


solved question is whether inhibition of these responses will be


a safe and effective means of reversing or slowing the course


of disease. To effectively address this question, it will be neces-


sary to learn more about how inflammatory responses are


induced within the central nervous system and the mechanisms


by which these responses ultimately contribute to pathology.


Here, we review studies of the roles of inflammation mediated


by the innate and adaptive immune systems in the pathogenesis


of AD, PD, ALS, and MS and highlight some of the important


areas for future investigation.


Inflammation, Immunity, and Repair
The immune system plays essential roles in the maintenance of


tissue homeostasis and the response to infection and injury.


Microglia are the major resident immune cells in the brain, where


they constantly survey the microenvironment and produce


factors that influence surrounding astrocytes (another type of
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glial cell with support functions) and neurons. Under physiolog-


ical conditions, microglia exhibit a deactivated phenotype that


is associated with the production of anti-inflammatory and neu-


rotrophic factors (Streit, 2002). Microglia switch to an activated


phenotype in response to pathogen invasion or tissue damage


and thereby promote an inflammatory response that serves


to further engage the immune system and initiate tissue repair.


In most cases, this response is self-limiting, resolving once infec-


tion has been eradicated or the tissue damage has been


repaired.


Sustained inflammation resulting in tissue pathology implies


persistence of an inflammatory stimulus or a failure in normal


resolution mechanisms. A persistent stimulus may result from


environmental factors or the formation of endogenous factors


(e.g., protein aggregates) that are perceived by the immune sys-


tem as ‘‘stranger’’ or ‘‘danger’’ signals. Inflammatory responses


that establish feed-forward loops may overwhelm normal resolu-


tion mechanisms. Although some inflammatory stimuli induce


beneficial effects (e.g., phagocytosis of debris and apoptotic


cells), and inflammation is linked to tissue repair processes,


uncontrolled inflammation may result in production of neurotoxic


factors that amplify underlying disease states. As a starting point


for comparing and contrasting roles of inflammation in the path-


ogenesis of AD, PD, ALS, and MS, we will first briefly consider


general features of inflammation in the context of innate and


adaptive immunity.


Inducers and Sensors of Infection and Injury


The inflammatory response represents a highly regulated biolog-


ical program that, on the one hand, must enable the innate and


adaptive immune systems to effectively deal with rapidly dividing


microbial pathogens but, on the other hand, involves the produc-


tion of factors that are themselves capable of inducing significant


tissue pathology. As a consequence, genes that play key roles


in amplification or effector functions of inflammatory responses
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are actively repressed under normal conditions and are only


induced when cells sense evidence of infection or injury. Inflam-


matory responses to infectious agents are typically initiated by


pattern recognition receptors that bind to so-called pathogen-


associated molecular patterns (stranger signals). One class of


pattern recognition receptor is exemplified by the Toll-like recep-


tors (TLRs), which recognize a diverse set of pathogen-associ-


ated molecules that are not present in the host (see Review


by O. Takeuchi and S. Akira on page 805 of this issue). For


example, TLR4 recognizes lipopolysaccharide (LPS) associated


with gram-negative bacteria, whereas TLR3 recognizes viral


double-stranded RNA. These receptors are expressed on many


cell types but are highly expressed on cells that play central roles


in innate immune responses, including macrophages and micro-


glia. Pattern recognition receptors have more recently been


found to also be capable of responding to endogenously derived


molecules, such as components released from necrotic cells


(danger signals) and by molecules that may be formed as


a consequence of pathogenic mechanisms. Roles of TLR2 and


TLR4 have recently been established in the pathogenesis of


several chronic inflammatory diseases in animal models, and


specific TLR4 polymorphisms are associated with several


human age-related diseases, including atherosclerosis, type 2


diabetes, and rheumatoid arthritis, raising the question of


whether these receptors also contribute to inflammatory pro-


grams associated with neurodegenerative disease (Balistreri


et al., 2009). In addition to pattern recognition receptors, puriner-


gic receptors are expressed on microglia and astrocytes and are


capable of responding to ATP released from cells following cell


death, traumatic injury, or ischemia (Di Virgilio et al., 2009).


Microglia and astrocytes also express a number of so-called


‘‘scavenger receptors’’ that have been demonstrated to be


involved in the uptake of a number of substrates, including


oxidized proteins, lipids, and apoptotic cells, and that may also


contribute to cell signaling (Husemann et al., 2002).


Transduction Systems


Ligation of pattern recognition receptors leads to the activation


of signal transduction pathways that regulate diverse transcrip-


tional and posttranscriptional processes. For example, the


TLRs couple to signaling adaptor systems that are defined by


the MyD88 and TRIF signal adaptor proteins, resulting in activa-


tion of downstream kinases including IkB kinases and MAP


kinases. These in turn control the activities of multiple, signal-


dependent transcription factors that include members of the


NF-kB, AP-1, and interferon regulator factor (IRF) families (see


Review by O. Takeuchi and S. Akira on page 805). These factors


work in a combinatorial manner to regulate hundreds of genes,


depending on the target cell that is activated.


Amplifiers and Effectors


To bring about an effective immune response, the initial detec-


tion of a microbial pathogen must be amplified to recruit addi-


tional cells to sites of infection, induce antimicrobial activities,


and initiate the development of adaptive immunity. Important


subsets of highly induced genes thus include cytokines (e.g.,


TNF-a, IL-1b) that are amplifiers of the program of inflammation


and chemokines (e.g., MCP-1) that serve to recruit additional


immune cells. In addition, genes that encode proteins with anti-


microbial activities (e.g., iNOS) are induced, as are genes that

influence substrate metabolism, protein synthesis, cell motility,


phagocytosis, intracellular killing, and antigen presentation.


The generation of reactive oxygen species (ROS), e.g., through


the NADPH oxidase system, is an important antimicrobial mech-


anism but also exemplifies a system that can result in collateral


damage to tissue, e.g., the parenchymal cells in the brain.


Cellular and Tissue Context


Inflammatory responses are typically localized and involve


communication between immune, vascular, and parenchymal


cells. Resident populations of tissue macrophages play key roles


as sentinels of infection and injury but are also increasingly


recognized as having an influence on normal tissue homeo-


stasis. Macrophage phenotypes can be considered in the


context of ‘‘activation’’ status, with M1 or ‘‘classical activation’’


describing the proinflammatory phenotypic response to IFN-g


produced by Th1 T lymphocytes or signaling through TLRs.


M2 or ‘‘alternative activation’’ describes distinct phenotypic


responses to cytokines, such as IL-4 and IL-13, produced by


Th2 lymphocytes and other cell types (see Review by C. Nathan


and A. Ding on page 871 of this issue). The term ‘‘deactivated’’


macrophage has been used to describe phenotypic responses


to anti-inflammatory cytokines, such as IL-10. Transition of


tissue-resident macrophages from the M2 to the M1 phenotype


generally is associated with inflammation-induced pathologies,


such as diet-induced insulin resistance (Lumeng et al., 2007).


As noted above, microglia exhibit a deactivated phenotype in


the healthy brain and may play important roles in maintenance


of tissue homeostasis through communication with astrocytes


and neurons, analogous to homeostatic roles of ‘‘alternatively


activated’’ macrophages in other tissues. The central nervous


system (CNS) is an immunologically privileged site and circu-


lating immune cells normally do not have access to it in the


absence of inflammation or injury. Dendritic cells with special-


ized antigen-presenting capabilities do not appear to be present


under normal conditions. Microglia appear to be the major initial


sensors of danger or stranger signals recognized by TLR4, and


they secrete inflammatory mediators such as TNF-a and IL-1b


that can act on astrocytes to induce secondary inflammatory


responses (Saijo et al., 2009). Microglia are thus likely to play crit-


ical roles in establishing and maintaining inflammatory


responses in the context of neurodegenerative diseases.


Counter-regulation


Numerous negative feedback mechanisms have been identified


that serve to attenuate responses to inducers or amplifiers of


inflammation. These include induction of proteins that inhibit


signal transduction pathways (e.g., SOCS proteins), induction


of transcriptional repressors and transrepressors (e.g., ATF3,


Nurr1), and production of soluble or cell-surface mediators


with anti-inflammatory activities (e.g., IL-10, TGF-b, resolvins,


ligands for TAM receptors). How these negative feedback path-


ways are integrated with proinflammatory signaling pathways to


bring about appropriate resolution of inflammation in any context


remains poorly understood.


Alzheimer’s Disease
Initially described almost 100 years ago by Alois Alzheimer, AD is


one of the most common age-related neurodegenerative dis-


eases, with approximately 7% of people older than 65 years
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and about 40% of people older than 80 years being affected in


industrialized countries. The symptoms of AD are characterized


by loss of memory, progressive impairment of cognition, and


various behavioral and neuropsychiatric disturbances. The path-


ological hallmarks of AD in the brain include extracellular amy-


loid plaques comprising aggregated, cleaved products of the


amyloid precursor protein (APP) and intracellular neurofibrillary


tangles (NFTs) generated by hyperphosphorylated forms of the


microtubule-binding protein tau.


Evidence of an inflammatory response in AD includes changes


in microglia morphology—from ramified (resting) to amoeboid


(active)—and astrogliosis (manifested by an increase in the


number, size, and motility of astrocytes) surrounding the senile


plaques. Moreover, microglia surrounding plaques stain positive


for activation markers and proinflammatory mediators, including


MHC class II, Cox-2, MCP-1, TNF-a, IL-1b, and IL-6 (Akiyama


et al., 2000). MCP-1 is known to induce the chemotaxis of astro-


cytes and contributes to the recruitment of astrocytes around


senile plaques (Wyss-Coray et al., 2003). In addition, elevated


levels of chemokines and cytokines and their receptors,


including IL-1a, CXCR2, CCR3, CCR5, and TGF-b, have been


reported in post-mortem AD brains (Cartier et al., 2005).


Inducers and Sensors of Inflammation in AD


NFTs are composed of hyperphosphorylated forms of the micro-


tubule-binding protein tau, which under normal physiological


conditions regulates cytoskeletal changes. An inflammatory


environment might activate the tau kinases to promote formation


of NFTs (Ballatore et al., 2007), but whether hyperphosphory-


lated tau and NFTs affect inflammatory responses is not yet


well understood.


Senile plaques containing the N-terminal APP cleavage


products Ab1-42 and/or Ab1-40 (Ab) are the hallmarks of AD


pathology. Ab1-42 and Ab1-40 are generated from APP by b-


and g-secretases (Haass and Selkoe, 2007). Rare mutations in


APP and the presenilin components of g-secretase are causes


of familial AD, providing one line of evidence for the hypothesis


that Ab contributes to the pathogenesis of AD (Bertram and


Tanzi, 2008). Although a pathogenic role for Ab is generally


accepted, the mechanisms remain poorly understood. In addi-


tion to numerous cell-autonomous effects in neurons, aggre-


gates of Ab have also been shown to activate microglia and


induce the production of factors, such as nitric oxide (NO),


ROS, proinflammatory cytokines (e.g., TNF-a, IL-1b, IL-6), che-


mokines (e.g., IL-18), and prostaglandins (e.g., PGE2), that


promote neuronal death (Akiyama et al., 2000; Kitazawa et al.,


2004).


Microglia and astrocytes appear to be capable of detecting Ab


through several sensors, including TLRs, that are expressed on


glial cells (Landreth and Reed-Geaghan, 2009). In particular,


Ab has been suggested to activate microglia and astrocytes


through TLR4 (together with CD14 and MD2 in microglia), lead-


ing to the activation of signal-dependent transcription factors


that drive expression of downstream inflammatory response


genes (Reed-Geaghan et al., 2009; Walter et al., 2007). Consis-


tent with this, mice carrying a nonfunctional TLR4 crossed with


a mouse model of AD (APP/PS1 double transgenic mice)


showed production of fewer inflammatory cytokines (Jin et al.,


2008). It has been suggested that TLR4 may participate in the
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phagocytosis of Ab plaques by microglia. Indeed, mice carrying


mutant TLR4 crossed with AD transgenic mice exhibited more


Ab plaques (Tahara et al., 2006). A recent report suggests that


Ab fibrils trigger inflammatory responses through TLR4/TLR6 in


the presence of CD36 (Stewart et al., 2009). Intriguingly, a poly-


morphism in the TLR4 extracellular domain has been reported to


be associated with protection against late-onset AD in an Italian


population (Minoretti et al., 2006), suggesting that sterile inflam-


mation could influence AD pathology through TLR4 signaling.


TLR9 stimulation by CpG-DNA (a mimic of bacterial DNA)


showed neuroprotective roles both in vivo and in vitro (Doi


et al., 2009). TLR2 also may be a sensor for fibrillar Ab. Blocking


TLR2 signaling with antibody or by knockdown of the receptor


gene in vitro suggested that TLR2 stimulation by Ab promotes


neurotoxic inflammation. However, mice lacking TLR2 crossed


with APP/PS1 transgenic AD mice were reported to show a delay


in Ab deposition and improved behavior on memory tests (Ri-


chard et al., 2008). These apparently divergent actions of


TLR2, TLR4, and TLR9 in vivo and in vitro are currently difficult


to reconcile but could reflect differences in the specific cell types


that express these receptors as well as differences in the


signaling/effector pathways that are engaged beyond the core


NF-kB response. Sorting out the basis for these differences


will be important.


A second sensing system for Ab is provided by the receptor for


advanced glycoxidation end-products (RAGE), a cell surface


receptor belonging to the immunoglobulin superfamily (Neeper


et al., 1992; Schmidt et al., 1992). RAGE was initially identified


as a receptor for advanced glycoxidation end-products (AGEs).


Pro-oxidant environments, such as an inflammatory milieu, can


promote the production of AGEs that lead to the activation of


RAGE on the surface of microglia, astrocytes, vascular endothe-


lial cells, and neurons. Several reports suggest that Ab peptide


as well as Ab oligomers bind to RAGE and activate glia cells,


especially microglia (Yan et al., 1996). Blocking the interaction


of Ab with RAGE impaired the activation of microglia and


reduced the production of proinflammatory mediators (Ramas-


amy et al., 2009). RAGE is also suggested to play an important


role in the clearance of Ab and to be involved in apoE-mediated


cellular processing and signaling (Bu, 2009). In addition to AGEs


and Ab, RAGE recognizes other ligands including serum amyloid


A (SAA), S100 protein, and high-mobility group box1 (HMGB1).


The increased production of RAGE ligands is often observed in


cellular and organ dysfunction, particularly where inflammation


is involved (Schmidt et al., 2009; Srikanth et al., 2009). These


molecules are often present in the altered tissue environments


associated with type 2 diabetes, and the activation of RAGE


might contribute to the increased risk of AD in patients with


type 2 diabetes.


NOD-like receptors (NLRs) represent a third Ab sensing sys-


tem. NLRs are soluble, cytoplasmic pattern recognition recep-


tors for pathogens and also act as sensors of cellular damage.


(see Reviews by O. Takeuchi and S. Akira on page 805 and


by K. Schroder and J. Tschopp on page 821 of this issue). In


AD, Ab oligomers and fibrils induce lysosomal damage and


trigger NALP3, a member of the NLR family that is expressed


in microglia (Halle et al., 2008). NALPs activate downstream


signaling proteins, such as apoptosis-associated speck-like







protein containing a caspase recruitment domain (ASC). Cas-


pase activation by an adaptor ASC induces apoptosis as well


as the maturation of proinflammatory mediators like IL-1b and


IL-18. Also, a lower cellular K+ concentration activates NALP1,


another member of the NLR family that is expressed in neurons.


Similar to NALP3 in glial cells, NALP1 activates ASC and cas-


pases and induces the maturation of IL-1b and IL-18 (see Review


by K. Schroder and J. Tschopp on page 821).


Additional Genetic Factors


As mutations in APP and b- and g-secretases are rare causes of


AD, additional genetic, environmental, and age-related factors


must contribute to the formation of Ab and other events that drive


AD pathogenesis in most individuals. One of the strongest


genetic associations with AD is the E4 allelic variant of apolipo-


protein E (apoE). ApoE is a 34 kDa protein that acts, at least in


part, as a transporter of lipids. In humans, there are three apoE


isoforms: apoE2, apoE3, and apoE4. The apoE4 allele is associ-


ated with an increased risk of AD as well as other neurodegener-


ative and cardiovascular diseases, such as atherosclerosis


(Bu, 2009). Numerous hypotheses have been advanced to


account for these associations (reviewed in Kim et al., 2009),


including differential effects of apoE alleles on inflammation


and Ab processing. In the brain, apoE is mainly produced by


microglia and astrocytes and likely plays many important roles


by binding to members of the low-density lipoprotein (LDL)


receptor family, including the classical LDL receptor (LDLR)


and LDLR-related protein 1 (LRP1) (Jaeger and Pietrzik, 2008).


One recent study suggests that apoE has anti-inflammatory


effects by activating LDLR-mediated signaling. When LDLRs


and LRP1 are stimulated by peptide mimics of apoE, JNK kinase


activity is suppressed and microglia activation is attenuated (Po-


civavsek et al., 2009a, 2009b). This anti-inflammatory effect of


apoE is isoform specific, with apoE4 exhibiting less activity


(Licastro et al., 2007; Vitek et al., 2009). With respect to the roles


of apoE and its receptors in the regulation of APP processing,


LRP1 has been suggested to directly bind to Ab or Ab/apoE


complexes, mediating their uptake by glial cells, which is neuro-


protective (Marzolo and Bu, 2009). In this case, the apoE3/Ab


complex is preferentially taken up by LRP1 compared to the


apoE4/Ab complex. These studies suggest that expression of


the apoE4 protein might result in defects in clearance of Ab


that would promote the deposition of Ab aggregates in the brain,


hence contributing to AD.


Environmental Factors


Many environmental factors may influence inflammatory


responses that contribute to AD pathology, including traumatic


injury, systemic infection, and diet (Migliore and Coppede, 2009).


Traumatic injury activates both microglia and astrocytes and


could potentially induce self-sustaining inflammatory responses


in the brain (Van Den Heuvel et al., 2007). Activation of the


systemic innate immune system by infection may be involved


in the early stages of AD pathogenesis (Perry et al., 2007).


Recently, a strong correlation between type 2 diabetes and AD


has been recognized (Granic et al., 2009; Jones et al., 2009).


Type 2 diabetes with hyperinsulinemia increases the risk of AD


in elderly people (Luchsinger and Gustafson, 2009). Several


different mechanisms have been proposed to explain this corre-


lation. Prolonged consumption of excess calories induces

obesity and a low-grade but chronic form of inflammation in


adipose tissue, liver, and other organs that is associated with


an insulin-resistant state (see Review by G.S. Hotamisligil on


page 900 of this issue). Macrophages are now recognized to


be major sources of proinflammatory mediators that act on


various cell types to impair insulin signaling. It is possible that


systemic inflammation contributing to insulin resistance might


have a direct effect in the brain, or that the activation of tissue


macrophages in type 2 diabetes might reflect an underlying


defect shared by microglia that independently become activated


within the CNS.


Inflammation-Dependent Pathology


Ab formation and associated tauopathy appear to be sufficient to


explain a cell-autonomous stress response in neurons, as


recently supported by studies of the N-APP/DR6 mouse model


of AD (Nikolaev et al., 2009). However, Ab aggregates and prod-


ucts derived from dead cells can trigger microglia and astrocytes


through the TLR and RAGE-dependent pathways, leading to


local inflammation that may further amplify neuronal death


(Figure 1). Although the relative roles of Ab and other potential


initiators of inflammation remain unclear, the activation of


caspases and signal-dependent transcription factors such as


NF-kB and AP-1 results in production of numerous amplifiers


(e.g., IL-1b, TNF-a, IL-6) of inflammation. Proinflammatory cyto-


kines, such as TNF-a, IL-1b, and IL-6, might act directly on


neurons to induce apoptosis (McCoy and Tansey, 2008; Simi


et al., 2007). Furthermore, factors such as TNF-a and IL-1b


released by microglia can activate astrocytes, whereas factors


released from astrocytes may lead to further activation of micro-


glia (Saijo et al., 2009). In addition, APP, presenilin (a component


of g-secretase), and BACE1 (b-secretase) have NF-kB sites in


their promoters, and proinflammatory cytokines are known to


upregulate their expression in neurons (Sastre et al., 2008).


Inflammatory mediators acting on neurons might contribute to


more production of Ab, further activating microglia-mediated


inflammation. Thus, communication between neurons and glia


may amplify the production of neurotoxic factors that contribute


to AD pathology. Region-specific effects on neurons are likely to


depend on the specific types of receptors expressed within


different neuronal populations. For example, TNF-a binds to


TNFR1, which activates cell survival pathways through NF-kB


as well as apoptotic signaling pathways through activation of


caspases. In contrast, TNFRII signaling only activates NF-kB.


Although it is clear that symptoms of AD are caused by neuronal


damage, it is not well understood which neurons are the primary


targets of the neurotoxic process. It was reported that death of


cholinergic neurons in the basal forebrain was an important com-


ponent of AD pathology. However, recent evidence suggests


that other neurons, such as glutaminergic and GABAnergic


neurons, might also be important targets in AD pathology (Riss-


man et al., 2007; Yamin, 2009).


Divergent results have been obtained in attempts to assess


the overall impact of microglia on AD pathology in mice. In one


approach, APP/PS1 transgenic AD mice were crossed to mice


in which microglia, but not macrophages, could be conditionally


depleted. Three weeks after conditional depletion of microglia,


amyloid plaque formation and neuronal damage had not


changed compared to control mice (Grathwohl et al., 2009).
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Figure 1. Inflammation in Alzheimer’s


Disease


Amyloid-b peptide, produced by cleavage of


amyloid precursor protein (APP), forms aggre-


gates that activate microglia, in part by signaling


through Toll-like receptors (TLRs) and RAGE.


These receptors activate the transcription factors


NF-kB and AP-1, which in turn induce the produc-


tion of reactive oxygen species (ROS) and drive


the expression of inflammatory mediators such


as cytokines. These inflammatory factors act


directly on cholinergic neurons and also stimulate


astrocytes, which amplify proinflammatory signals


to induce neurotoxic effects. Apoptosis and


necrosis of neurons result in release of ATP, which


further activates microglia through the purinergic


P2X7 receptor. Microglia can also play protective


roles by mediating clearance of Ab through


ApoE-dependent and ApoE-independent mecha-


nisms. Cholinergic neurons in the basal forebrain,


the neurons that are primarily affected in AD, are


presumed to be important targets of inflamma-


tion-induced toxicity, but other types of neurons,


such as glutaminergic and GABAergic neurons,


may also be affected.

Although these results could be interpreted to indicate that mi-


croglia are essentially passive bystanders in AD pathology at


least in this model, the lack of effect of microglia depletion could


also reflect the relatively short timeframe of the experiment or


a balanced reduction in both beneficial and deleterious activities.


A contrasting result was provided by recent experiments in


which the growth factor M-CSF was systemically administered


to APP/PS1 transgenic mice for 4 months. This procedure


resulted in a significant increase in the number of parenchymal


microglia, decreased Ab deposits, and decreased cognitive


loss (Boissonneault et al., 2009), thereby supporting a neuropro-


tective function. The authors suggested that M-CSF injection


primarily resulted in the expansion of bone marrow-derived


microglia. This might provide another explanation for the appar-


ent discrepancy between these results and the data obtained


by selectively depleting microglia resident in the CNS.


Parkinson’s Disease
Parkinson’s disease (PD) is the second most common neurode-


generative disease after AD and is the most common movement


disorder. Currently, about 2% of the population over the age of


60 is affected. Prominent clinical features are motor symptoms


(bradykinesia, tremor, rigidity, and postural instability) and non-


motor-related symptoms (olfactory deficits, autonomic dysfunc-


tion, depression, cognitive deficits, and sleep disorders). Like


AD, PD is a proteinopathy; it is characterized by the accumula-


tion and aggregation of misfolded a-synuclein. Neuropatholog-


ical hallmarks are intracellular inclusions containing a-synuclein


called Lewy bodies and Lewy neurites and the loss of dopami-


nergic neurons in the substantia nigra of the midbrain and in


other brain regions as well (Braak et al., 2003). Loss of dopami-
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nergic neurons is not the only neuropathological alteration in PD,


as microglial activation and an increase in astroglia and lympho-


cyte infiltration also occur. An increase in astroglial cells in post-


mortem tissue from the brains of PD patients (Damier et al., 1993)


and an increased number of dystrophic astrocytes (Braak et al.,


2007) have also been reported. Positron emission tomography of


PD patients has shown a marked increase in the peripheral


benzodiazepine receptor expressed by glial cells. Additional


studies are needed to validate the specificity of this imaging


approach, but these findings are suggestive of increased glial


activation in PD patients (Gerhard et al., 2006).


The etiologies of most common forms of PD remain poorly


understood. Originally thought to be a disease characterized


by loss of one neuronal type, PD is now recognized to have an


inflammatory component (Block and Hong, 2007; McGeer and


McGeer, 2008; Nagatsu and Sawada, 2005). Reactive microglia


expressing human leukocyte antigen (HLA)-DR and CD11b,


along with Lewy bodies, are found in the substantia nigra of PD


patients (McGeer et al., 1988). In addition, increased levels of


cytokines in the colony-stimulating factor (CSF) (Nagatsu and


Sawada, 2005) and in the blood have been reported. Although


these inflammatory components are not specific for PD, they


might provide useful biomarkers for monitoring progression of


the disease.


Inducers and Sensors of Inflammation in PD


As is the case for AD, rare mutations in a number of genes cause


familial forms of PD and provide insights into general pathogenic


mechanisms (Gasser, 2009). Among these are mutations in


a-synuclein (PARK1 and PARK4) and DJ-1 (PARK7). a-synuclein


is a 140 amino acid protein that is found physiologically in the


presynaptic terminals of neurons. It plays a major role in PD







neuropathology: a-synuclein aggregates in PD and becomes the


major fibrillar protein in Lewy bodies in both sporadic and


inherited forms of PD. Moreover, point mutations (A53T, A30P,


E46K) and gene multiplications of human wild-type a-synuclein


are related to rare familial autosomal-dominant forms of early-


onset PD. In PD, the aggregation of a-synuclein from monomers,


via oligomeric intermediates, into fibrils is considered the


disease-causing toxic mechanism. Recent reports indicate that


the accumulation of a-synuclein can result in the formation of


intermediate state oligomers, which lead to neuronal cell death


(Danzer et al., 2007). One line of research proposes that neuronal


death itself, including release of protein aggregates, induces


activation of microglia. Additional activation of microglia may


be due to the release of aggregated proteins from neurons into


the extracellular space (Roodveldt et al., 2008). This finding is


interesting, as the a-synuclein-related neuropathological alter-


ations in sporadic PD and in most forms of familial PD were


initially thought to be intracellular. Recent data challenge this


model and indicate the importance of extracellular a-synuclein


aggregates in PD (Lee, 2008). Extracellular a-synuclein is phago-


cytosed by microglia (Zhang et al., 2005), and aggregated,


nitrated, and oxidized forms of a-synuclein have been found to


induce microglial activation (Reynolds et al., 2008; Zhang et al.,


2005). Sensing mechanisms for a-synuclein aggregates are


similar to those for viruses and toxins. Extracellular a-synuclein


is suggested to be sensed and internalized by cell surface gangli-


osides in BV-2 cells (a microglia cell line) in vitro. An important


role has been reported for GM1 gangliosides in endocytosing


a-synuclein, most likely via lipid rafts (Park et al., 2009). a-synu-


clein-mediated neurotoxicity is enhanced by microglial activa-


tion and release of proinflammatory cytokines. The internaliza-


tion of a-synuclein by microglia is followed by activation of


NADPH oxidase and production of ROS (Zhang et al., 2005).


Recently, microglial immunity stimulated by nitrated a-synuclein


was reported to be regulated by CD4+ T regulatory (Treg) cells.


Treg cells may alter the proteome of microglia in response to


nitrated a-synuclein, thereby protecting dopaminergic neurons


(Benner et al., 2008; Reynolds et al., 2008).


A characteristic of dopaminergic neurons in the substantia


nigra is an increase in intracellular oxidative processes related


to the synthesis of dopamine (Kuhn et al., 2006), making them


particularly vulnerable to oxidative stress. In addition, high rates


of catecholamine metabolism drive the production of neurome-


lanin, and high amounts of neuromelanin are suspected to


increase the vulnerability of dopaminergic midbrain neurons to


oxidative stress (Kastner et al., 1992). A direct effect of neurome-


lanin on activation of microglia through activation of NF-kB has


been shown in cultures of rodent microglial cells (Wilms et al.,


2003).


Environmental Factors


As the vast majority of PD cases are sporadic, environmental


factors that interact with common but less penetrant suscepti-


bility genes are likely to influence the onset of most cases of


sporadic PD (Tansey et al., 2007). Although not directly sensed


by microglia, PD-causing toxins are known to induce neuronal


degeneration that is associated with reactive microgliosis, which


exacerbates neurotoxicity. MPTP (1-methyl-4-phenyl-1,2,3,6-


tetrahydropyridine) is a neurotoxin that causes permanent

symptoms of PD. Metabolized to 1-methyl-4-phenylpyridinium


(MPP+) by glial cells, MPP+ is taken up by dopaminergic neurons


via the dopamine transporter and induces oxidative stress,


leading to mitochondrial damage and neuronal cell death.


Despite a lack of Lewy bodies in MPTP parkinsonism, activated


microglia were found in patients even 16 years after MPTP expo-


sure. Although these patients may have had further access to


other drugs in the meantime, 18-year-old nonhuman primates


given MPTP years earlier also exhibited activated microglia


and dopaminergic neuronal loss in the absence of Lewy bodies,


suggesting a long-lasting and self-driven reactive microgliosis


(McGeer and McGeer, 2008). The role of bacterial or viral infec-


tion as an initiating factor in human PD is unclear, but intracranial


infusion of bacterial LPS is used as an alternative model for mi-


croglia-induced loss of tyrosine hydroxylase-positive dopami-


nergic neurons in rodents (Castano et al., 1998). LPS-induced


inflammation can also synergize with mutations in a-synuclein


and Parkin that are associated with familial PD to potentiate


the loss of tyrosine hydroxylase-positive neurons in animal


models (Gao et al., 2008). Whether other neuronal populations


are affected remains to be established.


Inflammation-Dependent Pathology


Several lines of evidence suggest that inflammatory mediators


such as ROS, NO, TNF-a, and interleukin (IL)-1b derived from


non-neuronal cells including microglia modulate the progression


of neuronal cell death in PD (Hirsch and Hunot, 2009) (Figure 2).


Evidence that inflammatory responses originating from non-


neuronal cells are sufficient to cause loss of dopaminergic


neurons is provided by studies of LPS-mediated neurotoxity


(Castano et al., 1998). Injection of LPS into the rodent brain


results in increased levels of inflammatory mediators, including


COX-2 and iNOS, prior to loss of dopaminergic neurons (Hunter


et al., 2007). TLR4, the main receptor for LPS, is preferentially


expressed on microglia compared to astrocytes (Kim et al.,


2000), but it is present at very low or undetectable levels on


neurons. Consistent with this finding, microglia are much more


responsive than astrocytes to LPS when assayed in a tissue


culture environment, whereas neurons are virtually unresponsive


(Saijo et al., 2009). Direct application of LPS to neurons has little


effect on gene expression or survival. In contrast, conditioned


media from LPS-treated microglia are neurotoxic, and this effect


is enhanced when conditioned media are added to mixed cul-


tures of astrocytes and neurons. Separation of the different cell


type components of the mixed culture system is most consistent


with the interpretation that microglia are the primary initial


responders to LPS and produce mediators such as TNF-a and


IL-1b that activate astrocytes (Saijo et al., 2009). The combina-


tion of factors that are produced by activated microglia and


astrocytes in turn may promote neurotoxicity. Intriguingly, these


factors are preferentially toxic to dopaminergic neurons, raising


the question of whether differential sensitivity of neurons in PD


is due to factors that are relatively specific to dopaminergic


neurons or whether dopaminergic neurons are more sensitive


to generic neurotoxic factors.


PD-associated, activated microglial cells release NO pro-


duced by iNOS as well as ROS. NADPH oxidase is the major


source of ROS production in activated microglia in PD (Hunot


et al., 1996). A direct effect of a-synuclein on microglia (as
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Figure 2. Inflammation in Parkinson’s


Disease


Prominent neuropathological hallmarks of Parkin-


son’s disease (PD) are the loss of dopaminergic


neurons in the substantia nigra of the midbrain


and the presence of intracellular inclusions con-


taining aggregates of the a-synuclein protein,


called Lewy bodies. Besides forming Lewy bodies,


aggregates of a-synuclein form intermediate-state


oligomers that when released from neurons acti-


vate microglia through Toll-like receptor (TLR)-


independent mechanisms. This leads to activation


of NF-kB and production of reactive oxygen


species (ROS) and proinflammatory mediators.


These factors act directly on dopaminergic neu-


rons of the substantia nigra, which are the prin-


cipal (although not the only) neurons that die in


PD. These factors also activate microglia, which


amplify the inflammatory response in a positive


feedback loop, leading to further activation of


microglia. Products derived from microglia and


astrocytes act in a combinatorial manner to pro-


mote neurotoxicity. Bacterial lipopolysaccharide


(LPS), acting primarily through TLR4 expressed


by microglia, is sufficient to induce an inflamma-


tory response in the substantia nigra that results


in loss of dopaminergic neurons. The transcription


factor NURR1 acts to suppress inflammatory


responses in microglia and astrocytes by inhibiting


NF-kB target genes.

opposed to a TLR-dependent pathway as observed following


LPS treatment) has been demonstrated. Extracellular a-synu-


clein is phagocytosed by microglia, resulting in activation of


NADPH oxidase and ROS production (Zhang et al., 2005).


NADPH oxidase activation and ROS production are a crucial


mechanism for microglia activation after exposure to a-synuclein


as the toxic effect was less strong in mice lacking NADPH


oxidase (Zhang et al., 2005). The oxidative stress-induced nitra-


tion of a-synuclein is a potent inducer of microglial activation


in vitro and in vivo and is associated with activation of NF-


kB-related genes and increased expression of neurotrophins


(NFKB1, TNF, TNFRSF1A, BDNF, GDNF) (Reynolds et al., 2008).


In addition to microglia activation, a recent study using the MPTP


mouse model of PD suggested that infiltration of CD4+ T lympho-


cytes may be involved in PD. Dopaminergic toxicity is mediated


by CD4+ T cells and requires the expression of FasL but not


IFN-g (Benner et al., 2008; Brochard et al., 2009).


Counter-regulation


Mechanisms that act to counter-regulate or resolve inflamma-


tory responses have recently been identified that may be rele-


vant to PD pathology. The chemokine receptor CX3CR1 is pres-


ent on microglia, and CX3CR1 knockout mice show increased


toxicity in response to systemic LPS treatment and augmented


neurodegeneration in the substantia nigra following MPTP


administration (Cardona et al., 2006). A negative feedback


mechanism operating at the level of NF-kB target genes was


recently described for the orphan nuclear receptor Nurr1.


Nurr1 was originally described as being required for the genera-


tion and maintenance of dopaminergic neurons, with rare muta-


tions associated with familial PD. Nurr1 unexpectedly also


inhibits expression of proinflammatory neurotoxic mediators in
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microglia and astrocytes. Reduced Nurr1 expression results in


exaggerated inflammatory responses in microglia that are fur-


ther amplified by astrocytes, leading to the production of factors


that cause the death of tyrosine hydroxylase-positive neurons.


Nurr1 exerts anti-inflammatory effects by docking to NF-kB-p65


on target inflammatory gene promoters in a signal-dependent


manner. Subsequently, Nurr1 recruits the CoREST corepressor


complex, resulting in clearance of NF-kB-p65 and transcriptional


repression. These studies suggest that Nurr1 protects against


loss of dopaminergic neurons in PD in part by limiting the


production of neurotoxic mediators by microglia and astrocytes


(Saijo et al., 2009).


Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS), or Lou Gehrig’s disease, is


a progressive fatal neurodegenerative disease that affects motor


neurons in the brainstem, spinal cord, and motor cortex. The


most common clinical features of ALS were described more


than 150 years ago by the French neurologist, Jean Martin Char-


cot. Clinical features involve degeneration of motor neurons pro-


ducing fasciculation, muscle wasting and weakness, increased


spasticity, and hyper-reflexia. Respiratory complications usually


develop in patients with advanced disease, and the cause of


death is generally paralysis of the respiratory muscles and dia-


phragm. With a projected lifetime risk of 1/2000, ALS is consid-


ered one of the most common motor neuron diseases (Eisen,


2009). ALS is universally fatal, with a median age of onset of


55 years and a survival of 2–5 years after the onset of symptoms.


Although the exact pathophysiological mechanisms underlying


neurodegeneration in ALS remain uncertain, a common patho-


logical hallmark is the presence of ubiquitin-immunoreactive







cytoplasmic inclusions in degenerating neurons, followed by


a strong inflammatory reaction (McGeer and McGeer, 2002).


Prominent neuroinflammation can be readily observed in path-


ologically affected areas of the CNS and in spinal cords from


both human ALS patients and mouse models of the disease


(McGeer and McGeer, 2002). Typically, inflammation in ALS is


characterized by gliosis and the accumulation of large numbers


of activated microglia and astrocytes. Activation of glia in ALS


has been extensively characterized and is marked by elevated


production of potentially cytotoxic molecules such as ROS,


inflammatory mediators such as COX-2, and proinflammatory


cytokines such as IL-1b, TNF-a, and IL-6 (McGeer and McGeer,


2002). Major histocompatibility complex molecules and comple-


ment receptors are highly expressed by reactive microglia in the


primary motor cortex and in the anterior horn of the spinal cords


of ALS patients (McGeer and McGeer, 2002).


Genetically Determined Factors


The majority of ALS cases are sporadic, likely resulting from


a complex gene-gene and gene-environment interplay. Only


10% of the cases are familial. Studies in families with adult-onset


ALS have identified genes responsible for genetic heritability,


such as superoxide dismutase 1 (SOD1) (Rosen et al., 1993),


transactive response (TAR) DNA-binding protein (TARDBP)


(Neumann et al., 2006), and FUS/TLS (fused in sarcoma or


translocation in liposarcoma) (Kwiatkowski et al., 2009; Vance


et al., 2009). Genetically engineered transgenic mouse models


expressing the human SOD1 protein carrying familial ALS muta-


tions recapitulate the disease (Clement et al., 2003). ALS patients


with SOD1 mutations have neuronal inclusions in their motor


neurons that are ubiquitinated. The observation that SOD1


knockout mice have a very mild phenotype and that several


strains with SOD1 mutations still have superoxide dismutase


activity strongly suggests a gain-of-function form of toxicity in


ALS (Turner and Talbot, 2008). The identification of the TAR


DNA-binding protein 43 (TDP-43) as a major component of


ubiquitinated inclusions in sporadic ALS patients and in patients


with another neurodegenerative disease called frontotemporal


lobar degeneration has focused attention on mutations in


TARDBP, the gene that encodes TDP-43 (Neumann et al.,


2006). Recently, dominant mutations in the FUS/TLS gene


were also identified in several ALS families (Kwiatkowski et al.,


2009; Vance et al., 2009). The wild-type FUS/TLS protein


contains RNA-binding motifs and is believed to be involved in


transcriptional regulation (Uranishi et al., 2001; Wang et al.,


2008). Like TDP-43, wild-type FUS/TLS is frequently localized


in the nucleus, but in its mutant form it may exist as aggregates


in the cytoplasm of motor neurons in ALS patients (Kwiatkowski


et al., 2009; Vance et al., 2009). FUS/TLS is a coactivator of


NF-kB, and recent data suggest that it is involved in the inflam-


matory response (Amit et al., 2009; Uranishi et al., 2001).


Sensors and Transduction Systems


Increasing evidence points to receptors of the innate immune


response as potential sensors of molecules that induce or


amplify inflammation in ALS (Letiembre et al., 2009). CD14,


a protein that facilitates TLR4 responses to LPS, and TLR2 are


upregulated in the spinal cords of mice with ALS (Nadeau and


Rivest, 2000; Nguyen et al., 2001) and ALS patients (Letiembre


et al., 2009; Liu et al., 2009). Chronic infusion of a presymptom-

atic ALS mouse with LPS enhanced the innate immune response


and also exacerbated disease progression (Nguyen et al., 2004).


Microglia expressing mutant SOD1 exhibited an increase in


NADPH oxidase-dependent production of ROS (Liu et al.,


2009). Furthermore, the oxidation boost was followed by an


increase in secretion of TNF-a and the metalloproteinases


ADAM10–17, reinforcing a potential link between oxidative


stress and inflammatory responses in ALS. Extracellular mutant


SOD1 can also induce microglial activation via the MyD88-


dependent pathway. This was shown by injecting mutant SOD1


protein into the brains of normal or MyD88�/� mice and


observing that a proinflammatory response was only induced


(measured by expression of TLR2 and IL-1b) in the brains of


wild-type animals (Kang and Rivest, 2007). Interestingly, this


inflammatory response was associated with infiltration of brain


tissue by bone marrow-derived microglia (or macrophages);


reconstitution of the hematopoietic system of SOD1G37R mutant


mice with MyD88-deficient cells resulted in earlier disease onset


and a shortened life span. These findings point to potential


neuroprotective mechanisms in which bone marrow-derived


myeloid cells eliminate secreted mutant SOD1 protein, perhaps


analogous to the role of bone marrow-derived microglia in the


clearance of Ab (Boissonneault et al., 2009). An increase in cell


death-associated extracellular ATP in the spinal cords of ALS


patients may induce the purinergic receptor (P2X7) expressed


by microglia to release IL-1b (Yiangou et al., 2006). It is possible


that dying neurons in ALS patients may release ATP and, in turn,


promote activation of glial cells. The principal transcription


factors involved in regulating the expression of genes respon-


sible for production of potential neurotoxic molecules remain


to be established. Based on the suggested roles of TLRs and


purinergic receptors as sensing systems, candidate transcrip-


tion factors include AP-1 and NF-kB, but further investigation


is required.


Inflammation in ALS Pathogenesis


The major determinants of motor neuron death in ALS remain to


be established. Although IL-1b and TNF-a are neurotoxic in vitro,


deletion of either gene alone did not alter disease progression in


SOD1 mutant mice (Gowing et al., 2006; Nguyen et al., 2001).


Although it is possible that IL-1 and TNF-a are not important


contributors to in vivo pathology, an alternative interpretation is


that motor neuron death in ALS is the consequence of multiple


factors acting in a redundant manner. In this scenario, loss of


a single effector molecule is not sufficient to alter the disease


phenotype. Consistent with this possibility, administration of


the anti-inflammatory drug lenalidomide extended survival of


SOD1 mutant mice and improved motor behavior even after


the onset of symptoms; these improvements correlated with


the reduced expression of TNF-a, IL-1b, and FasL (Neymotin


et al., 2009). A motor neuron-specific death pathway has been


suggested for ALS based on the finding that motor neurons


isolated from transgenic SOD1 mutant mice were more sensitive


to Fas- or NO-triggered cell death than wild-type motor neurons


(Raoul et al., 2002). Upon binding of FasL to the Fas receptor, the


intracellular portion of Fas recruits the adaptor molecule FADD,


which then activates a caspase cascade that culminates in


the death of motor neurons. This pathway was also activated


in presymptomatic ALS mice (Raoul et al., 2006). Given that

Cell 140, 918–934, March 19, 2010 ª2010 Elsevier Inc. 925







Figure 3. Inflammation in Amyotrophic


Lateral Sclerosis


The pathology of amyotrophic lateral sclerosis


(ALS) is characterized by degeneration of motor


neurons. Familial ALS is caused by mutations in


the SOD1 gene, but the genes mutated in sporadic


ALS are not yet defined. Progressive neurodegen-


eration of motor neurons in ALS may result


from a combination of intrinsic motor neuron


vulnerability to aggregates of mutant SOD1 pro-


tein and non-cell-autonomous toxicity exerted by


neighboring cells. Toxic aggregates can induce


inflammatory responses by microglia via Toll-like


receptor 2 (TLR2) and CD14. Microglia can induce


astrocyte activation by producing cytokines. Acti-


vated microglia and astrocytes amplify the initial


damage to the motor neurons by activating AP-1


and NF-kB through production of proinflammatory


cytokines and apoptosis-triggering molecules


such as TNF-a and FASL. TNF-a and IL-1b exert


neurotoxic effects in vitro, but deletion of the indi-


vidual genes does not affect the course of the


disease in an animal model. Dying motor neurons


release ATP that can further activate microglia


through the purinergic receptor P2X7 expressed


by microglia.

astrocytes and microglia produce NO and that astrocytes


from SOD1 mutant mice produce FasL (Barbeito et al., 2004),


glial cells could be the executioners that directly kill motor


neurons. Another member of the same receptor family, the p75


neurotrophin receptor, has also been implicated in ALS-depen-


dent motor neuron death (Pehar et al., 2004). Specifically, nerve


growth factor secreted by SOD1 mutant astrocytes induced


the death of motor neurons expressing p75 by a mechanism


involving the formation of NO and peroxide (Pehar et al., 2004).


Even though motor neurons are the main cells affected in


ALS, increasing evidence points to the involvement of neigh-


boring glia cells during pathogenesis (Figure 3) (Clement et al.,


2003; Yamanaka et al., 2008b). Cell-specific deletion of mutant


SOD1 in astrocytes and microglia using GFAP-Cre or CD11b-


Cre transgenes, respectively, reduced disease severity and


boosted the survival of ALS mice (Boillee et al., 2006; Yamanaka


et al., 2008b). Although there are some concerns related to the


timing and efficiency of Cre-mediated excision in these experi-


ments, evidence for a role for non-neuronal cells has been


obtained using chimeric mice selectively expressing SOD1 in


neurons or in non-neuronal cells (Yamanaka et al., 2008a). In


chimeric mice expressing high levels of mutant SOD1 in 100%


of motor neurons and oligodendrocytes, the presence of wild-


type neighboring support cells substantially delayed the onset


of motor neuron degeneration. We and others have shown that


glial cells expressing various mutant forms of SOD1 can exert


toxic effects on healthy (nonmutated) human motor neurons


when cocultured with them in vitro (Di Giorgio et al., 2008; Mar-


chetto et al., 2008). Gene expression profiling implies that inflam-


matory cascades are activated before the initiation of motor


neuron degeneration, suggesting that inflammation could be


involved in the presymptomatic phase of the disease (Vargas


et al., 2008). Mutant SOD1, but not the wild-type protein, has
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been proposed to be secreted into the extracellular space via


chromogranin vesicles, causing activation of microglia and re-


sulting in motor neuron death in culture (Urushitani et al.,


2006). Consistently, mutant SOD1 is present in the cerebrospinal


fluid of ALS patients and it is toxic to rodent spinal cord cultures


(Tikka et al., 2002). Moreover, intracerebral infusion of mutant


SOD1 into wild-type mice induced microglial activation and


cytokine production (Kang and Rivest, 2007). Although there is


no evidence for direct binding, mutant SOD1 in the extracellular


space could be a ligand that sensor molecules detect resulting in


activation of the inflammatory response. In the case of mutations


in TARDBP and FUS/TLS and in sporadic forms of ALS, it is still


not clear which molecules are responsible for triggering of the


immune response. One could speculate that misfolded, ubiquiti-


nated proteins may play a role. The initial inflammatory reaction


could also come from extracellular ATP released by injured


neurons, which is sensed by purinergic receptors on glia (Yian-


gou et al., 2006).


Emerging evidence points to an involvement of the adaptive


immune response in ALS disease progression. An increase in


IL-12 has been found in the brains of SOD1 mutant mice that


have been chronically treated with LPS (Nguyen et al., 2004).


IL-12 is a cytokine involved in the transition from the innate to


the adaptive immune response that promotes the differentiation


of CD4+ lymphocytes into IFN-g-producing Th1 helper cells (see


Review by O. Takeuchi and S. Akira on page 805). Indeed,


increased levels of CD4+ and CD8+ T lymphocytes and dendritic


cells were detected in close proximity to dying motor neurons in


the spinal cords of SOD1 mutant mice and in the brain paren-


chyma of ALS patients (Mantovani et al., 2009). The role of infil-


trating T lymphocytes in ALS pathology is not yet clear, but


recent reports suggest that they may have a neuroprotective


function (Banerjee et al., 2008; Beers et al., 2008; Chiu et al.,







2008). In fact, it has recently been proposed that infiltrating


T cells (Th2) can be neuroprotective after secreting IL-4, which


signals reactive microglia to produce neurotrophic factors such


as insulin growth factor (IGF1) (Chiu et al., 2008).


Multiple Sclerosis
Multiple sclerosis (MS) is a heterogeneous and complex autoim-


mune disease that is characterized by inflammation, demyelin-


ation, and axon degeneration in the CNS. This pathology results


from a primary defect in the immune system that targets compo-


nents of the myelin sheath, resulting in secondary effects on


neurons. Thus, in contrast to AD, PD, and ALS, protein aggre-


gates are not pathogenic factors. The manifestations of MS


include defects in sensation and in the motor, autonomic, visual,


and cognitive systems. MS predominantly affects young adults


and 2–3 times more females than males. In the early stage of


the disease, approximately 85% of MS patients show the


relapse-remission type of disease. However, with time, the


recovery of these relapsing-remitting patients is impaired and


eventually leads to irreversible progression, that is, secondary


progressive MS. The majority of relapsing-remitting MS patients


progress to secondary progressive MS. In contrast, about 10%


of MS patients do not show any remission, and the primary


neurological symptoms exhibit continuous so-called primary


progression (Goverman, 2009; Sospedra and Martin, 2005).


MS lesions are characterized by infiltration of lymphocytes


and antibody-producing plasma cells into the perivascular


region of the brain and spinal cord white matter, an increase in


microglia and astrocytes, and demyelination (Lassmann et al.,


2001). The deposition of antibodies and complement around


demyelinated lesions (Frohman et al., 2006) and axonal degener-


ation in the progression phase of MS have also been observed


(Trapp and Nave, 2008). When damage and the ensuing inflam-


matory response are transient, remyelination of nerves can take


place as part of normal repair. However, in the presence of


chronic inflammation, such as in MS, remyelination is severely


impaired and leads to axon degeneration and the eventual


demise of the neuron.


Initiators and Sensors of MS


In contrast to AD, PD, and ALS, there is no clear familial form of


MS that could help to identify endogenous initiators of disease.


The development of MS is generally thought to require a combi-


nation of environmental factors acting on genetic traits that ulti-


mately lead to an autoimmune response that targets the myelin


sheath surrounding nerves. Experimental autoimmune encepha-


lomyelitis (EAE), in which rodents are immunized with a myelin-


derived antigen and adjuvant, is the most common animal model


of MS. By varying the genetic background and immunization


protocol, EAE can reproduce the symptoms of the major forms


of human MS.


Viral and bacterial infections are strong candidates for factors


that could initiate MS because regions of pathogen-associated


proteins resemble myelin proteins, such as myelin basic protein


(MBP), and are antigenic. For example, a peptide from hepatitis


B virus (HBV), which is known to be associated with MS, is struc-


turally very similar to a peptide derived from MBP when pre-


sented in the context of MHC molecules by antigen-presenting


immune cells such as dendritic cells (Sospedra and Martin,

2005). In combination with other factors, HBV infection provokes


MS by activating T cells that respond to the HBV peptide antigen


and the MBP peptide (Fujinami and Oldstone, 1985), suggesting


the possibility that molecular mimicry may underlie the targeting


of the adaptive immune system to specific myelin components.


Other common pathogens, such as Epstein-Barr virus and


some enterobacteria, have also been associated with the onset


of MS (Lang et al., 2002), although the critical antigens have not


been defined.


Both the innate and acquired immune systems are involved in


MS pathology. Several lines of evidence demonstrate that


immune cells outside of the CNS such as dendritic cells are


key players in MS pathogenesis (Bailey et al., 2007; Figure 4


shows a simplified view of MS pathogenesis within the CNS).


Although autoreactive T and B cells play major roles in MS


pathology, it is the innate immune system that initiates the dis-


ease. For example, naive T cells recognize the myelin-specific


antigen MBP when this autoantigen is presented in the context


of MHC by antigen-presenting cells such as dendritic cells,


macrophages, and microglia. Antigen-presenting cells not only


present the antigen to T lymphocytes but also provide costimu-


lation and produce the cytokines required for T cells to differen-


tiate into effector cells.


TLRs are expressed by antigen-presenting cells and astro-


cytes. Triggering such receptors will affect the differentiation


and activation of T cells. Somewhat surprisingly, the Asp299Gly


polymorphism in TLR4, which is associated with susceptibility to


type 2 diabetes, is not associated with susceptibility to MS


(Kroner et al., 2005). The functions of TLRs in mouse models of


MS are complex, with both stimulatory and protective roles iden-


tified. These observations can be explained by the responses of


innate immune cells and their influence on the differentiation of


distinct subsets of T helper cells (Marta et al., 2009). Recently,


phagocytosis of infected apoptotic cells (which trigger TLR


signaling) was reported to be a physiological signal that induces


activation of effector T cells in vivo (Torchinsky et al., 2009).


Autoreactive T and B lymphocytes play roles as amplifiers and


effectors in MS. Th1 helper T cells were initially thought to play


a crucial role in MS pathogenesis. However, characterization of


specific functions of IL-12, IL-23, and other IL-12 family members


has uncovered essential roles for a subset of T helper cells called


Th17 cells in the pathogenesis of MS (Cua et al., 2003). These


Th17 cells secrete members of the IL-17 proinflammatory cyto-


kine family, especially IL-17A and IL-17F (Korn et al., 2009), and


play a key role in infection by pathogens and in gut immunity


(see Review by D.R. Littman and A.Y. Rudensky on page 845 of


this issue). The differentiation and activation of Th17 cells


requires signaling though the T cell receptor (TCR) as well as


a mixture of cytokines produced by antigen-presenting cells.


These include IL-1b for human and IL-6 for mice, and TGF-b as


well as IL-23 and other cytokines. Th17 cells also secrete IL-21,


which induces activation of Th17 cells in an autocrine manner


(Korn et al., 2009). The retinoic acid receptor-related orphan


receptor gt (RORgt) plays a key role in Th17 cell differentiation.


Treg cells, which are anti-inflammatory helper T cells, play an


opposing role by inhibiting the activity of Th17 cells. Differentia-


tion of this cell type requires the Foxp3 transcription factor (see


Review by D.R. Littman and A.Y. Rudensky on page 845).
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Figure 4. Inflammation in Multiple Sclerosis


Infection by bacteria or viruses or other environ-


mental stimuli trigger the activation of microglia


and astrocytes in multiple sclerosis (MS), leading


to the production of proinflammatory cytokines


through activation of the transcription factors


NF-kB and AP-1. Naive T cells recognize myelin-


derived antigen presented in the context of MHC


molecules by antigen-presenting cells. In the pres-


ence of IL-6 and TGF-b, the naı̈ve T cells are


induced to express retinoic acid receptor-related


orphan receptor gt (RORgt) and differentiate into


Th17 cells. Activated microglia and astrocytes


secrete IL-23 and osteopontin, which induce


Th17 cells to secrete IL-17 and TNF-a resulting


in damage to the myelin sheath that protects nerve


axons. Activated astrocytes produce BAFF, a


survival factor for autoreactive B cells, which dif-


ferentiate into plasma cells and produce anti-


myelin antibodies. Activated microglia and astro-


cytes are also sources of reactive oxygen species


(ROS) and nitric oxide (NO), which contribute to


the destruction of the myelin sheath and of the


neurons themselves. Regulatory T cells (Treg)


that express Foxp3 suppress the activity of Th17


cells and thus help to suppress inflammation.

Although MS is recognized as a noninherited disease, there


are many polymorphisms reported to influence susceptibility


to MS. In particular, MHC haplotype is an important determinant


of susceptibility to MS. In the human, the HLA-DR/DQ haplotype


and the HLA-A3 and HLA-B7 haplotype are known to influence


the susceptibility to or protection from MS among certain


populations (for reviews, see Fugger et al., 2009). Additional


factors that influence risk include polymorphisms in the T cell


receptor b chain (TCR-b), CTLA4, TNF-a, ICAM1, CCR5, IL-10,


IL-4R a chain, IL-2R b chain, IL-7R a chain, IFN-g, CD6, IRF8,


TNFSF1A (TNFRI), vitamin D receptor, and the estrogen


receptor (Fugger et al., 2009). Genome-wide association studies


have identified additional loci on chromosomes 17, 5, and 19,


and a recent large genetic study identified more MS-susceptible


loci on chromosomes 12 and 20, for which the responsible


genes need to be determined (ANZgene, 2009; see Essay by


Zenewicz et al. in this issue). Many of the candidate genes


residing within these loci are expressed in T and B lymphocytes


and regulate the differentiation, activation, and migration of


effector T and B cells, consistent with their potential influence


on MS pathogenesis.


Relapse and Remission


Relapse and remission are among the characteristic features


of MS. What triggers the relapse of MS is not fully understood,


but activation of the innate immune system, for example by


infection, is one reported cause (Sospedra and Martin, 2005).


Deregulation of immunity by memory T and B cells might be


another cause of relapse. a4b1-integrin (VLA4) is an adhesion


molecule expressed by T cells that allows autoreactive T cells


to break through the blood brain barrier and migrate into the


brain parenchyma; thus, one therapeutic strategy is to block


VLA4 signaling using monoclonal antibodies (Yednock et al.,


1992). Osteopontin is a cytokine secreted by activated microglia,


astrocytes, and neurons that binds to VLA4, stimulating the
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production of proinflammatory cytokines and blocking apo-


ptosis of autoreactive T cells. These two molecules may co-


operate to induce relapse in the CNS in MS (Hur et al., 2007).


With respect to remission, ab-crystallin mRNA has been identi-


fied as the most abundant mRNA in MS lesions. Mice lacking


ab-crystallin exhibit exacerbated symptoms of MS, and adminis-


tration of recombinant ab-crystallin improves the symptoms of


relapsing-remitting MS and secondary progressive MS in animal


models (Ousman et al., 2007).


Neuroinflammation: Common and Disease-Specific
Features
Viewed from the perspective of inducers, sensors, transducers,


and effectors, each of the neurodegenerative diseases consid-


ered here is distinguished by a disease-specific mechanism for


induction of inflammatory responses. The distinct pathways for


production of inducers of inflammation—such as Ab, a-synu-


clein, mutant SOD1, and myelin peptide mimetic—and the


specific anatomical locations at which these processes occur


are likely determinants of the specific pathologicial features of


each disease. Remarkably, however, once inducers are gener-


ated, there appears to be considerable convergence in the


sensor, transducer, and effector mechanisms that lead to ampli-


fication of inflammatory responses, neurotoxicity, and neuronal


death. Activation of innate immune cells in the CNS, such as


microglia and astrocytes, is one of the universal components


of neuroinflammation (Figures 1–4). In particular, TLRs and other


pattern recognition receptors expressed on microglia are likely


to play significant roles in initiating inflammatory responses


that are further amplified by astrocytes. Similarly, signal trans-


duction pathways downstream of these receptors that regulate


the activities of the transcription factors NF-kB and AP-1 appear


to play general roles in mediating the production of amplifiers


and effector molecules, such as cytokines (e.g., TNF-a, IL-1b,







Table 1. Therapeutic Targets for Treating Neuroinflammation


Target Disease Agent Study Status


Inducers Ab AD Tarenflurbil Phase III No benefit


Sensors RAGE AD PF-04494700 Phase II Ongoing


Transducers PPARg AD Rosiglitazone Phase II Improved cognition


MLK PD CEP-1347 Phase III No benefit


Effectors Cox-2 AD; ALS Celecoxib Phase III; phase II/III No benefit; no benefit


Cox-2 ALS Nimesulide Phase I Ongoing


ROS AD; ALS Vitamin E+selenium; Vitamin E Phase III Ongoing; no benefit


ROS AD; ALS CoenzymeQ Phase III; phase II Ongoing; no benefit


ROS ALS Celastrol Phase I Ongoing


Cells Microglia PD; ALS Minocycline Phase II; phase III Ongoing; no Benefit


Leukocytes MS Alemtuzumab Phase III Improvement


Astrocytes ALS ONO-2506 Phase III Ongoing

and IL-6), ROS, and NO. Several of these factors could be


general neurotoxic factors for all of the neurodegenerative


diseases discussed above. However, the marked involvement


of the adaptive immune system clearly distinguishes MS from


AD, PD, and ALS, although T cells do seem to play a neuropro-


tective role in ALS.


It is likely that sustained inflammatory responses that con-


tribute to neurodegeneration are driven, at least in part, by


positive feedback loops. Crosstalk between microglia and astro-


cytes is predicted to lead to amplification of inflammation and


release of ATP by necrotic neurons that would be expected to


activate microglia in each of the disease contexts considered


here. Such feedback loops could, in principle, become indepen-


dent of the original inducing molecules that are required to


initiate inflammatory responses. In addition, inflammation may


itself influence the production of disease-specific inducers,


such as Ab.


It will be interesting to determine how the output of activated,


innate immune cells affects specific types of neurons. For


example, many of the same cytokines are suggested to play


pathological roles in AD, PD, and ALS, but the patterns of


neuronal loss are distinct. It will therefore be important to deter-


mine whether this difference reflects different sensitivities of


specific neurons to generic neurotoxic factors or the production


of neurotoxic factors with neuron-specific activities. Finally,


much more effort will be required to understand the gene net-


works that underlie the neuroprotective roles for microglia and


astrocytes, and how these networks are perturbed in chronic


disease states.


Therapeutic Implications
A major unanswered question is whether it will be possible to


safely and effectively target inflammatory mechanisms that con-


tribute to the pathogenesis of AD, PD, ALS, and MS. Table 1


lists examples of therapeutic approaches that have been tested,


are in clinical trials, or are currently being developed that directly


or indirectly influence inflammatory responses. Notable progress


has been made in the case of MS, where the function of the


adaptive immune system can be altered with therapeutic anti-


bodies against key cell surface antigens. For example, based

on the contribution of B cells to MS pathology, a monoclonal


antibody (rituximab) that depletes memory B cells has been


investigated as a potential therapeutic strategy (Dalakas, 2008).


Although clinically effective, this treatment carries a risk of


progressive multifocal leukoencephalopathy, a rare but highly


adverse side effect. Indeed, most of the biological agents


currently being evaluated in MS carry some risk of eliciting auto-


immunity, and effective and safe therapies remain elusive.


In the cases of AD, PD, ALS, and other neurodegenerative


diseases in which microglia and astrocytes are the primary


contributors to inflammation, therapeutic approaches logically


would aim to modulate the sensor/transducer/effector functions


of the innate immune system, that is, TLRs, NF-kB, and TNF-a,


respectively. These approaches also face numerous challenges


with respect to timing, efficacy, and safety. Epidemiological


studies suggest that cyclooxygenase inhibitors reduce the risk


of PD and AD (reviewed by Choi et al., 2009), but clinical trials


of these agents in patients with manifest disease have failed in


AD (Aisen et al., 2003; Reines et al., 2004) and ALS (Cudkowicz


et al., 2006). In concert with studies in animal models, these


findings suggest that targeting inflammatory pathways might


be more effective in preventing disease progression than in


reversing existing pathology. If so, the application of these strat-


egies might require identification and treatment of high-risk


patients prior to the development of overt or severe symptoms.


Biomarkers of subclinical pathology would thus be of great utility


for identifying at risk patients and for monitoring the efficacy of


treatments.


To be clinically effective, anti-inflammatory therapies will have


to gain access to the CNS and target specific cells and pathways


that are quantitatively important in disease pathogenesis in


humans. Animal models and cellular assays are useful for


defining key pathways and neurotoxic factors for specific types


of neurons but should be tuned as much as possible to contexts


that are representative of human disease. An important case in


point is provided by the anti-inflammatory drug minocycline,


which delayed disease progression in an ALS transgenic mouse


model but worsened disease symptoms in phase III clinical trials


in ALS patients (Gordon et al., 2007; Kriz et al., 2002), suggesting


that the transgenic model is a weak representation of sporadic
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ALS. The recent demonstration that induced pluripotent stem


(iPS) cells derived from ALS patients can be differentiated into


astrocytes and specific types of neurons represents an impor-


tant advance for developing in vitro humanized systems for


mechanistic studies and evaluation of therapeutic agents (Dimos


et al., 2008; Ebert et al., 2009). In addition to looking at neurons


as endpoints, these systems may also facilitate efforts to define


the genetic programs that underlie the neuroprotective as well


as the neurotoxic functions of microglia and astrocytes and to


therapeutically modulate these genetic programs.


As AD, PD, and ALS are chronic degenerative diseases, it is


likely that their prevention and treatment will require long-term


therapy, imposing a corresponding requirement for a high level


of safety. The major obvious risks are in suppressing innate


immune function to the point of enabling opportunistic infec-


tions. Based on the broad range of anti-inflammatory therapies


that are in clinical use for systemic inflammation that do not


compromise innate immune function, selectivity should be


possible. An interesting case in point is provided by the thiazoli-


dinedione class of drugs that are ligands for PPARg and are used


in the treatment of type 2 diabetes. These drugs regulate lipid


and glucose metabolism and suppress inflammatory responses


by macrophages and microglia (Tontonoz and Spiegelman,


2008). Recent studies suggest that these drugs have preventive


activity in AD (Risner et al., 2006; Watson et al., 2005). Although


currently available PPARg agonists have a number of unwanted


side effects, they are not associated with suppression of immu-


nity. Furthermore, due to the complex nature of these diseases


and the number of cell types involved, it may take more than


one drug to confer a therapeutic benefit. This approach will


require a new clinical trial design, exemplified by a recent phase


II randomized trial of a celecoxib and creatine (a COX-2 inhibitor


and antioxidant) combination therapy in ALS patients (Gordon


et al., 2008).


Finally, recent developments in embryonic stem cell and iPS


cell technologies are facilitating efforts to replace damaged


neurons in a variety of neurodegenerative diseases. However,


if cultured neurons are engrafted into regions of the brain in


which there is persistent inflammation, then they will be exposed


to a neurotoxic environment and it may be difficult to achieve


a beneficial clinical outcome. It is thus possible that inhibition


of inflammation may also be a prerequisite for successful cell


replacement therapy.


Conclusion
Neurodegenerative diseases, exemplified by AD, PD, ALS, and


MS, represent major unmet challenges for therapeutic interven-


tions. Characterization and targeting of the processes that


initiate specific disease pathologies and act primarily at the level


of neurons are clearly important areas for continued investiga-


tion. The emerging evidence for both protective and pathogenic


roles of microglia and astrocytes and the activation of common


inflammation pathways in these cells in several neurodegenera-


tive diseases supports the concept that glia-induced inflamma-


tion is an amplifier of pathology. Although inhibition of neuroin-


flammation may not alter the underlying cause of disease, it


may reduce the production of factors that contribute to neuro-


toxicity, thereby resulting in clinical benefit. Further knowledge
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of the inducers, sensors, transducers, and effectors of neuroin-


flammation may make attainment of this goal possible.
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Abstract
Background: Gadopentate dimeglumine (Gd-DTPA) enhanced magnetic resonance imaging (MRI)
is widely applied for the visualization of blood brain barrier (BBB) breakdown in multiple sclerosis
and its animal model, experimental autoimmune encephalomyelitis (EAE). Recently, the potential
of magnetic nanoparticles to detect macrophage infiltration by MRI was demonstrated. We here
investigated a new class of very small superparamagnetic iron oxide particles (VSOP) as novel
contrast medium in murine adoptive-transfer EAE.


Methods: EAE was induced in 17 mice via transfer of proteolipid protein specific T cells. MR
images were obtained before and after application of Gd-DTPA and VSOP on a 7 Tesla rodent MR
scanner. The enhancement pattern of the two contrast agents was compared, and correlated to
histology, including Prussian Blue staining for VSOP detection and immunofluorescent staining
against IBA-1 to identify macrophages/microglia.


Results: Both contrast media depicted BBB breakdown in 42 lesions, although differing in plaques
appearances and shapes. Furthermore, 13 lesions could be exclusively visualized by VSOP. In the
subsequent histological analysis, VSOP was localized to microglia/macrophages, and also diffusely
dispersed within the extracellular matrix.


Conclusion: VSOP showed a higher sensitivity in detecting BBB alterations compared to Gd-
DTPA enhanced MRI, providing complementary information of macrophage/microglia activity in
inflammatory plaques that has not been visualized by conventional means.


Background
A fundamental pathologic feature of multiple sclerosis
(MS) is the formation of multifocal plaques in the central
nervous system (CNS), accompanied by a disruption of
the blood brain barrier (BBB). Gadopentate dimeglumine


(Gd-DTPA) does not cross an intact BBB and can thus be
used to detect BBB leakage in acute inflammatory lesions
by Gd-DTPA enhanced MRI [1]. Recently, iron-oxide
based magnetic nanoparticles have evolved as a new class
of MRI contrast agents [2-6], bearing the potential to
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detect macrophage infiltrates into the CNS independently
from BBB breakdown [7,8]. Macrophages play a pivotal
role in the pathophysiology of MS, since they invade the
CNS early during disease and act as effector cells in the
inflammatory cascade, leading to persistent structural and
functional tissue damage [9,10]. Dextran-coated magnetic
nanoparticles have been applied in various animal mod-
els to visualize the migration of macrophages by MRI
[2,7,8,11-15]. Two recent studies showed that the applica-
tion of magnetic nanoparticles in MS patients resulted in
a pattern that was distinct from BBB leakage visualized on
Gd-DTPA enhanced images [16,17].


In this study, we investigated the capacity of novel, very
small superparamagnetic iron oxide particles (VSOP) to
detect neuroinflammatory foci in murine experimental
autoimmune encephalomyelitis (EAE), an animal model
of MS. VSOP are substantially smaller than conventional
magnetic nanoparticles due to an electrostatically stabi-
lized citrate coating [6], and therefore can also be used to
detect BBB breakdown [18,19]. On the other hand, VSOP
are very efficiently phagocytized [20] and were success-
fully applied for in vivo tracking of mononuclear cells in
the past [21]. We analyzed the distribution pattern and
kinetics of VSOP enhancement in adoptive-transfer EAE
in comparison to conventional Gd-DTPA enhanced MRI
and compared these findings with histopathological alter-
ations.


Materials and methods
Adoptive-transfer EAE
Female SJL/J mice, six to eight weeks old, were purchased
from Charles River (Sulzfeld, Germany). Animals were
housed in sawdust-lined cages in a climate-controlled
room and received standard rodent feed and water ad libi-
tum. All experiments were approved by the local animal
welfare committee and conformed to the European Com-
munities Council Directive (86/609/EEC). For adoptive-
transfer EAE, naïve donor mice were immunized with an
emulsion containing 250 μg PLP (murine proteolipid
peptide p139-151; purity > 95%, Pepceuticals, Leicester,
UK) in equal volumes of phosphate buffered saline (PBS)
and Complete Freund's Adjuvant (CFA, Difco Laborato-
ries, Detroit, USA), and 4 mg/ml Mycobacterium tuberculo-
sis H37Ra (Difco Laboratories, Detroit, USA), as
previously described [22]. Ten days after immunization,
cells were extracted from draining lymph nodes and res-
timulated with 12.5 μg PLP/ml in cell culture medium
(RPMI 1640 supplemented with 2 mM L-glutamine, 100
U/ml penicillin, 100 μg/ml streptomycin and 10% fetal
calf serum) for four days at 37°C. For adoptive transfer, 8–
12 × 106 T-cell blasts in 100 μl PBS were injected intraperi-
toneally into 17 syngenic recipients.


Mice were weighed daily and scored for EAE [22]: 0, unaf-
fected; 1, tail weakness or impaired righting on attempt to


roll over; 2, paraparesis; 3, paraplegia; 4, paraplegia with
forelimb weakness or complete paralysis; score > 4, to be
sacrificed. Mice with a score of 4 received an intraperito-
neal injection of 200 μl glucose (5%) daily.


MRI analysis
Cerebral MRI was performed on a 7 Tesla rodent MRI
scanner (Pharmascan 70/16AS, Bruker BioSpin, Ettlingen,
Germany), applying a 20 mm RF-Quadrature-Volume
head coil. Animals received anesthesia via facemask
induced with 3% and maintained with 1.5 – 2.0% isoflu-
rane (Forene, Abbot, Wiesbaden, Germany) delivered in
100% O2 under constant ventilation control (Bio Trig Sys-
tem, Bruker BioSpin, Ettlingen, Germany). Mice were
placed on a heated circulating water blanket to keep up
body temperature at 37°C.


Axial and coronal T1-weighted (MSME; TE 10.5 ms, TR
322 ms, 0.5 mm slice thickness, matrix 256 × 256, field of
view (FOV) 2.8 cm, eight averages, 40 coronal slices, scan
time 22 minutes, and 20 axial slices, scan time 16 min),
fat-suppressed turbo spin echo T2-weighted (RARE; TE1
14.5 ms, TE2 65.5 ms, TR 4500 ms, 0.5 mm slice thick-
ness, Matrix 256 × 256, FOV 2.8 cm, eight averages, 40
coronal slices, scan time 28 minutes, and 20 axial slices,
scan time 28 minutes) and T2*-weighted (GEFI; TE 5.6
ms, TR 1200 ms, flip angle 35°, 0.5 mm slice thickness,
Matrix 256 × 256, FOV 2.8 cm, four averages, 40 coronal
slices, scan time 20 minutes, and 20 axial slices, scan time
13 minutes) images were acquired before and after intra-
venous (i.v.) administration of the respective contrast
agent. Identical slice positions were used for all sequences
applied: coronal slices were aligned to the olfactory bulb/
frontal lobe fissure and covered the entire brain up to the
cervical spinal cord. Axial slices were positioned parallel
to a plane through the most frontal tip of the olfactory
bulb and the most rostral cerebellar part. MRI data were
analyzed using the MEDx3.4.3 software package (Medical
Numerics, Virginia, USA) on a LINUX workstation.


Mice were investigated daily for the development of BBB
breakdown beginning on the fifth day post T cell transfer
with MRI immediately after injection of 0.2 mmol/kg
bodyweight Gd-DTPA (Magnevist, Bayer-Schering
Pharma AG, Berlin, Germany) into the tail vein. If paren-
chymal contrast enhancement was detected, animals
received 0.2 mmol/kg bodyweight VSOP (VSOP C-184,
Ferropharm, Teltow, Germany) and MR investigations
were repeated after 24 h. Three animals with rapid onset
received primarily VSOP and no Gd-DTPA.


Histology
For subsequent histological analysis, mice were lethally
anaesthetized (Xylazinhydrochlorid, Rompun 2%, Bayer,
Leverkusen, Germany, and Ketamin, CuraMED Pharma,
Karlsruhe, Germany) and intracardially perfused with 0.1
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M PBS and fixed in 4% paraformaldehyde (PFA) in 0.1 M
PBS. Brain and spinal cord were removed and postfixed in
4% PFA. The tissue was then dehydrated in 30% sucrose
for cryoprotection and stored at -80°C. Axial cryosections
(Jung cryostat 2800 Frigocut-E, Cambridge Instruments,
Nussloch, Germany) of the entire brain were stained
either by standard hematoxylin and eosin (H&E) proce-
dure to detect cellular inflammation or by Prussian Blue
staining according to Perl's method [23] to detect VSOP.


For further characterisation of microglia/macrophages,
tissue sections were incubated with rabbit anti-IBA-1 anti-
bodies (1:1000, Wako Chemicals, Neuss, Germany) in
PBS overnight at 4°C after preincubation in 10% normal
goat serum (CALTAG, Invitrogen, Karlsruhe, Germany) to
block non-specific binding, and then with a secondary
antibody (anti-rabbit Cy2, Amersham, Munich, Ger-
many) for 1 h at room temperature. Slices were counter-
stained with Hoechst-33258 (Molecular Probes, Leiden,
the Netherlands) to visualize cell nuclei and with rhod-
amine phalloidin (Molecular Probes, Leiden, the Nether-
lands) to identify vascular structures. Finally, all slices
were washed three times in PBS and cover-sealed with flu-
orescence mounting medium (DAKO Deutschland
GmbH, Germany). Selected sections were examined by
epifluorescence microscopy and digitally photographed
(Olympus BX-51, Hamburg, Germany). Images were
assembled using Adobe Photoshop (Adobe Systems, San
Jose, CA, USA).


Results
Clinical EAE course
All mice developed EAE, presenting first clinical symp-
toms 7 – 14 (mean 9.9) days after the transfer of encepha-
litogenic T cells, most commonly initiated by an impaired
tail motility and a delayed righting reflex after the animal
was rolled on its back. The disease severity progressed to
peak EAE scores between 1 and 4 (mean 2.5 ± 1.1) within
several days, as illustrated in figure 1. Two animals were
followed up longitudinally for three weeks until complete
recovery.


VSOP enhanced MRI visualized inflammatory foci beyond 
BBB breakdown depicted by Gd-DTPA
Contrast enhanced MRI visualized 55 inflammatory
plaques, most commonly in the brain stem and the periv-
entricular area, but also disseminated throughout the
remaining CNS (table 1). Areas of BBB breakdown
appeared hyperintense on T1-weighted images after Gd-
DTPA application or, respectively, hypointense on T2*-
weighted images after VSOP enhancement (figure 2). The
majority of the in vivo detected plaques were enhanced by
both contrast agents (38 lesions), nevertheless, the
enhancement pattern of Gd-DTPA and VSOP differed
within the individual lesion, as demonstrated in figure 2


(arrow heads). In general, Gd-DTPA enhanced lesions
appeared more diffusely, gradually fading towards their
edges, whereas VSOP hypointensities presented concise
hypointense spots with clear margins towards the sur-
rounding tissue.


Of note, 13 out of 55 inflammatory foci were exclusively
visualized by VSOP, but could not be detected on Gd-
DTPA enhanced T1-weighted images (table 1). Although
these lesions did not show the conventional BBB break-
down characteristic defined by Gd-DTPA enhancement,
they did not principally differ in terms of temporal or spa-
tial MRI appearance in this study. Various examples are
presented in figure 2 (small arrows). Vice versa, every Gd-
DTPA enhancing lesions also clearly delineated by VSOP.


Histological correlation
Each Gd-DTPA or VSOP enhancing MRI lesion showed
tissue pathology also on the corresponding histological
slices. Perivascular and perimeningeal cell infiltrations
were clearly demarked in H&E stainings (figure 3A). On
Prussian Blue stained slices, iron depositions could be co-
localized to these areas (figure 3B). VSOP was visualized
within cellular compartments, suggesting their incorpora-
tion into cytoplasmatic vesicles (figure 3C). Furthermore,
we detected extracellular magnetic nanoparticles accumu-
lating diffusely within the brain parenchyma (figure 3D).
Immunofluoresence stainings identified IBA-1 positive
microglia/macrophages within perivascular lesions,
which could be co-localized by their morphology to those
cells exhibiting intravesicular VSOP on Prussian blue
stainings (figure 3E,F).


Clinical disease courseFigure 1
Clinical disease course. Clinical disease course in 17 mice 
after transfer (day 0) of proteolipid protein specific encepha-
litogenic T cells. Mean experimental autoimmune encephalo-
myelitis (EAE) scores and standard deviations are presented. 
Two animals were followed up until complete recovery (data 
for extended observation phase not shown).
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Kinetics and characterization of VSOP contrast
VSOP were strongly prominent in the blood pool as well
as in areas of BBB breakdown within the first 6 h after
application (figure 4). Figure 4 as an example depicts the
typical signal void of inflammatory lesions 4–8 h post
VSOP application in the diencephalon (A) and the cere-
bellum (B, C). In these early time points, regions with uni-
form Gd-DTPA enhancement did not appear accordingly
evenly hypointense on co-localized T2*-weighted images
after VSOP application, but these lesions were depicted
clear-cut and more widespread in comparison (figure 4A,
B). At later time points, i.e. after 18–24 h, parenchymal
VSOP enhancement became most pronounced, when the
non-specific blood pool contrast had completely van-
ished, and gradually ceased thereafter. Remarkably, some
hypointense spots were still detectable 20 days after the
initial application, despite complete clinical recovery of
the animals at this time point (figure 5).


T2*-weighted sequences were most sensitive for the detec-
tion of magnetic nanoparticles, as illustrated in figure 6.
None of the lesions could be differentiated prior to con-
trast agent administration in any of the investigated MRI
sequences (T1-, T2-, T2*- or proton-density-weighted
MRI), nor were lesions detectable in healthy control mice.


Discussion
In this study we investigated the capability of novel elec-
trostatically stabilized magnetic nanoparticles, VSOP, to
detect neuroinflammatory foci in murine adoptive trans-
fer EAE, a disease model of MS. Although MRI revolution-
ized the diagnosis and management of MS patients [24],
a persistent mismatch between clinical and MRI findings
has remained [25,26]. Conventional MRI depicted hyper-
intense lesions on T2-weighted MRI as relatively unspe-
cific traces of the disease and showed evidence of acutely
disrupted BBB indicated by Gd-DTPA leakage into the
parenchyma [27]. Both conventional imaging techniques
correlated only weakly or moderately to disability and


Comparison of contrast enhancing lesionsFigure 2
Comparison of contrast enhancing lesions. Compari-
son of coronal T1-weighted images immediately after Gd-
DTPA administration versus T2*-weighted images 24 h after 
VSOP application. The majority of the lesions enhanced both, 
Gd-DTPA and VSOP, although shape differences within indi-
vidual lesions were apparent (arrow heads). Furthermore, 
several plaques enhanced exclusively VSOP, but not Gd-
DTPA (small arrows).


Table 1: Distribution and number of contrast enhancing lesions (CEL).


Brain region Exclusively VSOP enhancement Gd-DTPA and VSOP enhancement Total number of CEL


Brain stem +++ +++++++++ 12
Periventricular ++ ++++++++++ 12
Midbrain +++++++++ 9
Cerebellum ++ ++++++ 8
Olfactory bulb +++ +++++ 8
Cortex +++ +++ 6


13 42 55


Data are given from 14 mice after Gd-DTPA and VSOP administration, respectively. Three mice received VSOP only and are not included in the 
table. Each + refers to an individual animal.
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clinical outcome of our patients [28]. Experimental con-
trast agents such as Gadofluorine M revealed blood brain
barrier breakdown with higher sensitivity than conven-
tional Gd-DTPA, but have not been applied to humans
[18,29]. A new class of MRI contrast agents based on
superparamagnetic iron oxide cores was recently devel-
oped and originally employed to visualize labeled cells
[5,30-32]. In EAE, macrophages could be detected in vivo
within inflammatory lesions after phagocytosis of mag-
netic nanoparticles [8,12,15,18,33]. Our finding of intra-
cellular iron oxide, verified by Prussian Blue stained
histology, is in line with these reports. Recent studies
applying larger dextran-coated magnetic nanoparticles


report their detection on MRI after a time delay of 24 h,
presumably depending on the invasion of macrophages
rather than on magnetic nanoparticles passively diffusing
through the disrupted BBB barrier [4,8,12].


However, the extremely small VSOP investigated in this
study became immediately visible after application as
prominent T2*-hypointensity. Generally, VSOP detected
lesions were in good spatial agreement to those areas that
enhanced after Gd-DTPA application on T1-weighted
MRI. Nevertheless, VSOP caused very distinct hypointense
spots, whereas Gd-DTPA enhanced lesions appeared less
clear cut on T1-weighted images. Most intriguingly, a sub-
set of 13 out of 55 lesions became visible exclusively after
VSOP injection, remaining unenhanced after concomi-
tant Gd-DTPA application. In our study, these "VSOP-
only" lesions did neither principally differ in space nor in
time from those inflammatory plaques that simultane-


Histological findingsFigure 3
Histological findings. EAE-typical perivascular cell infiltra-
tions were identified on Hematoxylin & Eosin stained slices 
(A). After Prussian Blue staining, VSOP was detected on cor-
responding sites (B). Two different distribution patterns of 
magnetic nanoparticles became evident: The incorporation of 
VSOP into cytoplasmatic vesicles within phagocytic cells 
(arrows in C), and a diffuse accumulation in the brain paren-
chyma (ellipse in D). IBA-1 positive macrophages/microglia 
were identified by immunofluorescent staining within perivas-
cular plaques, colocalizing with Prussian Blue positive cells 
(arrows in E, and in higher magnification in F; green: anti-IBA-
1, macrophages/microglia; blue: Hoechst 33258, cell nuclei; 
red: rhodamin phalloidin, vascular structures).


Early VSOP enhancementFigure 4
Early VSOP enhancement. In regions of blood brain bar-
rier breakdown visualized by Gd-DTPA (A1, B1, C1), paren-
chymal VSOP leakage was detectable within the initial 6 h 
post application (A2, B2). Lesions became clearly distinguish-
able from the vasculature only after the blood pool contrast 
resolved. In C2, 4 h post application, intravascular VSOP is 
still visible. Eight hours after application, neuroinflammatory 
foci remain hypointense, where as intravascular signal 
decrease vanished (C3). Ellipses highlight contrast enhancing 
lesions.
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ously enhanced both contrast agents, or on corresponding
histology. Prussian-blue positive magnetic nanoparticles
were present in vesicles within cells that were identified as
macrophages/microglia on immunofluorescent stainings,
and also as a diffuse extracellular accumulation within the
connective tissue in vicinity to inflammatory plaques.
Thus, VSOP enhanced MRI was capable of visualizing
both, BBB disruption at high sensitivity as well as macro-
phage infiltration into neuroinflammatory lesions.


The occurrence of extracellular VSOP deposits in histology
detected in regions without Gd-DTPA enhancement
appears inscrutable at first sight. Two different underlying
mechanisms have to be considered. First, BBB breakdown
might be present but very subtle in these regions. Para-
magnetic nanoparticles such as VSOP are characterized by


a strong susceptibility effect in T2*-weighted imaging,
possibly providing an augmented sensitivity for BBB alter-
ations compared to Gd-DTPA. Secondly, presuming BBB
integrity, VSOP might also accumulate in inflammatory
foci due to a locally enhanced activity of transendothelial
transport mechanisms during inflammation [34,35].
Nanoparticles were shown to facilitate drug delivery
across the BBB [36]. Transport of transferrin into the CNS
occurs via receptor-mediated transcytosis [37]. Which par-
ticular pathways might channel VSOP across an intact
BBB remains to be determined.


Magnetic nanoparticles have already been applied in sev-
eral human trials of cerebral ischemia [38,39] and in brain
tumours [40]. In MS, two studies on magnetic nanoparti-
cles were reported so far: In a prospective trial of Dousset
et al. comprising ten MS patients with relapsing-remitting
disease course, two patients presented enhancing lesions
exclusively after administration of magnetic nanoparticles
[17]. A very recent study by Vellinga et al. reported a mis-
match of 144 out of 188 lesions in 14 patients, that could
be visualized by dextran-coated magnetic nanoparticles
(USPIO) enhanced MRI, but not by Gd-DTPA. Vice versa,
of 59 Gd-DTPA positive lesions, 15 were USPIO negative
in the same study [16]. Despite these encouraging initial
experimental human trials, the exact specificity and sensi-
tivity of different magnetic nanoparticles applied remains
to be elucidated, since they obviously depict different
aspects of pathology, as indicated by the data presented in
this study.


VSOP has been investigated as a blood pool contrast agent
in MR-angiography of the coronary arteries in a clinical
phase 1B study, and was well tolerated [41]. Therefore, a
future application also in MS seems feasible.


Conclusion
Here, we demonstrated that VSOP, due to their small size
and special surface characteristics, uniquely combine the


Time course of VSOP enhancementFigure 5
Time course of VSOP enhancement. In a longitudinal follow-up, T2*-hypointense lesions (arrows) were depicted at 24 h, 
7 days and 20 days post VSOP application. Some hypointense plaques remained visible after 20 days.


VSOP contrast in different MR sequencesFigure 6
VSOP contrast in different MR sequences. Prominent 
contrast-enhancing periventricular lesions are depicted 24 h 
after VSOP injection on coregistered coronal T2*-, T2-, T1- 
and proton-density-weighted images (ellipse). T2*-weighted 
MRI was most sensitive in detecting magnetic nanoparticles. 
On T1-weighted images, very high VSOP concentrations 
became visible as hypointense spots at 7 Tesla.
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advantages of an improved detection of occult BBB altera-
tions, adding the capability of visualizing subtle macro-
phage infiltration into active neuroinflammatory plaques.
Moreover, VSOP differ from other magnetic nanoparticles
in their capability to exclusively image subtle BBB disrup-
tions. Several lesions could be detected that enhanced
solely VSOP, indicating the sensitivity for additional neu-
roinflammatory processes so far missed by conventional
contrast media. Thus, novel magnetic nanoparticles may
contribute to resolve the clinico-radiological paradox in
future human trials.
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Abstract
Background: Parkinson's disease, for which currently there is no cure, develops as a result of
progressive loss of dopamine neurons in the brain; thus, identification of any potential therapeutic
intervention for disease management is of a great importance.


Results: Here we report that prophylactic application of water-soluble formulation of coenzyme
Q10 could effectively offset the effects of environmental neurotoxin paraquat, believed to be a
contributing factor in the development of familial PD. In this study we utilized a model of paraquat-
induced dopaminergic neurodegeneration in adult rats that received three weekly intra-peritoneal
injections of the herbicide paraquat. Histological and biochemical analyses of rat brains revealed
increased levels of oxidative stress markers and a loss of approximately 65% of dopamine neurons
in the substantia nigra region. The paraquat-exposed rats also displayed impaired balancing skills on
a slowly rotating drum (rotorod) evidenced by their reduced spontaneity in gait performance. In
contrast, paraquat exposed rats receiving a water-soluble formulation of coenzyme Q10 in their
drinking water prior to and during the paraquat treatment neither developed neurodegeneration
nor reduced rotorod performance and were indistinguishable from the control paraquat-untreated
rats.


Conclusion: Our data confirmed that paraquat-induced neurotoxicity represents a convenient rat
model of Parkinsonian neurodegeneration suitable for mechanistic and neuroprotective studies.
This is the first preclinical evaluation of a water-soluble coenzyme Q10 formulation showing the
evidence of prophylactic neuroprotection at clinically relevant doses.
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Background
Parkinson's disease (PD), one of the common neurode-
generative disorders, results from progressive loss of
dopamine (DA) neurons in the substantia nigra pars com-
pacta (SNpc). More than 95% of PD cases are sporadic and
the disease often begins after the age of 60 years [1,2].
Symptoms, such as resting tremors, postural instability,
rigidity and bradykinesia, become marked upon the loss
of approximately 80% of the DA neurons. Along with
these motor deficits, PD patients exhibit loss of balance
that may be implicated in their impaired ability to volun-
tarily change gait stride or direction and their psychologi-
cal fear of falling [3].


Although the exact causes of sporadic PD remain unclear,
numerous environmental risk factors, especially neuro-
toxins, have been implicated in its etiology [4]. Environ-
mental toxins such as rotenone, maneb (MB) and
paraquat (PQ, 1,1-dimethyl-4,4-bipyridinium) have been
shown to induce PD-like symptoms in experimental ani-
mals [5]. A recent study of an East Texas population that
used a case-control design revealed an elevated risk of PD
from exposure to organic pesticides such as rotenone and
paraquat [6]. Experimental evidence of the neurotoxicty
of such organic compounds has been demonstrated in
mice and rats. Exposure to PQ alone or in combination
with MB in such animals has been shown to result in loss
of DA neurons in SNpc and to reduce the animals' general
activity [7-10].


The chemical structure of PQ is similar to the known
dopaminergic neurotoxin, N-methyl-4-phenylpridinium
ion (MPP+), the active metabolite of MPTP. Thus, it
belongs to the class of redox cycling compounds capable
of inducing mitochondrial damage, increase ROS produc-
tion and oxidative stress [11,12]. Ultimately, it may be
important to develop an animal model of PD that consists
of sensitive behavioural indicators of early onset of DA
neurodegeneration in the SNpc and to test the effective-
ness of any neuroprotective agents. Obviously application
of such a substance during the early stage of PD in
humans could help them maintain a normal quality of
life. Rather than examining the effects of any neuro-pro-
tective agent on maintenance of animals' general activity,
one should investigate its effects on more sensitive behav-
ioral indicators such as balance and gait performance.
Wishaw et al. (2003) devised a rotorod test for examining
impaired gait performance of rats exposed to near com-
plete unilateral destruction of the substania nigra [13].
They found that such rats exhibited contra-lateral inflexi-
ble digit extension and a general hunched posture when
forced to walk on a slowly rotating (12 R.P.M.) drum
("rotorod"). Less severe but more general destruction of
the substantia nigra in these animals might produce less
dramatic and more specific effects due to reduced balance.


That is, such animals would be expected to show less
spontaneous variability in maintaining their balance on
the rotorod.


Oxidative stress burden in the midbrain is usually high
even under normal conditions, due to generation of reac-
tive metabolites of DA, and is further elevated in PD
patients [11]. Currently there is no cure for PD, however,
there is an ongoing search for reliable neuroprotectants
that could diminish the rate of neurodegeneration and
help patients maintain a better quality of life. Thus, agents
capable of improving the mitochondrial function and
inhibiting oxidative stress should provide neuroprotec-
tion [14]. To this effect, antioxidants such as vitamin E
and Coenzyme Q10 (CoQ10) have been extensively evalu-
ated in both preclinical animal studies and clinical trials
[15-18]. CoQ10, especially, continues to attract attention
as it is not only a critical component of the mitochondrial
respiratory chain complexes, it is also a powerful antioxi-
dant [19]. Its clinical applications, however, show a low
efficacy, probably because of its lack of solubility in aque-
ous media and poor bioavailability. A recently developed
water soluble formulation of CoQ10 (WS-CoQ10)
addresses these issues to offer potentially greater benefits
and a wider range of applications [20]. This WS-CoQ10
formulation protects neuronal cells in vitro from gluta-
mate excitotoxicity [21] and direct oxidative stress [22]. It
is also effective in mitigating the brain damage caused by
ischemia in experimental rats [23].


Previously, we have shown that PQ causes mitochondrial
dysfunction and apoptosis in differentiated human neu-
roblastoma cells and that pretreatment of cells with WS-
CoQ10 offers neuroprotection [24]. Here we describe a
model of PQ-induced neurodegeneration in adult Long
Evans hooded male rats and the application of WS-CoQ10
in drinking water to offset such toxicity. Using histologi-
cal, biochemical and behavioural assessments, we estab-
lished that systemic exposure of rats to PQ caused
oxidative stress, loss of DA neurons in SNpc, and affected
the animals' motor skills, as evidenced by a reduced vari-
ability in balancing on a rotorod. More importantly, we
found neuroprotection and amelioration of these PD-like
behavioral symptoms in rats given WS-CoQ10 in their
drinking water.


Methods
Water-soluble formulation of CoQ10 (WS-CoQ10)
Water-soluble formulation was prepared from CoQ10
(Kyowa Hakko, New York, NY) and polyoxyethanyl α-
tocopheryl sebacate (PTS) by directly combining both
components in a molar ratio of 1: 2 mol/mol (1: 3 w/w)
and heating them to a temperature higher than their
respective melting points to form a clear melt, which is
water-soluble and can be diluted with aqueous solutions

Page 2 of 12
(page number not for citation purposes)







BMC Neuroscience 2009, 10:88 http://www.biomedcentral.com/1471-2202/10/88

(e.g., water, saline, phosphate buffered saline) to a desired
concentration. PTS was synthesized by conjugating poly-
ethylene glycol 600 to α-tocopherol via bi-functional
sebacic acid (Sigma-Aldrich, St. Louis, MO) as previously
described [20]; http://www.Zymes.com.


Typically, stock solutions of WS-CoQ10 (50 mg of CoQ10
and 150 mg of PTS per ml in PBS (phosphate buffered
saline) or a placebo (150 mg of PTS per ml of PBS) were
made and stored at 4°C. They were subsequently diluted
with regular drinking water to a final concentration of 50
μg CoQ10 and 150 μg PTS per ml (WS-CoQ10) or 150 μg
PTS per ml (placebo).


Experimental animals and their general care
All animal care, treatments, and procedures were
approved by the University of Windsor's Animal Care
Committee in accordance with the Canadian Council for
Animal Care guidelines. A total of forty-seven adult male
Long-Evans hooded rats purchased from Charles River
Laboratories (St. Canstant Quebec). The rats were approx-
imately 3.0 months old at the start of the experiments.
Rats were housed in group cages (3–4 rats per cage) daily
except during 2 hours afternoon feeding times, in accord-
ance with Canadian Government animal care guidelines
for long-term maintenance. In view of this requirement,
rats in each cage had to receive the same specific drinking
water regimen and injection condition in order to sepa-
rate saline-injected from paraquat injected animals. This
was necessary to prevent the development of any domi-
nance hierarchies based on degree of neurodegeneration.
Otherwise, saline-injected or other neuroprotected rats
might become dominant over their cage mates subjected
to neurodegeneration and thus gain more access to food
and liquids. However, it is important to note that group
caging of rats with the same liquid and injection condi-
tions, is not sufficient a guarantee against the develop-
ment of dominance hierarchies that is normal in such
social animals. Thus the possibility would remain that less
dominant animals might not gain equal nutritional
access. In order to avoid this, we also instituted a separate
2 hour feeding schedule every afternoon, where each ani-
mal was isolated in an individual holding cage and pro-
vided 25 g of dry rat chow and its specific liquid
treatment. These maintenance procedures insured that
rats consumed enough food to insure normal weight gain
over the course of the experiment from their starting
weights of 300–320 g to 410–450 g by the end of the
experiment. This feeding schedule also promoted drink-
ing further insuring that each rat received its normal daily
amount of liquid. Drinking solutions (regular water,
water supplemented with WS-CoQ10 or with the placebo
carrier solution) were always available in group and indi-
vidual holding cages but food was only available in the
individual cages. Water bottles containing WS-CoQ10 and
placebo were covered with aluminium foil and all bottles


were refilled every three days. The animal colony room
was maintained on a reversed 12 h:12 h light: dark cycle
with the temperature maintained at 20°C. Our study con-
sisted of two separate experiments (figure 1A–B)
described as follows.


Experiment 1
This experiment was designed to determine whether the
original paraquat (PQ) injection protocol used with mice
[7] could produce similar neurodegenerative effects in
Long-Evans hooded rats, and if so, whether WS-CoQ10
supplement in their drinking water could offer any protec-
tion from the toxic effects of paraquat. This experiment
initially contained twenty naïve adult male Long-Evans
hooded rats, partitioned into four separate groups, of
which two received plain drinking water, one received
drinking water supplemented with WS-CoQ10, and the
other received drinking water supplemented with the car-
rier solution (Placebo) throughout the course of the
experiment (Figure 1A). Since placebo (also called PTS in
our study) is a pro-drug form of vitamin E (in which toco-
pherol was chemically derivatised by sebacic acid and
PEG) and is used as a component (carrier) in WSCoQ10
formulation [23], the possible neuroprotective effects of
CoQ10 were compared to placebo and water groups. After
two weeks from the beginning of their respective drinking
water treatments, rats were given 3 weekly intraperitoneal
injections of saline or paraquat (10 mg/kg body weight
dissolved in PBS). One group that received plain drinking
water was injected with saline (Saline-Water group). The
other three groups were injected with paraquat (PQ-Water
group; PQ-Placebo group; PQ-CoQ10 group). One week
after their last injection, rats were perfused with
heparinised tyrode's solution (pH 7.4) followed by 10%
neural buffered formalin and sacrificed. Brains were
removed and fixed in 10% buffered formalin for another
12 h and embedded in paraffin for histochemical analysis.
We note that technical difficulties prevented accurate
assessment of TH-positive neurons in the Saline-Water
group. Therefore, we added two more age-matched ani-
mals from the same colony to this group for further assess-
ment.


Experiment 2
This experiment was designed not only to conduct histo-
logical/biochemical assays of PQ-induced neurodegener-
ation, but also to analyze a potential PD-like behavioural
changes resulting from such exposure (Figure 1B). In
addition, we intended to determine whether WS-CoQ10
treatment could offset PQ-induced behavioural impair-
ment. In view of the fact that no differences occurred
between the PQ-Placebo and PQ-Water treatment groups
in Experiment 1, we eliminated plain water treatment, but
gave animals either WS-CoQ10 or its carrier solution PTS
(Placebo) in their drinking water. We used twenty-five
naïve adult male Long-Evans hooded rats for this experi-
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ment and exposed them to the same basic injection sched-
ule as in Experiment 1. Twelve animals always received
drinking water supplemented with the WS-CoQ10 and
were divided into two equal injection groups (Saline-
CoQ10 and PQ-CoQ10). The other 13 rats always received
the placebo supplemented drinking water and were also
divided into two groups based on the injection regime,
resulting in the Saline-Placebo group (6 animals) and the
PQ-Placebo group (7 animals). Rats were sacrificed two
weeks after the last injection, as opposed to one week after
the last injection in experiment 1. This added week


allowed us to carry out post-injection behavioural assess-
ments of gait performance on the rotorod.


Behavioural assessment
Rotorod Apparatus
We measured rats' ability to maintain their balance on a
rotorod as per a previously described protocol [13]. This
rotorod apparatus consisted of a paper-covered (80 grid)
15 cm long, 7 cm diameter wooden dowel attached to a
variable speed motor. Clockwise revolutions of the
rotorod could be adjusted from 6 to 12 R.P.M. The rod
was separated from the motor by a vertical 30 × 48 cm


Schematic outlines of experimental proceduresFigure 1
Schematic outlines of experimental procedures. A) Experiment 1: Four experimental groups of animals were provided 
with indicated water or water supplemented with placebo or WS-CoQ10. Three weeks later, they received intraperitoneal 
injections (open circles) of saline or PQ (10 mg/kg) once a week for 3 consecutive weeks. One week following the last injection 
(dark arrow), rats were sacrificed and brain tissue was collected for immunohistochemical studies. B) Experiment 2: Four 
experimental groups of animals were given either placebo or WS-CoQ10 supplemented drinking water (as indicated). Three 
weeks later, they received intraperitoneal injections (open circles) of saline or PQ (10 mg/kg) once a week for 3 consecutive 
weeks. Rats were trained on the rotorod during the pre-injection period (grey arrowheads) and behavioural assessment was 
conducted on the third, fourth and fifth rotorod sessions (dark arrowhead). Two weeks following the last injections, rats were 
sacrificed and brain tissue was collected for biochemical studies (dark arrow).
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grey wooden panel that was scored with black vertical and
horizontal lines to form 12 × 12 cm squares as shown in
Figure 4B. The apparatus rested on a small table so that the
dowel was 27 cm above its surface. A digital video camera
(Orbyx Electronics Inc, CA) was positioned 1 m in front
of and level with the rod. The apparatus was illuminated
by regular fluorescent ceiling lighting and a 60-W lamp
approximately 3 m in front of it.


Experimental procedure
Experiment 2 setup consisted of a two week pre-injection
phase followed by an injection phase of three weeks and
a two-week post-injection phase. Rats received three
rotorod sessions during the pre-injection phase, spaced
approximately two days apart over the two-week period,
one rotorod session five days after the second injection
(mid-injection test), and one session in the post-injection
phase given one week after their last injection. The first
two pre-injection sessions served to train the rats to main-
tain their balance on the rotorod while we gradually
increased its rotation speed from 6 to 12 R.P.M. From the
third test on, we maintained the rotorod's rotation speed
at 12 R.P.M. Rats' performance on the third pre-injection
test provided baseline performance for comparison with
the next two tests. Rats were always placed in the forward
position (facing left) as the rod rotated clock-wise.


Dependent Behavioural Measures and Statistical Analyses
Each rat's video recording was converted to 5 frames per
second still pictures from which we recorded its move-
ments over the last 100 seconds (500 frames) with a soft-
ware tracking program (7 Software, Inc, Montana, U.S.A.).
Figure 4B illustrates a picture frame superimposed on the
tracking frame composed of 450 vertical and 450 horizon-
tal pixels. It was noted that although rats were initially ori-
ented to walk forward on the slowly rotating rotorod, they
also turned around and walked backward during some
portions of these sessions. Therefore, we calculated the
amount of time each rat actually spent (proportion of
frames) walking backward as well as its average horizontal
and vertical nose locations as it walked in each direction.


Each rat's proportion of time spent walking backward was
transformed into an arcsin 2√X measure to enhance
homogeneity of variance for parametric statistical analysis
of proportion scores [25]. Each dependent measure was
analyzed by 2 (Injection: PQ vs. Saline) by 2 (Liquid Sup-
plement: CoQ10 vs. Placebo) by 3 (Rotorod Test Session:
pre-, mid-, post-injection) analysis of variance (ANOVA)
with repeated measures on the last factor. We conducted
statistical analyses of the behavioural data with SPSS (ver-
sion 17) program and report significant effects at p < .05.


Immunohistochemistry
Rats from experiment 1 (Figure 1A) were perfused with
heparinised tyrode's solution (pH 7.4) followed by 10%


neural buffered formalin and sacrificed. Brains were
removed and fixed in 10% neural buffered formalin for
another 12 h and embedded in paraffin. Coronal sections
(8 μm) were cut across the whole substantia nigra region
and processed for immunohistochemistry using a stereo-
taxic rat brain atlas. Briefly, sections were deparaffinized
and incubated with Tris-buffered saline (TBS: 50 mM Tris-
HCl, 150 mM NaCl, pH 7.6) containing 3% H2O2 for 10
min at room temperature to destroy endogenous peroxi-
dise activity. Nonspecific IgGs were blocked with univer-
sal blocking solution (DAKO diagnostics Canada Inc.,
Mississauga) for 30 min at room temperature. Excess liq-
uid was drained, and sections were incubated in a humid
chamber with a rabbit polyclonal anti-tyrosine hydroxy-
lase antibody (1:1000 Pel-Freeze Biologicals, USA) for 24
h at 4°C. Negative controls included the omission of pri-
mary or secondary antibodies. Sections were then washed
in TBS and incubated with DAKO Envision peroxidase
conjugated to goat anti-rabbit IgG for 30 minutes at room
temperature. Immunolabelling was detected using 0.02%
diaminobenzidine tetrachloride and 0.006% hydrogen
peroxide for 10 min at room temperature. Sections were
washed in running water and then counterstained with
Mayer's hematoxylin. The images were captured using a
Carl Zeiss Axiovert 200 M microscope. The loss of
dopaminergic neurons was determined by counting TH-
immunopositive cells (cell body) under bright-field illu-
mination. After delineation of the SN pars compacta using
the 10H objective, every 5th section from the entire sub-
stantia nigra region (a total of 15–20 slides) was counted
using 20H objective and the average of all counts repre-
sented the total number of neurons per section. Multiple
sections were counted to obtain the TH+ve neuronal
numbers. The entire region from the beginning to end was
scanned.


Tissue fractionation
In both experiments rats designated for biochemical
assays were sacrificed by CO2 inhalation and their brains
were removed. These isolated brains were washed with
ice-cold PBS and placed on ice until further dissection.
Midbrain region was dissected, weighed and homoge-
nized in an ice-cold isolation medium (50 mM Tris-HCl,
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM benza-
midine, 10 μg/ml pepstatin A and 10 μg/ml leupeptin; 5
ml buffer/1 g tissue). The homogenates were centrifuged
at 500 × g for 10 min. The pellets were discarded and the
supernatant was used as the cytosolic fraction in all subse-
quent assays. Protein content was measured using the Bio-
Rad assay.


Glutathione assay
Three rats from each group in Experiment 2 were desig-
nated for the GSH assay. This assay was performed essen-
tially as previously described [26]. Briefly, 50 μl of
cytosolic fraction (obtained from the midbrain) and 100
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μl of reaction mixture (1 mM NADPH, 100 mM
Na2HPO4, 100 units GSH reductase and 1 mM DTNB)
were incubated for 15 min at 37°C in a 96 well plate.
Absorbance was measured at 412 nm using a Bio-tek ELx
808 ru Ultra Micro Plate Reader. GSH levels were deter-
mined from the standard curve constructed using 1 mM
GSH. Levels of GSH were expressed per microgram pro-
tein.


Lipid Peroxidation Assay
Two rats from each group in Experiment 1 were desig-
nated for the lipid peroxidation assay. It was performed as
previously described [27]. Briefly, 100 μl of the cytosolic
fraction of the midbrain was added to 1 ml of thiobarbi-
turic acid and incubated at 100°C on a heat block for 20
min. After cooling the tubes, absorbance was measured at
535 nm (Genesys spectrophotometer). Lipid peroxidation
levels were determined from the standard curve prepared
using 1 mM malondialdehyde (MDA). Lipid peroxidation
levels were expressed per microgram protein.


Statistical analysis
Unless otherwise stated, all the biochemical experiments
have been performed in triplicates in 3 animals, but TH
counting was performed by the counting 10 slides for
each animal and three separate animals were used for
counting. One-way analysis of variance (ANOVA) fol-
lowed by post-hoc Bonferroni's multiple comparisons test
was used to assess statistical differences. Significant effects
at P < 0.05 are reported. Statistical tests were performed
using GraphPad Prism version 4.0.


Results
The effects of PQ and WS-CoQ10 on DA neurons in the 
midbrain
Microscopic examination of midbrain sections revealed
reduced TH immunostaining in the PQ-injected rats (both
water and placebo-fed groups, Figure 2B and 2C, respec-
tively) as compared to the control saline-injected rats (Fig-
ure 2A). There was also a diminished staining of TH-
positive fibres, indicative of neuronal loss and reduced
density of the fibres (compare Figure 2B-b' and 2C-c' to
2A-a'). These PQ-injected animals received either regular
drinking water or placebo throughout the duration of the
experiment. In striking contrast were the images of the
PQ-WS-CoQ10 midbrain sections, which showed a strong
TH immunostaining of both the cell bodies and the fibres
(Figure 2D and 2D-d'). This group of rats was given the
WS-CoQ10 supplemented drinking water, which might
have counteracted the effects of PQ. The immunostaining
data was confirmed by counting the TH -positive cells in
the entire region of SNpc (Figure 2E). The TH -positive
cells results were expressed as percent control. The counts
revealed a nearly 65% reduction of the cell number in the
PQ-injected rats receiving regular drinking water (from


313.7 ± 11.3 in Saline group to 110.33 ± 8.5 in PQ-pla-
cebo group, P < 0.001) and 60% reduction in the placebo
fed group (down to 121.33 ± 2.081). The cell counts also
confirmed the neuroprotective effects of WS-CoQ10.
Although the estimated number of TH-positive neurons
in PQ-WS-CoQ10 group was lower than in control saline
group, their total number was still 2.5-fold higher than in
PQ-water group (P < 0.001) and 1.5 times higher than in
PQ-WS-placebo group (P < 0.001). Interestingly, the
counts also revealed a higher number of TH-positive cells
in PQ-Placebo group in comparison to PQ-Water group
(P < 0.001). It should be noted here that the placebo solu-
tion contained PTS, a derivatised form of vitamin E, which
could be responsible for this neuroprotection.


Assessment of oxidative stress markers
We measured the GSH content (Figure 3A) and lipid per-
oxidation (Figure 3B) in the midbrain of experimental
animals as the markers of oxidative stress. We compared
the levels of these markers in the brains of PQ-injected
groups (Placebo and WS-CoQ10 fed groups) with the
saline injected groups (Placebo and WS-CoQ10 fed
groups).


GSH is an abundant antioxidant in many tissues, includ-
ing the brain and is known to protect cells against oxida-
tive damage [28,29]. Depletion in GSH levels has been
observed in the MPTP model of PD [30]. In this study, the
GSH content in the PQ-placebo group was reduced by half
as compared with the saline groups (P < 0.001), consist-
ent with it being utilized to combat the effects of PQ (Fig-
ure 3A). However, the GSH level was maintained at nearly
control level in the PQ-WS-CoQ10 group (Comparing
both the paraquat injected groups, P < 0.001), suggesting
that the antioxidant content of WS-CoQ10 formulation
offsets the effect of PQ, sparing the GSH system.


Recent studies report a higher malondialdehyde (MDA)
level [31] and increased lipid peroxidation in the substan-
tia nigra region of PD-exposed brains [32]. Here we meas-
ured the content of MDA, the product of lipid
peroxidation, to assess the degree of PQ-induced lipid
damage (Figure 3B). The data showed that the damage
was particularly evident in PQ-water group as indicated by
a significantly increased MDA level in comparison to
groups injected with paraquat and fed with either placebo
or WS-CoQ10 (P < 0.05). Again, the MDA level in PQ-WS-
CoQ10 was nearly the same as in the saline injected groups
and it was significantly lower than in the PQ-placebo
group (P < 0.05). Thus, these results indicated that PQ
injections lead to the increased lipid peroxidation, which
was mitigated by WS-CoQ10.


In summary the biochemical and histological assessments
indicated that PQ injections induced oxidative stress in
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Immunohistochemical evaluation of midbrain damageFigure 2
Immunohistochemical evaluation of midbrain damage. Experiment1: Immunohistochemistry performed using anti-
tyrosine antibodies on the brain sections of animals. Representative photomicrographs of midbrain sections showing TH-
immunopositive neurons from saline injected animals (A), paraquat injected water fed animals (B), paraquat injected placebo 
fed animals (C) and paraquat injected WS-CoQ10 fed animals (D). Magnification: 10H. Insets (a' to d') show the density of TH-
immunopositive neurons and fibres in the respective groups. Magnification: 20×. (E) The number of TH-immunopositive neu-
rons counted in every fifth section throughout the substantia nigra pars compacta. Data are shown as mean ± SEM. Note: Signif-
icant differences (p < .001) ***between saline injected-water fed group and and paraquat injected water fed group; ### 
between saline injected-water feds and paraquat injected-placebo fed group; HHH between paraquat injected WS-CoQ10 fed 
group and paraquat injected placebo fed group (evidence of neuroprotection).
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the brain leading to lipid peroxidation, reduction of GSH
and 70% loss of TH positive neurons in the SNpc region.
The histological and biochemical assessments also


revealed that the toxicity of PQ towards DA neurons was
neutralized by the WS-CoQ10formulation.


Behavioural Assessments
As already noted, we subjected rats to a series of rotorod
tests over the course of Experiment 2 to measure sponta-
neous changes in their balancing behaviour. These neuro-
protective effects were accompanied by maintenance or
even improved balance on the rotorod (Figure 4A). In
fact, animals of the PQ injected WS-CoQ10 group behaved
the same on the rotorod tests as animals in either saline
injected groups.


Proportion of Time Spent in Walking Backward
Figure 4A shows the changes in the amount of time rats in
each group spent walking backward over the three test ses-
sions (pre-injection, mid-injection, post-injection).
Although all groups spent a greater proportion of their
time walking forward, they spent almost 30% to 40% of
their time walking backwards on their first (pre-injection)
test. Only rats in the PQ-Placebo group steadily reduced
the amount of time spent spontaneously walking back-
ward. Therefore during the post-injection test, they almost
exclusively maintained a forward walking gait. Rats in the
PQ-CoQ10 group showed an increased time spent walking
backward on the post-injection test as compared to those
in the PQ-Placebo group. The rats in the Saline-Placebo
group developed only slight declines, while those in the
Saline-CoQ10 group showed little if any change. The three-
way ANOVA on the transformed data uncovered a signifi-
cant injection type among all three factors, F (2, 42) =
4.68, p = 0.015. One-way within-subjects ANOVAs for
each group revealed that only rats in the PQ-Placebo
group significantly reduced their proportion of walking
backwards, F (2, 12) = 12.08. p < 0.01. There were no sig-
nificant effects for any changes in the other three groups.


Vertical and horizontal nose positions
Separate analyses of rats' vertical and horizontal nose
positions did not uncover any significant changes reflect-
ing the experimental treatments (i.e., PQ vs. saline injec-
tions or placebo vs. CoQ10 supplementation). As shown
in Figure 4B, rats tended to walk forward with their noses
slightly below the top of the rotorod (below the horizon-
tal line at 210 pixels) and extended well away from it (177
pixels from the left vertical line). When rats did walk back-
wards, they also tended to extend their noses similarly
slightly below the top of and away from the rotorod.


In summary, we found clear evidence of a motor balance
dysfunction in rats that had suffered paraquat-induced
neuronal loss in SNpc (PQ-Placebo group). These rats
drastically reduced their tendency to spontaneously turn
around and walk backwards during and following their
series of injections. On the other hand, paraquat-injected


Oxidative stress markersFigure 3
Oxidative stress markers. Experiment 2: Following 
behavioral testing, rats were sacrificed, midbrain tissue was 
homogenized and assayed for GSH (A) and MDA levels (B). 
Data (mean ± SEM) was normalized to that of saline injected 
placebo fed group, which was taken as 100%. (A) statistically 
significant differences (p < .001): *** between saline injected 
placebo fed group and paraquat injected placebo fed group; 
### between paraquat injected placebo fed group and saline 
injected WS-CoQ10 fed group; HHH between paraquat 
injected placebo fed group and paraquat injected WS-CoQ10 
fed group. (B) Statistically significant differences (p < .05): * 
between saline injected placebo fed group and paraquat 
injected placebo fed group; # between paraquat injected pla-
cebo fed group and saline injected WS-CoQ10 fed group; H 


between paraquat injected placebo fed group and paraquat 
injected WS-CoQ10 fed group.

Page 8 of 12
(page number not for citation purposes)







BMC Neuroscience 2009, 10:88 http://www.biomedcentral.com/1471-2202/10/88

rats whose SNpc area was protected by WS-CoQ10 (PQ-
CoQ10 group) retained their pre-injection levels of the
backward gait on the final post-injection. Thus this group
did not differ statistically from either of the saline-injected
groups.


Discussion
Accumulated evidence suggests that PD may arise from a
combination of genetic susceptibility and exposure to
environmental toxins [32,4,33]. Indeed, several environ-
mental risk factors such as metals, solvents, carbon mon-


oxide and herbicides have been linked to the incidence
and progression of PD [34-37]. Amongst these factors, the
herbicide paraquat (PQ) shows clear neurotoxicity in the
central nervous system. PQ can enter the CNS through
neutral amino acid transporters associated with the blood
brain barrier system [38] and selectively damage the SNpc
neurons in mouse models [39]. It has also been reported
that a prolonged exposure to non-pneumotoxic levels of
PQ causes the damage to basal ganglia [33]. According to
the published data, a range of xenobiotics, including
paraquat and menadione, can undergo monoelectronic
redox cycling in isolated brain capillaries, giving a rise to
increased production of ROS [40,41]. Menadione, for
example, is shown to significantly increase the permeabil-
ity of endothelial cell monolayers in vitro [41]. Thus, there
is a correlation between free radical formation and passive
permeability of the cerebral microvascular endothelium;
therefore, it is possible that the neurotoxicity of PQ may,
in part, be linked to its ability to alter the permeability of
the blood brain barrier.


Our data clearly confirmed the toxicity of systemically
administered PQ, especially towards DA neurons of the
SNpc. Three weekly intraperitoneal injections of this her-
bicide effectively killed between 50–70% of DA neurons
in the midbrain of adult male Long-Evans hooded rats
and induced PD-like symptoms. The effectiveness of PQ
in killing DA neurons seems to vary from 40–70% in
reported experimental studies, but its selectivity towards
TH-positive neurons in the SNpc region is consitent in all
studies. Ossowska et al., (2005) showed that long term
paraquat administration caused somewhat less progres-
sive neuronal loss of about 37% loss of dopamine neu-
rons in adult male Wistar rats [42]. McCormack et al.,
(2002) found only about a 25% reduction in these DA
neurons in C57BL/6 mice [32]. However, Brooks et al.
(1999) found much greater losses of TH-positive neurons
in the substantia nigra pars compacta (~60%) and their
terminals in the striatum (~90%) after PQ exposure in
C57BL/6J mice given the same dosage used in our study
[7]. In the present study, we observed a loss of ~65%
dopaminergic neurons using a 3 injection PQ regime. Per-
haps, among other possible factors, the different strains of
mice and rats used in these two sets of studies may
account for the differences in susceptibility to PQ-induced
neuronal loss.


The question remains whether our rats may have simply
been susceptible to a more general, non-specific neurode-
generative effect from PQ exposure. Unfortunately, we did
not test for this possibility by examining other brain areas.
In view of this problem, we now use a general marker for
neurons namely NeuN to stain various areas of brain in
on-going experiments. Although we have yet to complete
this study, our preliminary results from those rats that


Behavioural AssessmentsFigure 4
Behavioural Assessments. Rats were trained on the 
rotorod and behavioural testing was carried out. A) Rats 
were placed on a moving rotorod and the time spent by the 
rats walking backwards on the rotorod was monitored. 
Measurements were made before (pre-injection), during 
(mid-injection) and after (post-injections) the PQ-injections. 
The data points represent the mean proportion of time 
spent walking backwards during each testing session B). Rep-
resentative image of the tracking format used for determin-
ing forward/backward walking posture as well as the location 
of nose on the rotorod. The horizontal line is positioned at 
the top of the rotorod and the two vertical lines determine 
the forward and backward walking positions. Any nose loca-
tions between the left and right vertical lines were not 
counted.

Page 9 of 12
(page number not for citation purposes)







BMC Neuroscience 2009, 10:88 http://www.biomedcentral.com/1471-2202/10/88

have completed it, clearly show a clear decrease in NueN-
positive cell numbers in the midbrain area containing the
SNc region but no decline in NeuN immunostaining in
other areas of the brain; e.g. hippocampal region (data not
shown) following PQ injections. Therefore we are confi-
dent that PQ exposure targeted DA neurons of the SNpc.


Moreover, the affected rats showed clear signs of defi-
ciency in fine motor control as indicated by a reduced ten-
dency to turn around and walk backwards on the rotorod.
Furthermore, we have established that the brain damage
and the performance deficits could be minimized if not
prevented by giving the animals a water soluble formula-
tion of CoQ10 (WS-CoQ10) throughout the experiment.
This study is, in fact, the first pre-clinical evaluation of
WS-CoQ10 as a neuroprotectant of DA neurons.


The neurotoxicity of PQ is linked to its ability to destabi-
lize mitochondria and increase the production of reactive
oxygen species (ROS) [12]. Experimental evidence indi-
cates that PQ targets mitochondria of brain cells and the
affected mitochondria are a major source of ROS. Using
in-vitro assays, we show that PQ can destabilize the mito-
chondria isolated from mouse brains and from differenti-
ated human neuroblastoma cells [24], (Somayajulu et al.,
unpublished data). Furthermore ROS such as superoxide
reacts with nitric oxide to form reactive nitrogen interme-
diates, which impair the mitochondrial respiratory chain
and lead to decreased ATP synthesis [43]. Furthermore, we
found evidence of increased lipid peroxidation, which
could lead to changes in membrane properties and affect
cellular homeostasis [33]. Therefore, the evidence sug-
gests that dysfunctional mitochondria are most likely sig-
nificant contributors to PQ-induced neurotoxicity.


Our data has also shown that placebo offers some protec-
tion against oxidative stress; however, placebo alone is
not sufficient to protect the neurons from cell death
induced by paraquat. The placebo formulation consists of
Vitamin E and polyethylene glycol. Coenzyme Q10 on the
other hand, works at the mitochondrial level and does
prevents neuronal cell death induced by paraquat. Our
data adds to the mounting evidence that antioxidants,
especially CoQ10 and vitamin E, are important for the
management of neurodegenerative diseases [16]. Neuro-
protective effects of CoQ10 in the CNS have been exten-
sively evaluated [18,44] and several in vivo studies
demonstrate its protective role against experimental
ischemia, sparing the levels of GSH and ATP [15,23].
CoQ10 is a highly hydrophobic, naturally occurring com-
pound that mainly functions in mitochondrial mem-
branes as a diffusible electron carrier for the
mitochondrial respiratory chain complexes. It is also a
powerful antioxidant readily scavenging free radicals [15].
Its pharmaceutical applications, however, seem to suffer


from the lack of solubility and low bioavailability, both
necessitating the applications of high doses to achieve a
therapeutic effect. An open-label phase I clinical trial of
CoQ10 in PD patients reveal a good absorption and toler-
ance of CoQ10, however, high dosages were required (up
to 1200 mg per day) to achieve some beneficial effects
[17,45]. A recent study by Cleren et al (2008) has shown
that oil soluble Tishcon CoQ10 formula provided signifi-
cant protection against MPTP toxicity in a mouse model
[18]. However the effective doses used in this work were
200 mg/kg/day-1600 mg/kg/day (equivalent to 14–114
gm/day for a 70 kg patient). This dose is also extremely
high and therefore unlikely to be used in human subjects.
On the other hand, the effective daily dose of the water
soluble formulation used in our study was 5 mg/kg/day in
rats, roughly one fourth of the dose used in the cited
above clinical trial and 40 times lower than the dose used
by Cleren et al (2008) in mice [18]. The results from our
study offer the possibility of using CoQ10 in smaller, clin-
ically relevant doses.


The water soluble formulation of CoQ10 has been
reported to be more efficacious as it combines two potent
antioxidants, i.e., derivatised vitamin E (PTS) and CoQ10
[23,20], http://www.Zymes.com. PTS is a pro-drug form
of vitamin E (alpha-tocopherol), which was chemically
derivatised by sebacic acid and PEG and used as a compo-
nent (carrier) in WSCoQ10 formulation [23]. These two
compounds form a stable and water soluble complex,
easy to deliver and test (i.e., in drinking water). The effec-
tive daily dose of this formulation that offered significant
neuroprotection in our study will translate to 350 mg/day
for a 70 kg human subject (roughly one fourth of the dose
used in the aforementioned clinical trial). Indeed rats fed
the WS-CoQ10 containing diet have shown elevated
plasma levels of CoQ10 [23]. Due to the water-soluble
nature of our formulation, we have done extensive work
on its effect as neuroprotective agent in neuronal cell cul-
tures [21,22,24]. In our previous in vitro studies we show
that this formulation of CoQ10 protects differentiated
SHSY-5Y cells against PQ toxicity by stabilizing mitochon-
drial membranes, maintaining mitochondrial membrane
potential and sustaining ATP production [24]. More
recently, we established that it inhibits Bax activity and
prevents Bax-induced destabilization of mitochondria in
mammalian cells [46].


Of equal importance in this study is the identification of
the fine behavioural abnormalities (indicative of altered
motor skills), observed in PQ-treated rats as the reduced
behavioural variability for balanced walking on the
rotorod (PQ-placebo group, Figure 4A). This was evi-
denced by rats reducing their spontaneous turning around
to walk backward. These PQ-injected rats were receiving
drinking water supplemented with derivatised vitamin E
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(PTS) as placebo and lost over 50% of the midbrain DA
neurons (Figure 2E). It should be noted, however, that the
rats of the PQ-Placebo group did not suffer extreme
behavioural motor dysfunction of slow ambulatory
behaviour with hunched postures, typically found in PD
patients. Such PD-like general ambulatory behaviour has
been observed in mice exposed to similar PQ and MPTP
dosages [7] and a forward rotorod gaiting in rats receiving
an unilateral destruction of the nigrostriatal bundle by tar-
geted injections of 6-hydroxydopamine [13]. These
behavioural differences, however, are not surprising given
the differences in level of SNpc destruction in our animals
compared with that of animals in the earlier studies.


Rats in the rotorod study described by Whishaw [13] obvi-
ously had most of their SNpc unilaterally destroyed which
also reduced their flexibility in fore- and hind limb paw
placement on the contralateral than ipsilateral side of the
damage. Given the more general, but lower degree of neu-
ronal loss in the PQ-Placebo group, it is not surprising
that we observed the same flexibility of their paw place-
ments as in the unaffected animals (both saline injected as
well as PQ-WS-CoQ10 fed groups). It is noteworthy that
symptoms of PD, such as resting tremors, postural insta-
bility, rigidity and bradykinesia, are not readily detectable
until individuals have more than 80% loss of their SNpc
neurons [11].


Conclusion
We have identified subtle behavioural deficits that accom-
panied substantially low losses of DA neurons (approx.
65%) in the SNpc region. The most obvious implications
of our results relate to the early detection of PD-like neu-
rodegeneration. Reduced behavioural variability in the
performance of simple motor or ambulatory tasks may
signal the early onset of this disorder in humans. Given
that CoQ10 or other neuroprotective agents can slow
down or even stop further reduction of neuronal popula-
tion, early detection and intervention could prevent fur-
ther development of the symptoms. Further research will
be required to establish the reliability and validity of such
subtle behavioural diagnostic measures.


Authors' contributions
All the authors contributed in the design of the experi-
ments, manuscript preparation and approval for submis-
sion. MSN and SP contributed to most of the experiments
including injection and feeding of different regiments,
dissections, immunohistochemical analysis and bio-
chemical analysis. JC, AM and VP were involved in the
design and execution of behavioural tests, analysis of
rotorod results and animal care. JS performed TH immu-
nostaining and counting of the TH-positive neurons. MS
and HBB prepared water-soluble CoQ10 and placebo for-
mulations and CoQ10 measurements in tissues. TS was


involved in experimental design, histo-pathological eval-
uations.


Acknowledgements
Authors gratefully acknowledge funding from Canadian Institute for Health 
Research (CIHR), Toldo Foundation, Windsor and National Research 
Council of Canada. We thank Kristen Church, Parvati Dadwal and Natasha 
Rafo for their technical help.


References
1. Steece-Collier K, Maries E, Kordower JH: Etiology of Parkinson's


disease: Genetics and environment revisited.  Proc Natl Acad Sci
USA 2002, 99(22):13972-13974.


2. Corti O, Hampe C, Darios F, Ibanez P, Ruberg A, Brice A: Parkin-
son's disease: from causes to mechanisms.  C R Biol 2005,
328(2):131-142.


3. Colnat-Coulbois S, Gauchard GC, Maillard L, Barroche G, Vespignani
H, Auque J, Perrin PP: Bilateral subthalamic nucleus stimula-
tion improves balance control in Parkinson's disease.  J Neurol
Neurosurg Psychiatry 2005, 76(6):780-787.


4. Di Monte DA: The environment and Parkinson's disease: is the
nigrostriatal system preferentially targeted by neurotoxins?
Lancet Neurol 2003, 2(9):531-538.


5. Betarbet R, Sherer TB, Greenamyre JT: Animal models of Parkin-
son's disease.  Bioessays 2002, 24(4):308-318.


6. Dhillon AS, Tarbutton GL, Levin JL, Plotkin GM, Lowry LK, Nalbone
JT, Shepherd S: Pesticide/environmental exposures and Par-
kinson's disease in East Texas.  J Agromedicine 2008, 13(1):37-48.


7. Brooks AI, Chadwick CA, Gelbard HA, Cory-Slechta DA, Federoff
HJ: Paraquat elicited neurobehavioral syndrome caused by
dopaminergic neuron loss.  Brain Res 1999, 823(1–2):1-10.


8. Thiruchelvam M, Richfield EK, Baggs RB, Tank AW, Cory-Slechta DA:
The nigrostriatal dopaminergic system as a preferential tar-
get of repeated exposures to combined paraquat and
maneb: Implications for Parkinson's disease.  J Neurosci 2000,
20(24):9207-9214.


9. Cicchetti F, Lapointe N, Roberge-Tremblay A, Saint-Pierre M, Jimenez
L, Ficke BW, Gross RE: Systemic exposure to paraquat and
maneb models early Parkinson's disease in young adult rats.
Neurobiol Dis 2005, 20(2):360-371.


10. Thiruchelvam M, Prokopenko O, Cory-Slechta DA, Buckley B,
Mirochnitchenko O: Overexpression of superoxide dismutase
or glutathione peroxidase protects against the paraquat +
maneb-induced Parkinson disease phenotype. (vol 280, pg
22530, 2005).  J Biol Chem 2008, 283(45):31268-31268.


11. Jenner P: Oxidative stress in Parkinson's disease.  Ann Neurol
2003, 53:S26-S36.


12. Castello PR, Drechsel DA, Patel M: Mitochondria are a major
source of paraquat-induced reactive oxygen species produc-
tion in the brain.  J Biol Chem 2007, 282(19):14186-14193.


13. Whishaw IQ, Li K, Whishaw PA, Gorny B, Metz GA: Distinct fore-
limb and hind limb stepping impairments in unilateral
dopamine-depleted rats: use of the rotorod as a method for
the qualitative analysis of skilled walking.  J Neurosci Methods
2003, 126(1):13-23.


14. Koller WC, Cersosimo MG: Neuroprotection in Parkinson's dis-
ease: an elusive goal.  Curr Neurol Neurosci Rep 2004, 4(4):277-283.


15. Beal MF: Bioenergetic approaches for neuroprotection in Par-
kinson's disease.  Ann Neurol 2003, 53:S39-S47.


16. McDonald SR, Sohal RS, Forster MJ: Concurrent administration
of coenzyme Q10 and alpha-tocopherol improves learning in
aged mice.  Free Radic Biol Med 2005, 38(6):729-736.


17. Shults CW, Oakes D, Kieburtz K, Beal MF, Haas R, Plumb S, Juncos
JL, Nutt J, Shoulson I, Carter J, et al.: Effects of coenzyme Q10 in
early Parkinson disease: evidence of slowing of the functional
decline.  Arch Neurol 2002, 59(10):1541-1550.


18. Cleren C, Yang L, Lorenzo B, Calingasan NY, Schomer A, Sireci A,
Wille EJ, Beal MF: Therapeutic effects of coenzyme Q(10)
(CoQ(10)) and reduced CoQ(10) in the MPTP model of Par-
kinsonism.  J Neurochem 2008, 104(6):1613-1621.


19. Young AJ, Johnson S, Steffens DC, Doraiswamy PM: Coenzyme
Q10: A review of its promise as a neuroprotectant.  CNS Spectr
2007, 12(1):62-68.

Page 11 of 12
(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12391311

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12391311

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15770999

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15770999

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15897498

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15897498

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12941575

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12941575

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948617

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948617

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19042691

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19042691

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10095006

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10095006

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11124998

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11124998

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11124998

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16242641

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16242641

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12666096

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17389593

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17389593

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17389593

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12788498

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12788498

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12788498

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15217541

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15217541

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12666097

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12666097

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15721983

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15721983

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15721983

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12374491

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12374491

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12374491

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17973981

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17973981

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17973981

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17192765

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17192765





BMC Neuroscience 2009, 10:88 http://www.biomedcentral.com/1471-2202/10/88

Publish with BioMed Central   and  every 
scientist can read your work free of charge


"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."


Sir Paul Nurse, Cancer Research UK


Your research papers will be:


available free of charge to the entire biomedical community


peer reviewed and published immediately upon acceptance


cited in PubMed and archived on PubMed Central 


yours — you keep the copyright


Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp


BioMedcentral


20. Borowy-Borowski H, Sodja C, Docherty J, Walker PR, Sikorska M:
Unique technology for solubilization and delivery of highly
lipophilic bioactive molecules.  J Drug Target 2004,
12(7):415-424.


21. Sandhu JK, Pandey S, Ribecco-Lutkiewicz M, Monette R, Borowy-
Borowski H, Walker PR, Sikorska M: Molecular mechanisms of
glutamate neurotoxicity in mixed cultures of NT2-derived
neurons and astrocytes: Protective effects of coenzyme
Q(10).  J Neurosci Res 2003, 72(6):691-703.


22. Somayajulu M, McCarthy S, Hung M, Sikorska M, Borowy-Borowski
H, Pandey S: Role of mitochondria in neuronal cell death
induced by oxidative stress; neuroprotection by Coenzyme
Q(10).  Neurobiol Dis 2005, 18(3):618-627.


23. Sikorska M, Borowy-Borowski H, Zurakowski B, Walker PR: Deriva-
tised alpha-tocopherol as a CoQ10 carrier in a novel water-
soluble formulation.  Biofactors 2003, 18(1–4):173-183.


24. McCarthy S, Somayajulu M, Sikorska M, Borowy-Borowski H, Pandey
S: Paraquat induces oxidative stress and neuronal cell death;
neuroprotection by water-soluble Coenzyme Q(10).  Toxicol
Appl Pharmacol 2004, 201(1):21-31.


25. Winer BJ: Statistics and data analysis: trading bias for reduced
mean squared error.  Annu Rev Psychol 1978, 29:647-681.


26. Baker MA, Cerniglia GJ, Zaman A: Microtiter Plate Assay for the
Measurement of Glutathione and Glutathione Disulfide in
Large Numbers of Biological Samples.  Anal Biochem 1990,
190(2):360-365.


27. Cereser C, Boget S, Parvaz P, Revol A: Thiram-induced cytotox-
icity is accompanied by a rapid and drastic oxidation of
reduced glutathione with consecutive lipid peroxidation and
cell death.  Toxicology 2001, 163(2–3):153-162.


28. Dringen R, Gutterer JM, Hirrlinger J: Glutathione metabolism in
brain – Metabolic interaction between astrocytes and neu-
rons in the defense against reactive oxygen species.  Eur J Bio-
chem 2000, 267(16):4912-4916.


29. Dringen R, Hirrlinger J: Glutathione pathways in the brain.  Biol
Chem 2003, 384(4):505-516.


30. Liang LP, Huang J, Fulton R, Day BJ, Patel M: An orally active cata-
lytic metalloporphyrin protects against 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine neurotoxicity in vivo.  J Neurosci
2007, 27(16):4326-4333.


31. Schmuck G, Roehrdanz E, Haynes RK, Kahl R: Neurotoxic mode of
action of artemisinin.  Antimicrob Agents Chemother 2002,
46(3):821-827.


32. McCormack AL, Thiruchelvam M, Manning-Bog AB, Thiffault C, Lang-
ston JW, Cory-Slechta DA, Di Monte DA: Environmental risk fac-
tors and Parkinson's disease: Selective degeneration of
nigral dopaminergic neurons caused by the herbicide
paraquat.  Neurobiol Dis 2002, 10(2):119-127.


33. Dinis-Oliveira RJ, Remiao F, Carmo H, Duarte JA, Navarro AS, Bastos
ML, Carvalho F: Paraquat exposure as an etiological factor of
Parkinson's disease.  Neurotoxicology 2006, 27(6):1110-1122.


34. Altschuler E: Aluminum-containing antacids as a cause of idio-
pathic Parkinson's disease.  Med Hypotheses 1999, 53(1):22-23.


35. Hageman G, Hoek J van der, van Hout M, Laan G van der, Steur EJ, de
Bruin W, Herholz K: Parkinsonism, pyramidal signs, polyneu-
ropathy, and cognitive decline after long-term occupational
solvent exposure.  J Neurol 1999, 246(3):198-206.


36. Klawans HL, Stein RW, Tanner CM, Goetz CG: A Pure Parkinso-
nian Syndrome Following Acute Carbon-Monoxide Intoxica-
tion.  Arch Neurol 1982, 39(5):302-304.


37. Vanacore N, Nappo A, Gentile M, Brustolin A, Palange S, Liberati A,
Di Rezze S, Caldora G, Gasparini M, Benedetti F, et al.: Evaluation
of risk of Parkinson's disease in a cohort of licensed pesticide
users.  Neurol Sci 2002, 23:S119-S120.


38. Shimizu K, Ohtaki K, Matsubara K, Aoyama K, Uezono T, Saito O,
Suno M, Ogawa K, Hayase N, Kimura K, et al.: Carrier-mediated
processes in blood-brain barrier penetration and neural
uptake of paraquat.  Brain Res 2001, 906(1–2):135-142.


39. McCormack AL, Atienza JG, Johnston LC, Andersen JK, Vu S, Di
Monte DA: Role of oxidative stress in paraquat-induced
dopaminergic cell degeneration.  J Neurochem 2005,
93(4):1030-1037.


40. Bonneh-Barkay D, Reaney SH, Langston WJ, Di Monte DA: Redox
cycling of the herbicide paraquat in microglial cultures.  Mol
Brain Res 2005, 134(1):52-56.


41. Lagrange P, Romero IA, Minn A, Revest PA: Transendothelial per-
meability changes induced by free radicals in an in vitro
model of the blood-brain barrier.  Free Radic Biol Med 1999,
27(5–6):667-672.


42. Ossowska K, Wardas J, Smialowska M, Kuter K, Lenda T, Wieronska
JM, Zieba B, Nowak P, Dabrowska J, Bortel A, et al.: A slowly devel-
oping dysfunction of dopaminergic nigrostriatal neurons
induced by long-term paraquat administration in rats: an
animal model of preclinical stages of Parkinson's disease?  Eur
J Neurosci 2005, 22(6):1294-1304.


43. Ebadi M, Sharma SK: Peroxynitrite and mitochondrial dysfunc-
tion in the pathogenesis of Parkinson's disease.  Antioxid Redox
Signal 2003, 5(3):319-335.


44. Beal MF, Matthews RT: Coenzyme Q10 in the central nervous
system and its potential usefulness in the treatment of neu-
rodegenerative diseases.  Mol Aspects Med 1997,
18(Suppl):S169-179.


45. Shults CW, Flint Beal M, Song D, Fontaine D: Pilot trial of high dos-
ages of coenzyme Q10 in patients with Parkinson's disease.
Exp Neurol 2004, 188(2):491-494.


46. Naderi J, Somayajulu-Nitu M, Mukerji A, Sharda P, Sikorska M,
Borowy-Borowski H, Antonsson B, Pandey S: Water-soluble for-
mulation of Coenzyme Q10 inhibits Bax-induced destabiliza-
tion of mitochondria in mammalian cells.  Apoptosis 2006,
11(8):1359-1369.

Page 12 of 12
(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15621666

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15621666

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15621666

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12774309

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12774309

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12774309

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15755687

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15755687

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15755687

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14695933

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14695933

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14695933

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15519605

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15519605

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=341793

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=341793

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2291479

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2291479

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2291479

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11516525

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11516525

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11516525

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10931173

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10931173

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10931173

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12751781

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17442816

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17442816

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17442816

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11850267

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11850267

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12127150

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12127150

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12127150

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16815551

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16815551

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10499820

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10499820

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10323318

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10323318

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10323318

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7073551

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7073551

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7073551

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12548372

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12548372

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12548372

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11430870

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11430870

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11430870

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15857406

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15857406

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790529

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790529

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10490287

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10490287

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10490287

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16190885

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16190885

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16190885

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12880486

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12880486

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9266519

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9266519

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9266519

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15246848

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15246848

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16830230

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16830230

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16830230

http://www.biomedcentral.com/

http://www.biomedcentral.com/info/publishing_adv.asp

http://www.biomedcentral.com/



		Abstract

		Background

		Results

		Conclusion



		Background

		Methods

		Water-soluble formulation of CoQ10 (WS-CoQ10)

		Experimental animals and their general care

		Experiment 1

		Experiment 2



		Behavioural assessment

		Rotorod Apparatus

		Experimental procedure

		Dependent Behavioural Measures and Statistical Analyses

		Immunohistochemistry

		Tissue fractionation

		Glutathione assay

		Lipid Peroxidation Assay



		Statistical analysis



		Results

		The effects of PQ and WS-CoQ10 on DA neurons in the midbrain

		Assessment of oxidative stress markers

		Behavioural Assessments

		Proportion of Time Spent in Walking Backward

		Vertical and horizontal nose positions



		Discussion

		Conclusion

		Authors' contributions

		Acknowledgements

		References






Maes and Twisk BMC Medicine 2010, 8:35
http://www.biomedcentral.com/1741-7015/8/35


Open AccessC O R R E S P O N D E N C E

CorrespondenceChronic fatigue syndrome: Harvey and Wessely's 
(bio)psychosocial model versus a bio(psychosocial) 
model based on inflammatory and oxidative and 
nitrosative stress pathways
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Abstract
Background: In a recently published paper, Harvey and Wessely put forward a 'biopsychosocial' explanatory model for 
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), which is proposed to be applicable to (chronic) fatigue 
even when apparent medical causes are present.


Methods: Here, we review the model proposed by Harvey and Wessely, which is the rationale for behaviourally 
oriented interventions, such as cognitive behaviour therapy (CBT) and graded exercise therapy (GET), and compare this 
model with a biological model, in which inflammatory, immune, oxidative and nitrosative (IO&NS) pathways are key 
elements.


Discussion: Although human and animal studies have established that the pathophysiology of ME/CFS includes 
IO&NS pathways, these abnormalities are not included in the model proposed by Harvey and Wessely. Activation of 
IO&NS pathways is known to induce fatigue and somatic (F&S) symptoms and can be induced or maintained by viral 
and bacterial infections, physical and psychosocial stressors, or organic disorders such as (auto)immune disorders. 
Studies have shown that ME/CFS and major depression are both clinical manifestations of shared IO&NS pathways, and 
that both disorders can be discriminated by specific symptoms and unshared or differentiating pathways. 
Interventions with CBT/GET are potentially harmful for many patients with ME/CFS, since the underlying 
pathophysiological abnormalities may be intensified by physical stressors.


Conclusions: In contrast to Harvey and Wessely's (bio)psychosocial model for ME/CFS a bio(psychosocial) model 
based upon IO&NS abnormalities is likely more appropriate to this complex disorder. In clinical practice, we suggest 
physicians should also explore the IO&NS pathophysiology by applying laboratory tests that examine the pathways 
involved.


Background
In a recent commentary, Harvey and Wessely [1] pro-
posed a (bio)psychosocial model for all manifestations of
chronic fatigue: myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS), unexplained fatigue, fatigue
as a result of psychiatric conditions, and fatigue associ-
ated with an apparent medical cause, such as cancer,
AIDS and autoimmune disorders. Figure 1 shows the
Harvey and Wessely model [1].


In the view of Harvey and Wessely [1], stress, a viral
infection or another trigger instigate 'fatigue' in predis-
posed individuals, which, mediated by prolonged bed
rest, 'boom and bust activity' and biological sequelae (the
maintaining factors), result in ME/CFS. The biological
component of this model is restricted to the potential
triggers (infections) and 'biological responses' to the ini-
tial fatigue, which, accompanied by 'behavioural
responses' contribute to a prolonged severe fatigue. Per-
petuating factors are principally behavioural ones; biolog-
ical aberrations are considered to be a consequence not a
cause. All predisposing factors, with one exception
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(childhood illness), are behavioural or characterological
ones.


Harvey and Wessely's [1] model strongly resembles the
psychosocial model of Vercoulen et al. [2]. Figure 2 shows
the Vercoulen et al. model. Fatigue and impairment are
considered to be the end result of behavioural (psycho/
sociogenic) factors only. According to this model attrib-
uting complaints to a somatic cause (physical attribution)
negatively influences physical activity, which in turn has a
negative impact on severity of fatigue and impairment.
Focusing on symptoms also contributes to impairment
and fatigue, and a low perceived sense of control over
symptoms also induces fatigue. We will refer to both
models as psychosocial models, since biological abnor-
malities are considered to play no role at all (the Vercou-
len et al. model) or just a minor one (the Harvey and
Wessely model) in explaining the symptomology of ME/
CFS.


These psychosocial explanatory models for fatigue and
ME/CFS and fatigue in general are the rationale for the
combination of cognitive behavioural therapy (CBT) and
graded exercise therapy (GET). In the biopsychosocial


view, the patient can 'recover' by adjusting dysfunctional
beliefs and behaviour and reversing deconditioning,
which are proposed to be the maintaining factors in ME/
CFS. CBT is aimed at eliminating psychogenic maintain-
ing factors, for example illness beliefs, unhelpful, anxiety-
provoking thoughts and kinesiophobia ('fear of move-
ment'); CBT challenges the negative cognitions and dys-
functional beliefs of the patients [3]. CBT is indissolubly
attached with GET, a rehabilitative approach of graded
increase in activity to address deconditioning [3].


This paper examines Harvey and Wessely's [1] (bio)psy-
chosocial model for ME/CFS and chronic fatigue in gen-
eral and compares this model to a bio(psychosocial)
model based on disorders in immune, inflammatory, oxi-
dative and nitrosative stress (IO&NS) pathways.


Comparison between the psychosocial models and 
a biological model based upon aberrations in 
IO&NS pathways
The biological pathophysiology
A medical model should explain how (a) precipitating
and perpetuating factors induce (b) the biological


Figure 1 The (bio)psychosocial model for 'chronic fatigue' of Harvey and Wessely.
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Figure 2 The (bio)psychosocial model for myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) of Vercoulen et al. Fatigue: the 
subjective feeling of fatigue; fatigue subscale of the Checklist Individual Strength. Focusing on (Bodily) Symptoms: somatisation subscale of the Symp-
tom Checklist. (Level of) Physical Activity: Sickness Impact Profile (SIP) subscale mobility (SIP-MOB) and the Physical Activities Rating Scale. (Functional) 
Impairment: impairment in daily life; subscale of activities at home of the SIP. Sense of Control (over Symptoms): selected items of the modified Pain 
Cognition List on a specific five-point scale. Causal Attributions: Causal Attributions List (high scores: physical attributions, low scores: psychosocial 
attributions).
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pathophysiology that accounts for (c) specific symptoms.
Figure 3 shows a biological model that plausibly explains
'fatigue' and ME/CFS by organic abnormalities and cause
and effect relationships [4]. The model of Harvey and
Wessely [1], however, does not specify (b) biological
pathways that explain and maintain (c) the clinical picture
and that are induced by (a) precipitating factors. Cer-
tainly, Harvey and Wessely [1] consider that a virus may
trigger fatigue; however, their model does not include the
concept that infections can trigger IO&NS pathways that
may explain the consequent symptoms. We label the
IO&NS-induced symptom complex 'fatigue and somatic'
(F&S) symptoms, which encompass a flu-like malaise,
fatigue, pain and muscle aches, cognitive disturbances,
autonomic symptoms and so on [5]. Psychiatrists typi-
cally consider these symptoms to be 'functional' and label
them as 'psychosomatic', 'hysteria' or 'somatisation'.
Patients with specific F&S symptoms are diagnosed as
ME/CFS patients once a number of diagnostic criteria are


fulfilled (for example, as described by Fukuda et al. [6]).
While Harvey and Wessely [1] acknowledge a minor role
for biological factors as maintenance factors of ME/CFS,
the cause and effect relationships of these biological fac-
tors are not specified.


However, there is evidence that IO&NS pathways play a
key role in the pathophysiology of ME/CFS and other
conditions in which F&S symptoms are prevalent. The
findings that IO&NS pathways are involved in the
pathophysiology of ME/CFS are replicated in many stud-
ies as reviewed previously ([4,7-9] and references
therein). Figure 3 shows the pathways that are involved in
F&S symptoms and ME/CFS. The factors involved are
shown in Table 1[10-30].


These, and other previously reviewed findings show
that the F&S symptoms are a clinical expression of dys-
regulated IO&NS pathways [4]. As previously outlined
[4], increased levels of proinflammatory cytokines, oxida-
tive damage, increased cyclo-oxygenase 2 (COX-2) pro-


Figure 3 The inflammatory and oxidative and nitrosative (IO&NS) pathophysiology of myalgic encephalomyelitis/chronic fatigue syn-
drome (ME/CFS). COX-2 = cyclo-oxygenase 2; iNOS = inducible nitric oxide synthase; PUFA = polyunsaturated fatty acids; NFκB = nuclear factor κB.
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duction, increased translocation by Gram-negative
enterobacteria and so on, can generate F&S symptoms,
including fatigue, a flu-like malaise, pain, symptoms of
irritable bowel syndrome, and neurocognitive disorders.
In addition, aberrations in IO&NS pathways are interre-
lated. For example, viral and bacterial infections and gut-
derived inflammation may induce nuclear factor κB
(NFκB) and consequently COX-2, inducible nitric oxide
synthase (iNOS) and increased levels of proinflammatory
cytokines. These inflammatory pathways and persistent
or reactivating infections induce radical oxygen species
(ROS) and radical nitrogen species (RNS), which in turn
may damage membrane fatty acids, proteins, DNA and
mitochondria. As a consequence of IO&NS, some cellu-
lar immune functions may be suppressed, for example,
lowered natural killer cell activity (NKCA) and ex vivo
expression of T cell activation markers, such as CD69.
The aberrations mentioned above can also cause chan-
nelopathy, reduced omega-3 polyunsaturated fatty acid
levels, cell death and apoptosis, and change inactive
autoantigens into neoepitopes, which have acquired
immunogenicity and act as triggers to bypass immuno-
logical tolerance. This process may explain the occur-
rence of an IgM-mediated autoimmune responses
mounted against neoepitopes formed by O&NS damage
to fatty acids, by oxidation, and proteins, by nitration.
The above-mentioned processes may also explain the
development of autoimmune responses against a plethora
of self-antigens, including gangliosides and serotonin
[4,20]. Depletion of antioxidants in patients with ME/
CFS, partially due to inflammation, may further impair
the protection against ROS and RNS, causing more dam-
age to fatty acids, proteins, DNA and mitochondria
[4,20]. Not every patient exhibits the full spectrum of
these IO&NS disorders. In fact, each of the above-men-
tioned aberrations and/or combinations thereof may
induce specific F&S symptoms, whereas ME/CFS is asso-
ciated with the more severe forms of IO&NS aberrations
(for example, severe inflammation, dysregulation of the
RNase L pathway, apoptosis pathways, persistent damage
to membrane lipids, functional proteins, DNA, and mito-
chondria and autoimmune responses [4,20]). For exam-
ple, an initial infection may trigger the production of
NFκB and consequently proinflammatory cytokines.
These in turn may induce active immune-mediated
symptoms (the F&S symptoms). Increased O&NS as a
consequence of inflammatory responses can cause dam-
age to membrane fatty acids, functional proteins, DNA or
mitochondria, which further aggravate the immune-
mediated symptoms. The primary inflammatory reac-
tions can cause gut-derived inflammation that further
aggravates inflammation and O&NS [10]. In some severe
cases the above-mentioned processes may cause autoim-
mune responses against neoepitopes or self-antigens via,
for example, mimicry [4,20].


Table 1: Overview of the different immune, inflammatory, 
oxidative and nitrosative stress (IO&NS) aberrations in 
myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS)


Aberrations in the IO&NS pathways in 
ME/CFS


Reference(s)


Increased production of key inflammatory 
mediators, such as NFκB, COX-2, iNOS


Maes et al. [10], Maes 
et al. [11]


Increased levels of proinflammatory 
cytokines


Fletcher et al. [12]


Immune activation, with increased in vivo 
expression of activation markers, such as 
CD38, and Th 1-like or Th 2-like responses


Klimas et al. [13]


Immunosuppression, for example, 
diminished natural killer cell activity (NKCA), 
and decreased ex vivo expression of 
activation markers, such as CD69


Maher et al. [14], 
Mihaylova et al. [8]


Depleted antioxidant levels Maes et al. [15]


Increased levels of radical oxygen (ROS) and 
nitrogen species (RNS)


Kennedy et al. [16]


Oxidative damage to membrane fatty acids, 
mitochondria, functional proteins and DNA


Maes et al. [17], Behan 
et al. [18]


Autoimmune responses against oxidatively 
modified fatty acids and nitrated proteins 
(neoepitopes)


Maes et al. [9]


Autoimmune reactions Maes (review) [19]


Gut dysbiosis and gut-derived inflammation 
with increased bacterial translocation


Maes et al. [20-22], 
Sheedy et al. [23]


Mitochondrial dysfunctions with lower 
carnitine and coenzyme Q10 levels


Myhill et al. [24], 
Plioplys and Plioplys 
[25], Maes et al. [7]


Upregulation and dysregulation of the 2'-5' 
oligoadenylate synthetase/RNase L 
pathway


Nijs and De Meirleir 
[26]


Apoptosis pathways Gow et al. [27], Kerr et 
al. [28]


Ion channel dysfunction (channelopathy) Broderick et al. [29]


Lowered omega-3 polyunsaturated fatty 
acids


Maes et al. [30]


For space considerations, this table only shows a selection of the 
relevant references. A more comprehensive listing can be supplied 
on request from the authors.
COX-2: cyclo-oxygenase 2; iNOS = inducible nitric oxide synthase; 
NFκB = nuclear factor κB; Th = T helper.
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It is often argued that the above-mentioned aberrations
may be 'consequences' rather than the initial cause of the
illness. However, as reviewed previously [4,8,9,20], there
is ample evidence that immune activation and increased
O&NS may induce F&S symptoms and, in specific cases,
ME/CFS, and that treatments that target the IO&NS
pathways may have a clinical efficacy in treating ME/CFS
and F&S symptoms in general [4]. Moreover, these clini-
cal findings are corroborated by observations in animal
models demonstrating that experimentally induced acti-
vation of IO&NS pathways is accompanied by inflamma-
tion-induced 'fatigued' behaviour [31,32]. In this context,
only a few examples are given. In mice, lipopolysaccha-
ride (LPS)-induced peripheral immune activation is
accompanied by fatigue. The severity of fatigue, motor
deficits, coordination problems induced by immune acti-
vation correlate to the levels of the anti-inflammatory
cytokine interleukin 10 [33]. In rats, intraperitoneal injec-
tions of a synthetic double-stranded RNA, polyriboinos-
inic:polyribocytidylic acid (poly I:C) induces profound
fatigue, which is, amongst other things, characterised by
increased levels of interferon-alpha that induces immune
activation  [34]. In experimental animals, induction of
O&NS by intensive and exhaustive exercise induces neu-
rocognitive symptoms [35]. Evidence is also provided by
animal models showing that experimentally induced F&S
symptoms are associated with activation of the IO&NS
pathways and that targeting IO&NS may reverse
'fatigued' behaviour [31-35].


It is often argued that 'animal models of ME/CFS' do
not reflect ME/CFS in humans. However, translational
research is of great importance in deciphering the path-
ways that may cause inflammation-mediated behavioural
changes. Only one example is given: the effect of LPS. An
increased immune response against the LPS from Gram-
negative bacteria has been established in patients with
ME/CFS, indicating a higher LPS load in their blood [20].
This may be the result of an increased translocation of
Gram-negative enterobacteria from the gut to the blood
due to increased gut permeability or leaky gut [20]. Ani-
mal experiments have demonstrated that LPS injected
into the rodent may induce specific symptoms, such as
F&S symptoms, through immune activation and neuroin-
flammation [20]. These translational experiments show
that an increased immune response against LPS from
Gram-negative bacteria, as has been detected in ME/CFS
patients, can induce inflammation-mediated F&S symp-
toms [20].


Aetiological factors
In humans, many studies have demonstrated that differ-
ent pathogens can induce and/or maintain F&S and ME/
CFS: viral (for example, Herpes Simplex, cytomegalovi-
rus, Epstein Barr, Human Herpesvirus 6 (HHV-6)), and


bacterial, (for example, Chlamydia pneumoniae, Myco-
plasma species, enterobacteria, and Coxiella burnetii
infections [4]). Psychosocial and physical stressors can be
important precipitating and perpetuating (co)factors for
F&S symptoms and gradual onset ME/CFS as well [4]. As
reviewed previously, even moderate psychological stres-
sors, such as examination stress, can induce the cytokine
network [36] and O&NS pathways [4,37]. There is suffi-
cient evidence that physical stressors activate the IO&NS
pathways [4]. Harvey and Wessely [1] consider viral infec-
tions and stress to be triggers only, and don't consider
their role in the pathophysiology of ME/CFS. Their
model does not specify whether stress indicates physical
or psychological stress. But more importantly, the model
does not embody the important role of infections (viral
and bacterial) and physical or psychological stress as
cofactors. Therefore, we propose to include all above-
mentioned precipitating factors in the biological explana-
tory model, as presented in Figure 3.


As stated by Harvey and Wessely [1], other factors can
instigate ME/CFS symptoms (that is, the 'zebras', the rare
organic causes of ME/CFS such as immune disorders).
This is important because (auto)immune disorders,
including autoimmune thyroid disorders, multiple sclero-
sis and rheumatoid arthritis, can induce F&S symptoms
[19]. Consequently, '(auto)immune disorders' should be
acknowledged as perpetuating factors for ME/CFS and
F&S symptoms in general. In analogy to the diagnostic
classification system in depression one could consider
this concept as 'ME/CFS due to a general medical condi-
tion'. However, as discussed above, it has been demon-
strated that patients with ME/CFS suffer from one or
more IO&NS disorders and thus from an organic condi-
tion that can explain their F&S symptoms. An alternative
view is that all the triggers mentioned above share the
capacity to activate IO&NS pathways that eventually
cause F&S symptomatology.


Harvey and Wessely [1] declare ME/CFS to be medi-
cally unexplained. However as stated above, the core ele-
ments of the organic pathophysiology of ME/CFS are
already likely known: the induction of IO&NS pathways
and its sequelae. As such the F&S symptoms of ME/CFS
are largely explainable in terms of its pathophysiology. Of
course, Harvey and Wessely [1] are correct to state that
the trigger factors often remain unknown even after
'chasing the zebras'. Indeed, in the individual patient it
not always possible to pinpoint the original trigger,
because the trigger may have disappeared when the
patient is examined. For example, a Mycoplasma infec-
tion may contribute to (chronic) activation of the IO&NS
pathways, which eventually cause damage to lipids, pro-
teins and DNA, gut-derived inflammation and autoim-
munity [20]. The latter may persist after the Mycoplasma
infection is eradicated by antibiotics [20]. Therefore, Har-
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vey and Wessely's [1] discussion on whether the triggers
(the zebras, the horses) can be pinpointed is in fact not
really relevant, because ME/CFS can be understood by its
pathophysiology even though sometimes (but not always)
the precipitating factors cannot be pinpointed.


Based on their model, Harvey and Wessely [1] propose
that the initial cause of the fatigue has a limited impact on
the eventual course of the illness. This statement may be
correct in some cases. However, it has been demon-
strated that the severity of the illness and the rate of
recovery of ME/CFS patients whose condition was trig-
gered by specific infections may be determined by the
acute phase of the infection [38,39]. More importantly,
specific pathogens have been shown to cause persistent
infections [40-43]. Whether or not the original trigger is
still present and can be detected, the severity of F&S
symptoms is significantly correlated to pathophysiologi-
cal biomarkers. For example, Maes et al. [9-11,44]
detected significant positive correlations between the
severity of F&S symptoms in ME/CFS and IgM-mediated
immune responses against neoepitopes originating from
damage to O&NS-modified lipids and proteins, and
increased NFκB, COX-2, and iNOS production. This
indicates that even if the initial trigger has a limited
impact on the course of the illness, there still is a signifi-
cant association between the pathophysiological path-
ways induced by that trigger and the clinical
manifestations of aberrations in the IO&NS pathways.


Harvey and Wessely [1] outline that even fatigue associ-
ated with 'apparent medical causes', such as cancer and
HIV infection, is more closely associated with behav-
ioural and psychological factors than with the severity of
the underlying pathophysiology. However, in patients
with autoimmune disorders, 'fatigue' can largely be
explained by activated IO&NS pathways (for example,
increased interleukin 1 (IL-1) [45]). In cancer patients,
there is evidence that cytokines (for example, IL-6) play a
key role in the fatigue [46]. HIV infection is characterised
by fatigue accompanied by clinical signs of inflammation
[47], an impaired quality of life that is related to immune
activation [48], and a dysfunctional carnitine-dependent
energy production [49].


Predisposing factors
Harvey and Wessely's [1] model incorporates the
assumption that some individuals are predisposed to
develop fatigue and ME/CFS. They propose that person-
ality factors, periodic overactivity, deconditioning,
increased use of doctors, early childhood illness and so
on, may predispose towards ME/CFS. However, central
elements of their psychosocial model and the Vercoulen
et al. model [2], including kinesiophobia and personality
traits, have been disproved by various studies [50,51]. A
recent study by Wiborg et al. [52], for example, invali-


dates the cause and effect relationship between physical
activity and 'fatigue': improvement in the subjective feel-
ing of 'fatigue' is not reflected by an increase in physical
activity. The Vercoulen et al. model [2] as a whole has
been invalidated by Song and Jason [50]. It is also inter-
esting to note that in some studies, but not all, personality
traits, coping mechanisms and psychiatric history do not
seem to affect the outcome of CBT/GET, while immuno-
logical and related endocrinological variables do
[51,53,54]. In addition, Harvey and Wessely [1] do not
mention the immunological predisposing factors, such as
polymorphisms in immune genes associated with ME/
CFS [55-57], and deficiencies in immunoglobulins, such
as IgG1, IgG2 and IgG3 [20,58].


Maintaining factors
In the Harvey and Wessely model [1] biological factors
are mentioned as maintaining factors. Harvey and Wes-
sely [1], however, do not specify these 'biological factors'.
There is no rationale to locate these pathophysiological
maintaining factors between fatigue and CFS as Harvey
and Wessely do. In our model, however, IO&NS abnor-
malities such as chronic inflammation, damage caused by
IO&NS, and autoimmune disorders may persist, thereby
becoming maintaining factors. The activated IO&NS
pathways not only determine the expression of F&S
symptoms, but can also determine the duration of those
symptoms directly.


Other important maintaining factors in Harvey and
Wessely's model are prolonged bed rest and boom and
bust activity. Prolonged bed rest cannot be considered to
be a maintaining factor, since often it is a dependent vari-
able (not cause, but effect). As an illustration we refer to a
case study [20]. This was a patient who suffered from
ME/CFS, but was considered to be hysteric (la belle indif-
ference) or psychosomatic by psychiatrists, the usual 'psy-
chiatric' explanation. In this patient, a Mycoplasma
infection induced an inflammatory cascade accompanied
by O&NS-induced damage, a deficiency in specific anti-
oxidants, gut-derived inflammation, autoimmunity to
serotonin and gangliosides, resulting in paralysis and
'prolonged bed rest' [20]. In this case, one might expect
the physician to conclude that the Mycoplasma infection
is an important propulsive trigger factor for an IO&NS-
driven pathophysiology, including severe inflammation
and autoimmune responses, such as Guillain-Barre syn-
drome, with paralysis and, thus, prolonged bed rest [20].
It is, therefore, incomprehensible that Harvey and Wes-
sely [1] consider a dependent variable to be an explana-
tory variable in their model, while the real explanatory
variables (for example, the aberrations in the IO&NS
pathways and their sequelae), and the bacterial infections,
are not included.
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How boom and bust activity may act as a maintaining
factor in ME/CFS is not clear to us. Even if boom and
bust activity would be relevant, its exact role in the model
has yet to be determined and we would propose that this
needs to be further verified by applying pathway analysis
or other multivariate techniques in order to ascertain the
significant cause and effect relationships between boom
and bust activity and the IO&NS variables.


In addition, psychological stressors can be important
maintaining factors for ME/CFS, as indicated by observa-
tions that acute and chronic psychological stress ampli-
fies inflammation [16] and O&NS [37,59,60], which are
already present in ME/CFS. Physical stressors can act as
perpetuating factors for ME/CFS. This is substantiated by
observations that exercise intensifies the pre-existing bio-
logical pathophysiology in many patients with ME/CFS
[51].


Symptomatology
In accordance with Jones et al. [61], Harvey and Wessely
[1] propose to extend the definition of CFS by relaxing
the exclusion criteria of the case definition of Fukuda [6].
Whether this is appropriate or not needs further investi-
gation, we suggest by pattern recognition methods to
determine whether specific patient clusters can be
retrieved in a 'fatigued' population and to unravel the fac-
tor structure of F&S symptomatology. Unfortunately, in
contrast to research in depression, to date not much
effort has been put into multivariate studies in ME/CFS
and fatigue in general. In some of our studies we have
considered the differences in IO&NS pathways between
patients fulfilling Fukuda's ME/CFS criteria and patients
with chronic fatigue not fulfilling Fukuda's criteria. A dis-
tinction between ME/CFS and chronic fatigue is reflected
by the type and severity of F&S symptoms, and by the
biological abnormalities that are more prevalent in ME/
CFS. Analyses of IgA responses against enterobacteria
showed that these biological disorders are significantly
more pronounced in ME/CFS than in chronic fatigue
[21]. This situation is comparable to 'melancholic' depres-
sion, which is within the group of depressed patients
(including minor and major depression) a qualitatively
different category with regard to the severity and type of
depressive symptoms and biological abnormalities [5].


Harvey and Wessely [1] suggest that the most common
'comorbid' condition in ME/CFS is depression, and they
seem to suggest that if depression is present a mental
state examination remains the best investigation. Depres-
sion frequently co-occurs with ME/CFS [62]. Because
many patients with ME/CFS and related conditions have
comorbid mood or anxiety disorders, it has been sug-
gested that chronic fatigue is a 'form fruste' of depression
[63]. Recently, we have shown that F&S symptoms are


also key symptoms of (melancholic) depression. F&S
symptoms observed in depression even seem to predict
the severity and chronicity of depression [5]. Some
patients presenting to physicians for evaluation of their
symptoms concentrate on fatigue and are depressed. A
mental state examination to identify patients with
'comorbid' depression is certainly warranted and treat-
ment of depression, when present, is recommendable.
The proposal of Harvey and Wessely [1] that a 'mental
state examination' remains the best investigation in per-
sons with 'unexplained fatigue' is not correct. First, as jus-
tified above, we would propose that analysing the
aberrations in the IO&NS pathways is more important
for unravelling the pathophysiology of ME/CFS and F&S
symptoms in general than a mental state examination.
Second, ME/CFS can be discriminated with a 100% accu-
racy from depression using percentage of time fatigue
reported, severity of post-exertional malaise and short-
ness of breath, unrefreshing sleep severity, confusion/dis-
orientation severity, and self-reproach [64]. In addition, a
biological distinction between ME/CFS and depression
has recently been confirmed by differential gene expres-
sion [65].


Further, we would suggest that the co-occurrence of
depression, F&S symptoms and ME/CFS is more complex
than suggested by Harvey and Wessely [1]. There is evi-
dence that partially overlapping IO&NS pathways can
induce two typical symptom clusters (that is, F&S symp-
toms such as pain, muscle tension, a flu-like malaise, neu-
rocognitive complaints, and sleep disorders; and
depressive complaints, such as sadness, loss of interest,
psychomotor retardation, anorexia, weight loss and anhe-
donia [4,66,67]). For example, cytokine-based immuno-
therapy (with interferon-α) in patients infected with the
hepatitis C virus induces two potentially coexistent
symptom profiles: (a) F&S symptoms appearing early
after starting treatment and occurring in almost all
patients, and (b) depressive symptoms, occurring some
weeks later in a subgroup of the patients [68,69]. Impor-
tantly, the severity of depression is even predicted by the
severity of the F&S symptoms some weeks earlier [68]. In
animal models, the above-mentioned F&S symptoms and
depressive symptoms are induced by peripheral and cen-
tral (neuro)inflammation, for example by interleukin 1β
and tumour necrosis factor α (TNFα) [70,71]. This
implies that depression and ME/CFS can be regarded as
clinical manifestations of aberrations in shared IO&NS
pathways. They can be distinguished by differences in
other biological pathways (for example, the turnover of
serotonin, neurodegeneration, decreased neurogenesis,
and hypercortisolism, distinctive for depression [67]),
and, for example, RNase L fragmentation [26,72] and
hypocortisolism [73], characteristic for ME/CFS.
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Whether ME/CFS and depression are co-occurrent man-
ifestations of shared IO&NS pathways requires further
investigation.


Therapy
When looking at the evidence base, it is not clear that the
effectiveness of CBT/GET is significant in CFS/ME. The
effectiveness of CBT/GET (20% to 40%), compared to
support groups, natural course, standard medical care
and so on (20% to 30%), is at best marginal [3]. If one
takes into consideration the fact that self-rated fatigue
was the only measure in most studies, 'fatigue' is a subjec-
tive measure that we suggest is largely insufficient to
diagnose ME/CFS and has no correlation with objective
measures, such as cardiopulmonary capacity [74] or
physical activity [51]. Moreover, of the few randomised
controlled trials considered to be relevant, almost all
explicitly excluded large groups of ME/CFS patients and/
or included non-ME/CFS patients, due to the selection
criteria [51].


Previous papers have reported favourable effects for
improvement in functional work capacity and fatigue by
GET, irrespective of depression [75]. This could be
explained by the fact that habitual exercise can improve
autonomic nervous system adaptation and induce pulmo-
nary and cardiovascular conditioning in a subset of
chronic fatigued patients. However, in patients with ME/
CFS, CBT/GET has been shown to be counterproductive
in many patients. Based on the evaluation of the Belgian
Reference Centres, the Belgian Minister of Health offi-
cially declared that CBT/GET should not be regarded as a
curative therapy for ME/CFS [51,74]. This evaluation
revealed that the exercise capacity/condition of the
patients treated had not improved and that the occupa-
tional participation had even decreased after CBT/GET
[51]. Two large-scale patient surveys in the UK and Nor-
way, and two smaller surveys in Scotland and The Neth-
erlands indicate that CBT/GET aggravates the condition
of many ME/CFS patients [51]. It could be argued that
GET may result in a 'late improvement' following 'initial
worsening'. However, we have reviewed elsewhere that
rehabilitation programmes, like CBT/GET, intensify
characteristic F&S complaints, such as fatigue, pain, neu-
rocognitive problems and so on [51]. This negative
impact on the symptomatology of ME/CFS can be
explained by the fact that exertion and GET may amplify
the pre-existing pathophysiological aberrations, such as
inflammation, O&NS; damage caused by O&NS, and
sequelae such as mitochondrial dysfunctions and so on
[51]. This suggests that the IO&NS pathways should be
normalised before starting GET-like rehabilitation pro-
grammes. GET should, in our view, be accompanied by
frequent assessment for IO&NS abnormalities. If present,
they would strongly indicate that CBT/GET likely has no


significant or even possibly negative effects. It could be
argued, however, that the harm induced by CBT/GET
will most likely occur in misdiagnosed patients, and it
cannot be excluded that CBT may be a useful therapy for
ME/CFS in some cases even in patients without major
depression.


Conclusions emerging from the IO&NS model 
presented here
Our comparison of Harvey and Wessely's model with a
model more biologically based suggests that a biological
model based upon IO&NS pathways is more appropriate
to describe this complex organic disorder. Activation of
the IO&NS pathways induces important characteristic
ME/CFS symptoms, forms of chronic fatigue and F&S
symptoms in general. The IO&NS pathways can be insti-
gated by infections, viral and bacterial, psychosocial and
physical stressors as well as medical disorders such as
(auto)immune disorders, which all function as precipitat-
ing and/or maintaining factors for ME/CFS.


The IO&NS model presented here may explain the
spontaneous improvement or resolution of illness that
occurs in those with an acute onset and particularly in
adolescents with an infectious onset. Spontaneous reso-
lution of the symptoms may occur when these IO&NS
responses are diminished once the initial infection is
eradicated. However, in predisposed persons, the initial
infection may induce extensive and long-term sequelae in
the IO&NS pathways. Our pathophysiological model
could also explain why F&S symptoms may persist in the
absence of increased cytokine levels as is documented in
post-infection fatigue studies [76]. The primary infec-
tions and subsequent responses in some specific cytok-
ines might have resolved while the damage caused by
O&NS to lipids, proteins or DNA and consequent auto-
immune responses may persist and disable the patients,
thus explaining residual F&S symptoms [19,20]. More-
over, it is always possible that neuroinflammation, other
cytokines or proinflammatory products are involved
which had not been measured in these studies.


It is important to note that the above-mentioned
IO&NS pathways also offer a plausible explanation for the
earlier mortality due to cardiovascular disorder in ME/
CFS, which is described in detail elsewhere [77,78].


Based on their model, Harvey and Wessely [1] recom-
mend clinicians to avoid spending too much time chasing
'rare or unlikely diagnoses', or in their own words: 'not to
spend too much time looking for zebras among the
horses', and they propose to limit the organic investiga-
tions to a small set of blood tests. In contrast, we suggest
that clinicians should examine the IO&NS pathophysiol-
ogy, their sequelae, and the possible precipitating and
maintaining factors (for example, infections) in any given
patient. In our opinion, not investigating the IO&NS
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pathways could lead to inappropriate diagnosis of the
underlying pathophysiology and thus possible inappro-
priate treatment for the patient.


The set of blood tests proposed by Harvey and Wessely
[1] includes some widely accepted tests for inflammatory
diseases, such as C reactive protein and antibody assays
for bacterial and viral infections and, in our opinion,
should be conducted when assessing patients with ME/
CFS. In addition, we suggest additional tests (outlined in
Appendix 1) that are also good candidates and that can be
performed as part of routine laboratory investigations;
some of these are already approved by regulatory agen-
cies. We think that regulatory agencies should objectively
evaluate and approve the other tests, so that ME/CFS
patients are reimbursed and these assays can be used on a
regular basis in these patients.


Further, to identify the most accurate therapeutical
approach it is likely necessary to define subtypes accord-
ing to the IO&NS pathophysiology and the precipitating
and predisposing factors [4,74]. Thus, a distinction
should be made between the type of IO&NS disorders the
patients suffer from. Does the individual patient suffer
from gut-derived inflammation, T helper (Th) 1-like or
Th 2-like immune responses, monocytic activation, dys-
regulation of RNase L pathway, channelopathy, mito-
chondrial dysfunction, a low coenzyme Q10 syndrome,
damage to fatty acids, functional proteins or DNA, auto-
immunity, and so on, or combinations of these aberra-
tions? It is also important to uncover potential triggers
and maintaining factors, such as bacterial and viral infec-
tions, psychological stressors, overexertion, and the rare
'zebras', such as (auto)immune disorders, that may
explain the IO&NS pathophysiology of F&S symptoms
and ME/CFS. Finally, it is important to pinpoint the pre-
disposing and maintaining factors, such as IgG subclass
deficiencies and immunosuppression with recurrent
infections, respectively. When bacterial or viral infections
have been shown to be important maintaining factors,
antibiotics and antiviral medications are essential [4,74].
Intravenous immunoglobulins are an evidence-based
treatment option for ME/CFS accompanied by common
variable hypo-γ-globulinaemia or IgG subclass deficien-
cies, and recurrent infections or autoimmunity [20].
Treatment with carnitine, coenzyme Q10, and so on, may
be advised in subjects with depleted mitochondrial func-
tions [7,79]. Gut-derived inflammation responds favour-
ably to treatment with glutamine [22]. Mouse models of
ME/CFS demonstrate that F&S symptoms can be
induced by peripheral and central IO&NS pathways,
including lipid peroxidation and depleted antioxidant
defences, and that those symptoms may be reversed by
specific anti-inflammatory and antioxidant therapies tar-
geting the IO&NS pathways [31,32]. Needless to say that
there are still many IO&NS pathways in ME/CFS for


which no adequate treatment exists, such as severe dam-
age to lipids and proteins, and autoimmune responses.


We do not agree with the statement of Harvey and
Wessely [1] that a mental state examination remains the
best investigation in persons with 'unexplained fatigue'
because the 'fatigue' could be explained by a mental con-
dition, such as depression. First, because we would pro-
pose that a biological investigation is likely to be a better
indication of the underlying causes that may account for
many F&S complaints. Second, patients with ME/CFS
can be discriminated from those with depression by using
a characteristic symptom profile [64] or biological mark-
ers [72,73]. Third, as described above, the co-occurrence
between depression, F&S symptoms and ME/CFS is com-
plex. It appears that ME/CFS and major depression are
symptomatic manifestations of shared IO&NS pathways.
Based on the above, we propose that the F&S symptoms
of ME/CFS are not caused by depression and that ME/
CFS does not cause depression. This implies also that
both disorders are distinct diagnostic categories that
should be treated differently.


We propose that future research should use high
throughput, high quality screening, as made possible by
translational research employing genotyping microarrays
and functional genomics (assays of IO&NS genes), novel
IO&NS animal models of ME/CFS, including transgenic
mouse models (IO&NS overexpression or knockouts),
and promoter induction based indicator cell lines that are
specific to the brain (for example, neuroinflammation,
damage by O&NS), muscles (for example, damage by
O&NS, mitochondrial dysfunctions) and the gut (for
example, gut inflammation and gut-derived inflamma-
tion) in order to further delineate novel drug targets in
the IO&NS pathways and develop new drugs to treat this
complex medical disorder. Multivariate pattern recogni-
tion studies should be carried out in order to (a) define
clinical subtypes of ME/CFS and chronic fatigue and
their associations with co-occurrent depression, and (b)
examine the shared IO&NS pathways versus those that
discriminate both disorders. Finally, interventional stud-
ies should be carried out to test the clinical efficacy of
(novel) drugs in treating the biological causes of ME/CFS
subgroups, defined by biomarkers such as inflammatory
profiles or gene expression.


Appendix 1
List of specific tests by category that should be carried
out on a regular basis to investigate IO&NS abnormalities
in ME/CFS.


Inflammation
Proinflammatory cytokine tests: interleukin 1β (IL-1β),
IL-6, and tumour necrosis factor α (TNFα).
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T cell activation marker measurement by means of flow
cytometry (for example, CD38+ T cells).


Anti-nuclear factor antibody tests.
Serotonin and ganglioside antibody tests.
Protein electrophoresis.


Oxidative and nitrosative stress
IgM response tests against neoepitopes formed by O&NS
damage to lipids and proteins.


Plasma carnitine tests (free, total and so on).
Plasma malondealdehyde (thiobarbituric acid reactive


substances (TBARS)) test.


Gut-derived inflammation
Tests to detect increased gut permeability.


Predisposing factors
IgG subclass deficiency tests (IgG3 and so on).
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Background


James Parkinson first described Parkinson disease (PD) in 1817. PD is one of a number of chronic, progressive,
neurodegenerative central nervous system (CNS) diseases that typically occur in adults older than 65 years. The first
symptom usually is a unilateral resting tremor of the hand (pill-rolling tremor). Other common clinical features include
cogwheeling rigidity, bradykinesia, and postural instability. Rigidity and bradykinesia tend to be more disabling than the
tremor. The basic pathophysiology is a lack of dopamine-producing cells in the basal ganglia. This disorder can be treated
both surgically and medically; physical therapy often is included in the treatment program as well, although its effectiveness
remains somewhat controversial.


Pathophysiology


PD is a disorder of the extrapyramidal system (ie, motor structures in the basal ganglia). PD may be caused by
degeneration of dopamine-producing cells in the substantia nigra, resulting in decreased levels of dopamine in the striatum.
The exact effects of dopamine on movement are difficult to ascertain, in part because each of the 4 known types of
postsynaptic receptors for dopamine has its own anatomic distribution and pharmacologic action. Symptoms of PD usually
begin to appear when dopamine levels drop by at least 50%. Associated hyperactivity of cholinergic neurons in the caudate
nuclei results in an imbalance in the normal dopamine-to-acetylcholine ratio, which contributes to the symptoms.


The exact cause of these changes remains unknown. Theories include accelerated aging, genetic susceptibility,
environmental toxins (eg, cyanide, manganese, carbon disulfide, pesticides, well water, methanol, organic solvents, lead),
as well as oxidative stress. The oxidative stress theory is complex and essentially involves cell death resulting from free
radicals produced by oxidation of dopamine. Although the oxidative stress theory seems to receive the most support, many
authors feel that the disease is probably caused by a combination of the above 4 factors.


Evidence shows that whole-body, lifetime occupational exposure to lead is an independent risk factor for the development
of PD. In addition, a study conducted in Finland indicates that increasing body mass index (BMI) is related to an increased
risk of PD development, further supporting a multifactorial and complex etiology for the condition. Please refer to Causes.
Some evidence also indicates that certain environmental factors (including smoking and coffee drinking) may actually have
protective associations.


Frequency


United States


Frequency is similar to that found internationally.
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International


Overall incidence of PD, based on several worldwide studies, is about 10-20 cases per 100,000 population per year.
Prevalence estimates tend to vary, but the currently accepted figure is approximately 100-200 cases per 100,000
population.


Mortality/Morbidity


Clinical symptoms worsen over time. Prior to the introduction of levodopa (L-dopa), PD caused severe disability or death in
25% of patients within 5 years of onset, in 65% in the next 5 years, and in 89% of those who survived for 15 years. The
mortality rate from PD was 3 times that of the general population matched for age, sex, and racial origin. With the
introduction of L-dopa, the mortality rate dropped approximately 50%, and longevity was extended by several years,
although no evidence suggests that L-dopa actually alters the underlying pathologic process or stems the progressive
nature of the disease.


Race


Although PD is widespread, some populations seem to have a lower incidence, including the black populations of South
Africa and Nigeria; however, black persons living in Mississippi seem to be affected to the same degree as the white
population. Lower incidence has also been reported in Asian populations but not in Asian Americans. Lower incidence also
may not exist in the Taiwanese.


Sex


The male-to-female ratio for PD is 3:2.


Age


The prevalence of PD increases with age. In patients younger than 40 years, the prevalence is 5 cases per 100,000
population, increasing to 300-700 cases per 100,000 population in the seventh decade and rising to more than 700 cases
per 100,000 population in persons older than 70 years.
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History


Symptoms and signs of PD typically begin in one extremity or side but eventually involve the other limbs and trunk. The
classic triad of PD is tremor, rigidity, and akinesia. Historical features reported by patients with PD can include the
following:


Stiffness and slowed movements


Tremor or shaking at rest


Difficulty getting out of a chair or rolling over in bed


Frequent falls or tripping


Difficulty walking


Memory loss


Shifting forward of posture into a stoop
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Speech changes (eg, whispering, rapid speech)


Smaller handwriting


Slowness in performing activities of daily living (ADL)


Sialorrhea


Decreased sense of smell


Physical


Findings on physical examination in patients with PD can include the following:


Muscle rigidity


Cogwheeling-type rigidity (often the initial presentation)


Bradykinesia


General slowing of movements


Postural instability
Assumption by patient of a stooped-forward posture


Presence, usually, of a festinating gait pattern (stumbling forward); however, retropulsion also can occur


Decreased arm swing during ambulatory activity


Resting tremor


Pill-rolling tremor, often bilateral but may be asymmetric, usually 3-5 Hz frequency


Hands preferentially affected, but legs, chin, and head generally involved with more advanced disease


Painful dystonia, usually occurring in the early morning


Dementia, often a late feature, ultimately occurring in about one third of patients


Autonomic symptoms
Slowed enteric motility and constipation


Urinary retention and incontinence


Orthostatic hypotension


Masklike facies


Micrographia


Hypokinetic dysarthria


Rapid, monotonous, low-volume speech
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Olfactory dysfunction (hyposmia), which may be present prior to motor symptoms and often is not recognized by
the patient


Dysphagia


Depression
Can affect up to 50% of patients


Suicide risk


Akathisia (inability to sit still)


Seborrheic dermatitis, usually of the face and scalp


Poor olfactory function, which appears to be correlated with loss of dopamine receptors in the nigrostriatal region


Causes


The exact cause of PD remains unclear. A combination of factors probably is responsible for the condition's development.
Various theories include the following:


Accelerated aging
Normal aging is associated with clinical features that may resemble PD.


Aging is associated with a decline of pigmented neurons in the substantia nigra and with decreased levels
of striatal dopamine and dopa decarboxylase.


Some authorities believe that PD may result from the effects of aging superimposed on an insult to the
nigrostriatal system earlier in life.


Oxidative stress
This theory receives much support and attention in the literature.


PD patients may suffer the combined effects of multiple factors, culminating in damage from free radicals.


Dopamine oxidation can result in the formation of hydrogen peroxide, as well as the superoxide anion
radical.


Hydrogen peroxide can undergo reactions with ferrous ions, resulting in formation of the highly toxic
hydroxyl radical.


These hydroxyl radicals can cause cell membrane damage.


Genetic susceptibility
Twin studies often have proven inconclusive.


Genetic factors seem to play a greater role in PD that has an earlier onset.


An increased incidence of a family history of PD is observed in affected individuals (16% vs 4% of control
population).


Environmental toxins include the following:
Cyanide
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Manganese


Carbon disulfide


Pesticides


Well water


Lead


Methanol


Organic solvents


Medications that can cause parkinsonian symptoms but not PD itself include the following:
Metoclopramide


Domperidone


Reserpine-containing antihypertensives


Neuroleptics


Increased BMI was shown in one study to be associated with an increased risk of PD development. This effect
was found to be graded (the greater the BMI, the higher the risk) and independent of other risk factors.
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Other Problems to Be Considered


Progressive supranuclear palsy 
Multisystem atrophy 
Shy-Drager syndrome 
Olivopontocerebellar atrophy 
Wilson disease 
Drug-induced parkinsonism (neuroleptics, metoclopramide, reserpine) 
Toxin-induced parkinsonism (methyl-phenyl-tetrahydropyridine [MPTP], manganese, carbon monoxide, carbon disulfide,
cyanide) 
Metabolic causes (anoxic, hypothyroidism, hypoparathyroidism) 
Multiple strokes 
Subdural hematoma 
Basal ganglia tumor 
Normal-pressure hydrocephalus 
Postencephalitic PD 
Posttraumatic brain injury PD 
Vascular PD (lesions of the caudate, putamen, globus pallidus, or brain stem) 
Creutzfeldt-Jakob disease 
Structural PD (brain tumor compromising or invading the basal ganglia)
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Lab Studies


Diagnosis of PD is based almost entirely on results of the history and physical examination. Initial diagnostic
accuracy, based on clinicopathologic studies, is about 65% (or 76% with the benefit of follow-up). In atypical
cases, lab investigations may be performed to exclude other causes of parkinsonism. These investigations may
include the following:


Plasma ceruloplasmin and copper to exclude Wilson disease


Thyrotropin levels if hypothyroidism is suggested


Toxin screening if clinically indicated by a history of possible exposure


Imaging Studies


As with laboratory investigations, imaging studies and other investigations are not performed routinely for patients
with clinically typical PD; however, they may assist in ruling out other causes of the patient's symptomatology.


Magnetic resonance imaging (MRI) may suggest the following:
Normal-pressure hydrocephalus (large ventricles)


Subdural hematoma


Tumor


Multiple infarcts


Multisystem atrophy (eg, decreased T2 signal in the striatum)


Progressive supranuclear palsy (eg, midbrain atrophy)


Other Tests


Sphincter electromyelography examination shows evidence of denervation in Shy-Drager syndrome.


Olfactory testing can reveal problems with olfaction, which may precede the motor complications of PD by several
years. Evidence indicates that poor olfaction is correlated with the loss of dopamine receptors in the nigrostriatal
region.


Procedures


Lumbar puncture should be performed if signs of normal-pressure hydrocephalus are observed (eg, incontinence,
ataxia, dementia). The clinical picture usually improves after removal of about 20 mL of cerebrospinal fluid.


Histologic Findings


Classic pathologic findings in PD include degeneration of the neurons containing neuromelanin, especially in the substantia
nigra and the locus ceruleus. Surviving neurons often contain eosinophilic cytoplasmic inclusions called Lewy bodies. The
primary biochemical defects are loss of striatal dopamine, which results from degeneration of dopamine-producing cells in
the substantia nigra, as well as hyperactivity of the cholinergic neurons in the caudate nucleus.
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Rehabilitation Programs


Physical Therapy


Because PD is a progressive CNS disorder with progressive disability over time, the merits of therapy often are debated.
Some studies have shown benefits in certain areas (eg, gait, independence in ADL, fine motor movements) in patients
receiving therapy and medication versus those receiving only medication; however, the trials generally are quite small and
improvements modest. Because the studies vary in the type of therapy and medications used, the reliability of combining
the results of several trials is very small.


Physical therapy often is directed at the main causes of impairment and includes measures to decrease rigidity and
increase range of motion (ROM), as well as to improve postural control, endurance, mobility, and gait. Treatment of
bradykinesia and rigidity often includes daily stretching and ROM exercises, as well as task-specific activities. Gait and
ambulation can be improved through a program of stretching and strengthening of the lower extremities that uses
exaggerated steps and arm swings, marching steps (paced to the beat of a metronome), and mental rehearsal and
imaging. The physical therapist should assess the need for ambulation aids (eg, walkers, canes) while completing gait
training with the patient.


Exercises for the patient with PD should emphasize trunk extension, as well as lateral and rotational mobility, weight
shifting, and balance training. Addressing how to fall safely and get up from the floor is important for patients with PD and
their families. The physical therapist should instruct them in proper transfer techniques and try to improve their overall safety
awareness during everyday activities. A general conditioning program also should be included in physical therapy to
improve the patient's endurance. In addition, the physical therapist may instruct the patient and family members in a home
exercise program.


Occupational Therapy


Occupational therapy interventions include providing exercises to improve upper extremity fine motor skills and dexterity,
functional training in self-care and ADL, and appropriate aids and devices, such as dressing aids (eg, reachers, sock aid),
railings, grab bars, and other environmental adaptations for the home. A home visit by the therapist may be helpful.


Speech Therapy


Speech therapy may be underemployed in patients with PD, given that speech and swallowing problems are common
causes of disability in this population. Speech therapy seems to improve the quality of voice in patients with hypokinetic
dysarthria. Therapy itself generally emphasizes better breath and rate control, as well as improved articulation and better
volume. Beneficial effects of the therapy do not seem to persist after it has been discontinued.


Dysphagia tends to occur later in the disease process and can lead to drooling, aspiration, malnutrition, and inability to
ingest medications. Speech therapy interventions can include positioning the neck in flexion, teaching a double swallow
technique, using smaller amounts of food, or modifying the patient's diet and incorporating thickened liquids. A modified
barium swallow analysis may be helpful in guiding the therapy plan and in monitoring the patient's progress.


Recreational Therapy


Because of the high level of impairment and disability seen in many patients with PD, it is not surprising that avocational
pursuits for these individuals often become more difficult. This change certainly can have a detrimental impact on a
patient's overall quality of life. A recreational therapist may be helpful in identifying previous recreational interests and in
helping the patient to pursue them once more, with or without assistance. If such pursuits are no longer possible, new
interests can be identified and explored. The therapeutic value of social and recreational pursuits should not be
underestimated in patients with PD, because many of these individuals can feel isolated and lonely because of the effects of
the disease.
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Medical Issues/Complications


Primary medical complications seen in patients with PD include autonomic dysfunction, cardiopulmonary impairment,
dysphagia, and depression.


Autonomic dysfunction is common in patients with PD.
Orthostatic hypotension often becomes a concern during the later part of the disease process.
Management techniques can include elevating the head of the bed, as well as having the patient arise
slowly, use pressure garments, consume a high-salt diet, and use such medications as pseudoephedrine,
mineralocorticoids, and midodrine.


Impaired intestinal motility can lead to constipation, vomiting, and impaired absorption; treatment options
include the employment of frequent, smaller meals; increased fiber; bulking agents; stool softeners; and
suppositories.


Urinary incontinence, retention, and bladder infection can occur. Treatment usually is based on the results
of investigations, such as renal function studies, urinalysis, postvoid residuals, cystoscopy, and urodynamic
studies.


Erectile dysfunction is not uncommon. Treatment options include the use of sildenafil, prostaglandin
injections, pumps, and prosthetic devices.


Cardiopulmonary impairment
The patient's flexed posture can lead to kyphosis, cause a reduction in pulmonary capacity, and produce a
restrictive lung disease pattern.


Breathing exercises, postural reeducation, and trunk exercises may be helpful.


Institution of a general conditioning program can increase the patient's endurance.


If pulmonary function progressively worsens, assisted coughing techniques, incentive spirometry, and
respiratory therapy intervention may be required.


Depression
Depression can occur in approximately 50% of patients with PD and should not be overlooked, as its
impact on disability can be significant.


Depression may be related to a deficit in serotonergic neurotransmission or to decreased cortical levels of
norepinephrine and dopamine.


Serotonergic agents often are the first antidepressants of choice in PD. If this treatment regimen is
ineffective, a tricyclic antidepressant with anticholinergic side effects (eg, desipramine, nortriptyline) may
be recommended.


Dysphagia
If swallowing difficulties do not respond to conservative interventions by the speech therapist, more
aggressive treatment may be required.


Such aggressive management can include invasive procedures, such as nasogastric or gastrostomy
feeding tube placement.


Discussion should be initiated early on in the disease course to ascertain the patient's wishes about a
feeding tube, in case dementia develops and the patient lacks the capacity for decision making when a
feeding tube becomes medically indicated.


Surgical Intervention
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Interest in surgical management of PD has increased over the past few years. Three main techniques currently in use are
destructive therapy (lesioning), chronic deep brain stimulation, and transplantation.


Destructive therapy
Lesioning options include thalamotomy and pallidotomy.


Ventral intermediate nucleus thalamotomy is quite effective at relieving tremor, but its effects on the other
clinical manifestations of PD seem to be less significant and more variable. Thalamotomy usually is
reserved for a relatively small percentage of patients with predominantly drug-resistant tremor.


At present, pallidotomy is the surgical procedure most commonly used for advanced PD. The surgery
employs lesioning to disrupt the abnormal activity in the globus pallidus; this disinhibits the motor thalamus
and cortical motor areas, thereby improving motor functioning. Candidates for pallidotomy include patients
who are disabled despite optimal medical management and who have responded to L-dopa  therapy in the
past but have developed complications from long-term L-dopa treatment. Rigidity, tremor, and bradykinesia
all seem to respond to pallidotomy.


Deep brain stimulation
Chronic deep brain stimulation seems to have emerged as an alternative to lesioning in patients with PD.


Stimulation has the advantages of safety, reversibility, and adaptability (ie, stimulation parameters can be
adjusted as the clinical features change over time).


Stimulation sites include the ventral lateral thalamic nuclei (performed to decrease tremor, with a good
response in 80-85% of patients), the globus pallidus (for bradykinesia, gait, speech, drug-induced
dyskinesias), and the subthalamic nucleus (for bradykinesia, rigidity, tremor, gait/posture). A study of 6
male patients showed improved motor rating scores and reduced timing and spatial errors following deep
brain stimulation of the internal globus pallidus.


Earlier subthalamic nucleus stimulation (average of 7 years after diagnosis vs 14 years for control
population) has been shown to improve results and patient quality of life.


Subthalamic nucleus stimulation does not improve long-term mortality results.


Bilateral subthalamic nucleus stimulation was linked in a case report with pathologic gambling.


Transplantation
Although stimulation and lesioning can improve symptoms, neither corrects the underlying pathology of the
disease, which is a lack of dopamine from loss of substantia nigra neurons. Transplantation therapy offers
the possibility of replacing these lost neurons.


Clinical trials have examined the use of 3 types of transplants: autologous adrenal medulla transplants,
fetal mesencephalon grafts, and xenografts.


Adrenal medulla transplants are not in widespread use because of the high morbidity and mortality
from adrenalectomy.


Fetal mesencephalon grafts have shown promising early results. Trials continue, but ethical
concerns, insufficient tissue, and procedural difficulties make it unlikely that the procedure will
become commonplace.


The most common xenograft used is the fetal pig mesencephalon. A trial currently is underway to
determine the efficacy of this procedure.


Human embryonic stem cell therapy and gene therapy
Intrastriatal transplantation of human fetal mesencephalic tissue in PD patients has demonstrated clinical
efficacy, but the limited availability of tissue precludes the systematic use of this procedure.
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Embryonic stem cells can differentiate into cells from the CNS. These cells could potentially provide a
relatively unlimited source of cells for transplantation if protocols were developed to generate specific
populations of neural cells.


Ethical concerns also play a large role in this line of research.


Initial results from the first human clinical trial of gene therapy for PD suggest the approach might
significantly reduce symptoms of the disease and provide a 25% improvement in motor control.


Consultations


Most commonly requested consultations are with neurologists, neurosurgeons, and psychiatrists.


Consult with a neurologist for (1) initiation and management of medical therapy, (2) access to clinical medication
trials if patient desires, and (3) management of side effects of L-dopa therapy.


Consultation with a neurosurgeon may be indicated for a surgical opinion in patients who are resistant to
standard medical therapy or who develop significant complications secondary to L-dopa therapy.


Consult with a psychiatrist for management of depression in patients who do not respond to typical treatment
options, such as the use of selective serotonin reuptake inhibitors (SSRIs), or who show evidence of
contemplating suicide.
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Medical management of PD can be quite complicated, as there are several classes of medications available, significant side
effects to some of the medications, and no real consensus on which class of drug should be started at diagnosis. Different
classes of medication often are combined to optimize symptom control. Medication management provides the most effective
treatment of PD for the first 4-6 years. Thereafter, this disabling disease advances despite continuing medication
management.


Currently, several trials are underway that are investigating potential medications for use in PD in the future. These are not
yet approved for use in North America. They include symptomatic treatments targeting nondopaminergic areas, to avoid the
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motor complications seen with dopaminergic agents. Examples in this category include adenosine receptor antagonists and
glutamate alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor antagonists. Other agents have a
neuroprotective or neurorestorative role. These include antioxidant coenzyme Q10; antiapoptotic agents, such as CEP-
1347; and subthalamic glutamic acid decarboxylase, used in gene therapy.


In general, most clinicians start patients on selegiline (Eldepryl), a monoamine oxidase type B (MAO-B) inhibitor, at the time
of diagnosis. This drug blocks one pathway in the breakdown of dopamine. When symptoms become more pronounced,
therapy with L-dopa/carbidopa (Sinemet) or a dopamine receptor agonist (pergolide, bromocriptine) usually is instituted and
is titrated as symptom control warrants, using the lowest dose required for adequate function.


Other options for medical management include anticholinergics (eg, benztropine [Cogentin]) and antivirals (eg, amantadine),
which seem to have presynaptic and postsynaptic dopaminergic effects.


Some relatively new medications are available or are undergoing trials for treatment of PD. Two new dopamine agonists,
ropinirole (Requip) and pramipexole (Mirapex), currently are available and may have fewer side effects than other dopamine
agonists. They seem to be effective as monotherapy or in combination with other medications, such as L-dopa. A relatively
new class of medications, catechol-O-methyltransferase (COMT) inhibitors, prevents peripheral degradation of L-dopa and
allows a higher concentration to cross the blood-brain barrier. Medications in this class include tolcapone and entacapone.
These medications are not widely available because of concern about elevated liver enzymes. Clinicians should see if they
have been approved for use in the country where they practice.


Because of the often complicated drug regimens used by patients with PD, it is advisable to involve a neurologist with
experience in management of this condition to assist with medication choice and side-effect management. Drug holidays
have no basis and can be associated with significant morbidity due to a type of neuroleptic malignant syndrome.


Drug Category: Monoamine oxidase type B inhibitors


MAO-B inhibitors block one pathway in the breakdown of dopamine. This probably increases the amount of dopamine
available in the brain and may prevent formation of hydrogen peroxide, offering a hypothetical neuroprotective benefit.


Drug Name Selegiline (Eldepryl)


Description Used at time of diagnosis of PD before L-dopa therapy. May be
useful as adjunct to L-dopa therapy.


Adult Dose
10 mg/d divided PO bid (5 mg at breakfast; 5 mg at lunch) as
monotherapy or in combination with L-dopa; not to exceed 10
mg/d


Pediatric Dose Not established


Contraindications
Documented hypersensitivity; extrapyramidal disorders, such as
excessive tremor or tardive dyskinesia; severe psychosis;
profound dementia


Interactions


Can cause agitation and muscle rigidity and, rarely, death if
taken in combination with meperidine; avoid concomitant
administration of selegiline with SSRIs or TCAs; at least 5 wk
should elapse between discontinuation of fluoxetine and
initiation of MAOIs to prevent fatal interactions reported with
MAO type A inhibitors; avoid administering MAOIs
concomitantly with opioids; severe agitation, hallucinations, and
death have occurred with concomitant administration of
selegiline and meperidine


Pregnancy C - Safety for use during pregnancy has not been established.


Precautions


May experience exacerbation of L-dopa–associated side
effects (may need to adjust L-dopa dose accordingly); adverse
reactions associated with combination of selegiline and L-dopa
include hallucinations (especially visual), nausea, abdominal
pain, and confusion


Drug Name Rasagiline (Azilect)


Description


Irreversible MAO-B inhibitor that blocks dopamine degradation.
Not metabolized to amphetamine derivatives. Main metabolite,
aminoindan, has some activity and has been shown to improve
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Description motor and cognitive functions in experimental models.
Indicated for Parkinson disease as initial monotherapy or as
adjunctive therapy with levodopa.


Adult Dose


Monotherapy: 1 mg PO qd
Adjunctive therapy with levodopa: 0.5 mg PO qd; may increase
to 1 mg PO qd
Mild hepatic impairment or coadministration with CYP1A2
inhibitors: 0.5 mg PO qd


Pediatric Dose Not established


Contraindications


Documented hypersensitivity; moderate-to-severe hepatic
impairment (Child-Pugh score >6); concurrent use with
meperidine, tramadol, methadone, propoxyphene;
dextromethorphan, St. John's wort, mirtazapine,
cyclobenzaprine, sympathomimetic amines (eg,
pseudoephedrine, cocaine, ephedrine), other MAOIs, or local
anesthetics containing epinephrine; pheochromocytoma


Interactions


P450 CYP1A2 substrate; coadministration with drugs that
inhibit CYP1A2 (eg, cimetidine, clarithromycin, erythromycin)
may decrease elimination and increase toxicity;
coadministration with TCAs, SSRIs, serotonin-norepinephrine
reuptake inhibitors (SNRIs), nonselective MAOIs, or selective
MAO-B inhibitors has caused severe CNS toxicity associated
with hyperpyrexia and death; consuming tyramine-rich foods
(eg, cheese, red wine, beer, sausage, avocado) may cause
hypertensive crisis; also see Contraindications


Pregnancy
C - Fetal risk revealed in studies in animals but not established
or not studied in humans; may use if benefits outweigh risk to
fetus


Precautions


May cause dyskinesias, hallucinations, or hypotension; if
emergent surgery is necessary, benzodiazepines, mivacurium,
rapacuronium, fentanyl, morphine, or codeine may be used
cautiously; melanoma may develop more frequently in those
taking rasagiline than in matched controls


Drug Category: Dopaminergic agents


Because PD patients suffer from a lack of dopamine, it follows that pharmacologic therapy is directed toward dopamine
replacement. Dopamine does not cross the blood-brain barrier, but L-dopa, a precursor of dopamine, does. Increasing
levels of striatal dopamine through the use of L-dopa is the mainstay of medical therapy in PD. L-dopa is combined with
carbidopa, which is a decarboxylase inhibitor and helps to prevent breakdown of L-dopa, thus decreasing the need for large
doses of L-dopa to achieve adequate brain dopamine levels.


Drug Name Levodopa/carbidopa (Sinemet, Sinemet CR)


Description


Given together with carbidopa (a decarboxylase inhibitor) to
prevent breakdown of levodopa and increase bioavailability.
Decreases the need for large doses of levodopa to achieve
adequate brain dopamine levels. Medications often are used
when symptom control is insufficient with selegiline alone. CR
formulation can help prevent the on/off phenomenon in some
patients. Sinemet tablets are available in a 4:1 ratio (Sinemet
100/25) and a 10:1 ratio (Sinemet 100/10 and 250/25) of
levodopa to carbidopa. Sinemet CR tablets contain a 4:1 ratio
of levodopa to carbidopa (100/25 or 200/50); daily dosage of
Sinemet CR must be determined by careful titration.


Adult Dose
Initial recommended dose is 1 tab of Sinemet CR 100/25 PO
bid; in patients who require more levodopa, daily dose of 1-2
tab bid is generally well tolerated


Pediatric Dose Not established
Documented hypersensitivity; do not administer MAOIs and
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Contraindications


Sinemet concomitantly; do not administer to patients with
uncompensated cardiovascular, endocrine, hematologic,
hepatic, pulmonary, or renal disease or to patients with narrow-
angle glaucoma; because levodopa may activate malignant
melanoma, do not administer to patients with suspicious or
undiagnosed skin lesions or a history of melanoma


Interactions


Postural hypotension can occur when given with
antihypertensive drugs; dose adjustment of antihypertensive
drugs may be required; phenothiazines and butyrophenones
may reduce therapeutic effects of levodopa; rare reports of
adverse effects resulting from concomitant use of tricyclic
antidepressants and Sinemet have been made; when general
anesthesia required, Sinemet should be discontinued the night
before


Pregnancy
C - Fetal risk revealed in studies in animals but not established
or not studied in humans; may use if benefits outweigh risk to
fetus


Precautions
Periodic evaluations of hepatic, hematopoietic, cardiovascular,
and renal function are recommended during extended therapy
with Sinemet; absorption of Sinemet may be impaired in some
patients on a high-protein diet


Drug Category: Dopamine receptor agonists


Dopamine agonists directly stimulate postsynaptic dopamine receptors, bypassing the need for conversion and storage as
in L-dopa therapy. These medications usually are not as effective as L-dopa in controlling symptoms of PD and typically
are considered third-line medications. The 2 most commonly used medications in this class are pergolide and
bromocriptine.


Drug Name Pergolide (Permax)


Description


Believed to exert therapeutic effects by direct stimulation of
postsynaptic dopamine receptors in the corpus striatum. Used
as an adjunct with levodopa/carbidopa for management of PD.
Not recommended for treatment of newly diagnosed patients or
as sole medication in PD. Pergolide was withdrawn from the
US market on March 29, 2007, because of heart valve
damage resulting in cardiac valve regurgitation. It is important
not to abruptly stop pergolide. Health care professionals should
assess patients' need for dopamine agonist therapy and
consider alternative treatment. If continued treatment with a
dopamine agonist is needed, another one should be substituted
for pergolide. For more information, see FDA MedWatch
Product Safety Alert and Medscape Alerts: Pergolide Withdrawn
From US Market.


Adult Dose
0.05 mg single dose PO initially for first 2 d; gradually increase
by 0.1-0.15 mg/d every third day for next 12 d; then increase
dosage by 0.25 mg every third d until optimal dosage achieved;
administer divided doses tid


Pediatric Dose Not established
Contraindications Documented hypersensitivity


Interactions


Dopamine antagonists, such as the neuroleptics
phenothiazines, butyrophenones, thioxanthenes, or
metoclopramide, may diminish effectiveness of pergolide, a
dopamine agonist; because pergolide mesylate is more than
90% bound to plasma proteins, exercise caution if pergolide is
coadministered with other drugs known to affect protein binding


Pregnancy
C - Fetal risk revealed in studies in animals but not established
or not studied in humans; may use if benefits outweigh risk to
fetus



http://www.medscape.com/viewarticle/554347

http://www.fda.gov/medwatch/safety/2007/safety07.htm#Pergolide
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Precautions


Discontinue gradually, as abrupt discontinuation may cause
hallucinations and confusion; dyskinesia may occur or worsen
in patients receiving levodopa with pergolide; caution in cardiac
dysrhythmias; may cause or exacerbate preexisting states of
confusion and hallucinations or dyskinesia


Drug Name Bromocriptine (Parlodel)


Description
Used as adjunct therapy to levodopa in treatment of PD. Can
facilitate use of lower doses of levodopa/carbidopa, thus
decreasing risk of long-term complications, such as
dyskinesias.


Adult Dose
1.25 mg PO hs initially to establish tolerance; increase to 2.5
mg/d divided bid with meals; then increase dosage prn, adding
an additional 2.5 mg/d, once q2-4wk taken in 2-3 divided
doses with meals


Pediatric Dose Not established


Contraindications Documented hypersensitivity; coronary artery disease; severe
cardiovascular disorders


Interactions


Adverse effects may increase if coadministered with ergot
alkaloids, erythromycin, or sympathomimetic agents;
coadministration with dopamine antagonists (eg,
metoclopramide), phenothiazines, butyrophenones (eg,
haloperidol), pimozide, amitriptyline, imipramine, methyldopa, or
reserpine may decrease efficacy


Pregnancy B - Fetal risk not confirmed in studies in humans but has been
shown in some studies in animals


Precautions


May cause postural hypotension; periodic monitoring of blood
pressure advisable; dizziness; caution patients about driving
until response determined; few cases of GI bleeding and
ulceration reported; discontinue medication if this occurs; safety
not established in patients with severe hepatic or renal disease


Drug Name Apomorphine (Apokyn)


Description


Elicits dopamine agonist effect. Indicated to treat acute
immobility episodes (hypomobility or "off-periods") in PD.
These episodes consist of inability to rise from a chair, speak,
or walk and may occur toward the end of the dose interval or
may be spontaneous and unpredictable in onset.
Approximately 10% of individuals with stage IV PD who do not
respond to standard medications for acute immobility may
respond to apomorphine.


Adult Dose


Dosage is individualized
Test dose: 2 mg (0.2 mL) SC for 1 dose initially during
hypomobility, if tolerated (ie, blood pressure remains stable),
may use for subsequent hypomobility episodes
Establishing dose: If patient tolerates test dose and
hypomobility responds, 2 mg is the dose to use for subsequent
hypomobility episodes
If patient tolerates test dose but hypomobility does not respond
to test dose, may increase dose by 1 mg (0.1 mL) q2-3 d until
response is observed; not to exceed 6 mg (0.6 mL)/dose
Note: Administer only 1 dose per hypomobility episode, do not
repeat dose; administer with antiemetic drug


Pediatric Dose Not established
Contraindications Documented hypersensitivity to apomorphine or metabisulfite


Coadministration with 5HT3 antagonists used for emesis or
irritable bowel syndrome (eg, ondansetron, dolasetron,
granisetron, palonosetron, alosetron) may cause hypotension
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Interactions and loss of consciousness; coadministration with drugs that
increase QTC interval (eg, thioridazine, quinidine, sotalol,
erythromycin, dofetilide) may increase arrhythmia potential;
metabolized by COMT, coadministration with COMT inhibitors
(eg, entacapone, tolcapone) may decrease elimination


Pregnancy
C - Fetal risk revealed in studies in animals but not established
or not studied in humans; may use if benefits outweigh risk to
fetus


Precautions


Causes severe nausea and vomiting and must be administered
with an antiemetic drug (but not with antiemetic agents that are
5HT3 antagonists); may cause orthostatic hypotension,
faintness, hallucinations, fluid retention, chest pain, increased
sweating, flushing, pallor, dyskinesia, rhinorrhea, and extreme
drowsiness (may fall asleep during waking hours without
warning)


Drug Name Rotigotine (Neupro)


Description


April 2008: A recall was issued for Neupro patch in the
United States because of crystal formation in the patch that
resulted in decreased dopamine absorption transdermally. As
of August 1, 2008, the patch was still unavailable, although the
manufacturer is working to correct the defect and return the
product to the market. For more information see Medscape
News. 
Dopamine agonist stimulating D3, D2, and D1 receptors.
Improvement in Parkinson-related symptoms thought to be
related to its ability to stimulate D2 receptors within the
caudate putamen in the brain. Available as transdermal patch
that provides continuous delivery for 24 h (2 mg/24 h [10 cm2],
4 mg/24 h [20 cm2], or 6 mg/24 h [30 cm2]). Indicated for
symptoms of early Parkinson disease.


Adult Dose


2 mg/24 h (10 cm2) transdermal qd initially; may increase qwk
by 2 mg/24 h, not to exceed 6 mg/24 h
Remove previous day's patch before applying new patch; rotate
application site each day between left and right sides of body
and upper and lower parts of body


Pediatric Dose Indication not applicable to children
Contraindications Documented hypersensitivity


Interactions Dopamine antagonists (eg, antipsychotics, metoclopramide)
may decrease effect


Pregnancy
C - Fetal risk revealed in studies in animals but not established
or not studied in humans; may use if benefits outweigh risk to
fetus


Precautions


Common adverse effects include dermal reactions at patch site,
dizziness, nausea, vomiting, drowsiness, and insomnia; less
common adverse effects that may be hazardous to patient
include sudden sleep onset, hallucinations, and postural
hypotension; weight gain secondary to fluid retention has been
observed; rapid dose reduction or abrupt withdrawal may cause
hyperpyrexia and confusion; apply to clean, dry, and intact skin
on abdomen, thigh, hip, flank, shoulder, or upper arm


Drug Category: Anticholinergics


The most commonly used treatment for PD until the introduction of L-dopa; it probably works by blocking cholinergic
receptors in the striatum and restoring the dopamine-acetylcholine balance; benztropine (Cogentin) is the most common
anticholinergic agent in the treatment of PD.



http://www.medscape.com/viewarticle/571788
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Drug Name Benztropine (Cogentin)


Description May be effective at any stage of disease process; helpful in
patients resistant to other agents; reduces tremor and rigidity.


Adult Dose
1-2 mg/d with range of 0.5-6 mg PO or parenterally; 0.5-1 mg
hs; individualized treatment required; smaller doses likely in
older or thinner patients


Pediatric Dose Not established
Contraindications Documented hypersensitivity; glaucoma


Interactions
Decreases effects of levodopa; increases effects of narcotic
analgesics, phenothiazines, quinidine, tricyclic antidepressants,
and anticholinergics


Pregnancy
C - Fetal risk revealed in studies in animals but not established
or not studied in humans; may use if benefits outweigh risk to
fetus


Precautions


May cause weakness or inability to move particular muscle
groups in larger doses; mental confusion and visual
hallucinations may occur; tardive dyskinesia reported in long-
term benztropine use; caution in hot weather because of
anhidrosis; advise patient to report GI complaints, fever, or heat
intolerance if concomitantly administered with phenothiazines,
haloperidol, or other drugs with anticholinergic or
antidopaminergic activity; paralytic ileus reported in patients
taking benztropine in combination with phenothiazines and/or
tricyclic antidepressants


Drug Category: Antivirals


Amantadine (Symmetrel) is the only antiviral used in the treatment of PD. The mechanism of action is unknown; it may
trigger the release of brain dopamine from nerve endings.


Drug Name Amantadine (Symmetrel)


Description


Used alone and in combination with anticholinergic
antiparkinsonian medications and with levodopa/carbidopa;
maximal therapeutic benefit usually occurs within 1 wk, and
initial benefits may decrease with continued dosing. May be
useful as adjunct in patients who do not tolerate optimal doses
of levodopa alone or in combined therapy with carbidopa.
Amantadine may result in better control of PD in these patients
and may decrease fluctuations in performance.


Adult Dose
100 mg/d PO initially; after a few wk may be increased to 100
mg bid; increase to 300 mg/d divided dose may help some
patients


Pediatric Dose Not established
Contraindications Documented hypersensitivity


Interactions
Drugs with anticholinergic or CNS stimulant activity increase
amantadine toxicity; the concurrent administration of
hydrochlorothiazide plus triamterene with amantadine may
increase plasma concentrations of amantadine


Pregnancy
C - Fetal risk revealed in studies in animals but not established
or not studied in humans; may use if benefits outweigh risk to
fetus


Precautions


Parkinsonian crisis may result from abrupt discontinuation;
neuroleptic malignant syndrome associated with dose reduction
or withdrawal of amantadine; reduce dose in patients with renal
impairment and in patients aged 65 y or older; exercise care in
patients with congestive heart failure, liver disease, orthostatic
hypotension, or psychosis
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Complications


Underlying medical illness (eg, sepsis, pneumonia, fecal impaction, urinary tract infection) should be suspected in
a PD patient with a rapid deterioration or new PD symptoms.


Prognosis


Prognosis is discussed in Mortality/Morbidity.


Patient Education


The following 4 national organizations publish free quarterly newsletters for PD patients and families:
The American Parkinson Disease Association


The National Parkinson Foundation


Parkinson's Disease Foundation


The United Parkinson Foundation, 883 W. Washington Blvd., Chicago, IL 60607, 1-312-733-1893


For excellent patient education resources, visit eMedicine's Dementia Center. Also, see eMedicine's patient
education articles Parkinson Disease and Parkinson Disease Dementia.
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Medical/Legal Pitfalls


Consultation should be obtained from an attorney regarding flexible power of attorney and a living will prior to the
onset of dementia associated with the advanced form of PD.


Special Concerns


Proper nutritional support is essential, including adequate dietary fiber to prevent the common problem of
constipation.
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Abstract
Background: Attention Deficit Hyperactivity Disorder, commonly referred to as ADHD, is a
common, complex, predominately genetic but highly treatable disorder, which in its more severe
form has such a profound effect on brain function that every aspect of the life of an affected
individual may be permanently compromised. Despite the broad base of scientific investigation over
the past 50 years supporting this statement, there are still many misconceptions about ADHD.
These include believing the disorder does not exist, that all children have symptoms of ADHD, that
if it does exist it is grossly over-diagnosed and over-treated, and that the treatment is dangerous
and leads to a propensity to drug addiction. Since most misconceptions contain elements of truth,
where does the reality lie?


Results: We have reviewed the literature to evaluate some of the claims and counter-claims. The
evidence suggests that ADHD is primarily a polygenic disorder involving at least 50 genes, including
those encoding enzymes of neurotransmitter metabolism, neurotransmitter transporters and
receptors. Because of its polygenic nature, ADHD is often accompanied by other behavioral
abnormalities. It is present in adults as well as children, but in itself it does not necessarily impair
function in adult life; associated disorders, however, may do so. A range of treatment options is
reviewed and the mechanisms responsible for the efficacy of standard drug treatments are
considered.


Conclusion: The genes so far implicated in ADHD account for only part of the total picture.
Identification of the remaining genes and characterization of their interactions is likely to establish
ADHD firmly as a biological disorder and to lead to better methods of diagnosis and treatment.
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Prevalence
ADHD is one of the most well-recognized childhood
developmental problems. This condition is characterized
by inattention, hyperactivity and impulsiveness. It is now
known that these symptoms continue as problems into
adulthood for 60% of children with ADHD. That trans-
lates into 4% of the US adult population, or 8 million
adults. However, few ADHD adults are identified or
treated. Adults with ADHD may have difficulty following
directions, remembering information, concentrating,
organizing tasks or completing work within time limits. If
these difficulties are not managed appropriately, they can
cause associated behavioral, emotional, social, vocational
and academic problems. ADHD afflicts 3% to 7.5% of
school-age children [1-4]. An estimated 30% to 70% of
those will maintain the disorder into adulthood. Preva-


lence rates for ADHD in adults are not as well determined
as rates for children, but fall in the 1% to 5% range.
ADHD affects males at higher rate than females in child-
hood, but this ratio seems to even out by adulthood.


Dispelling the myths
How is ADHD diagnosed?
The diagnosis of ADHD is based on criteria outlined by
the Diagnostic and Statistical Manual of the American
Psychiatric Association Version 4-TR [1]. This is referred to
as the DSM-IV-TR™. Table 1 illustrates these criteria. Sev-
eral similar criteria were set out in earlier versions of the
DSM. While the names have changed somewhat, all have
included the letters ADD in one form or another, repre-
senting the core of the disorder – Attention Deficit Disor-
der. The subtypes in the DMS-IV are ADHD-I,


Table 1: DSM-IV Diagnostic Criteria for Attention-Deficit/Hyperactivity Disorder


A. Either (1) or (2)
(1) six (or more) of the following symptoms of inattention have persisted for at least 6 months to a degree that is maladaptive and inconsistent 
with developmental level:


Inattention
(a) often fails to give close attention to details or makes careless mistakes in schoolwork, work, or other activities
(b) often has difficulty sustaining attention in tasks or play activities
(c) often does not seem to listen when spoken to directly
(d) often does not follow through on instructions and fails to finish schoolwork, chores, or duties in the workplace (not due to oppositional 
behavior or failure to understand instructions)
(e) often has difficulty organizing tasks and activities
(f) often avoids, dislikes, or is reluctant to engage in tasks that require sustained mental effort (such as schoolwork or homework)
(g) often loses things necessary for tasks or activities (e.g., toys, school assignments, pencils, books, or tools)
(h) is often easily distracted by extraneous stimuli
(i) is often forgetful in daily activities


(2) six (or more) of the following symptoms of hyperactivity-impulsivity have persisted for at least 6 months to a degree that is maladaptive 
and inconsistent with developmental level:


Hyperactivity
(a) often fidgets with hands or feet or squirms in seat
(b) often leaves seat in classroom or in other situations in which remaining seated is expected
(c) often runs about or climbs excessively in situations in which it is inappropriate (in adolescents or adults, may be limited to subjective 
feelings of restlessness)
(d) often has difficulty playing or engaging in leisure activities quietly
(e) is often "on the go" or often acts as if "driven by a motor"
(f) often talks excessively
Impulsivity


(g) often blurts out answers before questions have been completed
(h) often has difficulty awaiting turn
(i) often interrupts or intrudes on others (e.g., butts into conversations or games)
B. Some hyperactivity-impulsive or inattentive symptoms that caused impairment were present before age 7 years
C. Some impairment from the symptoms is present in two or more settings (e.g., at school [or work] and at home)
D. There must be clear evidence of clinically significant impairment in social, academic, or occupational functioning
E. The symptoms do not occur exclusively during the course of a Pervasive Developmental Disorder, Schizophrenia, or other Psychotic Disorder 
and are not better accounted for by other mental disorder (e.g., Mood Disorder, Anxiety Disorder, Dissociative Disorder, or a Personality 
Disorder).
Code based on type:
314.01 Attention-Deficit/Hyperactivity Disorder, Combined Type: if both Criteria A1 and A2 are met for the past 6 months
314.00 Attention-Deficit/Hyperactivity Disorder, Predominately Inattentive Type: if Criterion A1 is met but Criterion A2 is not met 
for the past 6 months
314.01 Attention-Deficit/Hyperactivity Disorder, Predominately Hyperactive-Impulsive Type: if Criterion A2 is met but Criterion A1 
is not met for the past 6 months
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representing predominately the inattentive type, ADHD-
H, representing predominately the hyperactive-impulsive
type, and ADHD-C, representing the combined type.


ADHD is a common disorder
Estimates of the frequency of the various types of ADHD,
based on population surveys, have shown variable results.
The advantage of population based samples, in contrast to
clinic based samples, is that individuals in the community
who have not sought medical attention are included.
Table 2 shows the results of Wolraich et al. [3] for all three
subtypes of ADHD based on teacher reports for grades K
through 5 in a countywide sample of 4,323 children in
Tennessee. An epidemiological study of children and ado-
lescent twins in Missouri showed a frequency of all types
of ADHD of 3.5% in girls and 7.5% in boys [2]. In the
Wolraich et al study [3], only 11 to 33% of the cases had
received a diagnosis of ADHD and only 8 to 26% were
being treated with stimulant medication. A Centers for
Disease Control survey showed that in the year 2003 4.4
million children 4 to 17 years of age were reported to have
a diagnosis of ADHD. Of these, 56% were receiving med-
ications for the disorder [5]. These figures are contrary to
the notion that ADHD is over-diagnosed and over-treated.
While many of these children can be handled by appropri-
ate teaching methods and do not require treatment, the
figures suggest that ADHD-I, at least, is probably under-
diagnosed and under-treated.


Clinical aspects of ADHD
It is one thing to read a list of the symptoms in Table 1 and
quite another to experience the ADHD child at first hand,
as teachers and parents of affected children do. Individu-
als with ADHD tend to be disorganized. Children have
messy lockers and rooms and both children and adults
have cluttered desks. Their daily activities tend to be cha-
otic. They have trouble making plans and even more trou-
ble in carrying out plans in an orderly fashion. Because of
problems with attention and focus, they have trouble
completing what they start and leave tasks unfinished,
plans unrealized. Attics and basements are likely to be
filled with partly completed projects, repairs, and note-
books; desk drawers are likely to be cluttered with unfin-
ished letters, outlines and project plans. Although many
individuals with ADHD are highly intelligent, they tend to


be underachievers, a result of their poor concentration
and inability to sustain interest. They become bored easily
and have trouble entertaining themselves. Reading books
is very difficult. Family, friends, teachers and coworkers
often become impatient with them and expect them to
fail. Their life is so full of tumult that even a minor addi-
tional change in their routine can be upsetting.


Individuals with ADHD have a very low level of tolerance
to frustration and stress. This results in irritability and
poor anger control. The anger tends to come on suddenly
and explosively with slamming doors, punching holes in
walls, verbal abuse of those around them, tantrums, and
leaving important meetings in a frenzy. Children get into
fights, adults blow up and lose jobs and alienate friends.
Afterwards they are sorry, but the damage is done. Because
of their low tolerance for frustration they are very impa-
tient. They hate to wait in line, and delays of any kind
make them frantic. Whatever is going on – a trip, a movie,
a class, a discussion – they want it to go quickly and be fin-
ished. Because of their impulsivity both children and
adults may leap into action without thinking of conse-
quences. As adults, they drive too fast, use power tools
carelessly, and plunge into activities without thinking of
the danger. As children they often appear fearless, do dan-
gerous things, climb too high in trees, and may dart into
traffic without looking. The result is they often hurt them-
selves or others. People with ADHD have trouble with
their orientation to time and space. They may have to stop
and think which is their right hand and which is their left;
may have difficulty following a set of instructions, reading
a map or telling time. People often complain they can
never get to places on time. Because of their difficulty in
planning ahead, they leave too little time to get places. If
they live 30 minutes from the place of an appointment,
they often leave home at the time of the appointment,
making themselves 30 minutes late. It takes little imagina-
tion to realize that may of these traits make for difficult
interpersonal relationships and problems in school and
on the job. With adults a history of many failed marriages
and many job changes is common. This is a flavor of just
some of the issues that ADHD children and adults face.


ADHD is a genetic disorder
For many years, clinicians caring for children with ADHD
have noted that the condition is common in one or both
of the parents. While this suggests that ADHD may have a
strong genetic basis, environmental factors could cause
the same familiar pattern. Twin studies provide much
stronger evidence for the role of genetic factors. Several
large twin studies of ADHD have been completed in the
last 15 years. They show that the concordance rate in iden-
tical twins is usually greater than 65% while that in frater-
nal twins is usually less than 40%. This is consistent with
75 to 95% of ADHD being genetically caused, the remain-


Table 2: Prevalence of various types of ADHD in the general 
population


From Wolraich et al. (1998)


Hyperactive/Impulsive 2.6
Inattentive 8.8
Combined 4.7


Total 16.1
M/F ratio 4:1
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der being environmental [6-8]. One reason why twin
studies are valuable is that if a behavior or disorder was
primarily environmental, the effect should be comparable
whether the twins were identical for fraternal, since both
identical and fraternal twins usually live together for at
least the early part of their life. A significant drop in con-
cordance rate from identical to fraternal twins suggests
genetic but not environmental factors.


The environmental portion can be divided into a shared
and unshared component. The shared component refers
to exposure to the same environment while the unshared
portion refers to exposure to different environments. The
former is more likely to occur early in childhood, while
the latter is more likely to occur later in childhood. The
early shared environment is the part of life that Freud and
many other psychiatrists and psychologists assumed was
the most formative part of a child's life in terms of their
adult behavior. An additional part of the twin studies of
great interest was that the shared environment was usually
found to contribute to essentially 0% of the environmen-
tal component [6]. Most of the environmental compo-
nent was due to unshared experiences later in life.


A number of adoption studies of ADHD have also been
reported [9-11]. These are particularly valuable in separat-
ing genetic from environmental factors. If a child is
adopted at birth, there is no opportunity for the biological
parent to influence the behavior. If a child develops a dis-
order such as ADHD, and studies show that the biological
father but not the adopting father had ADHD, this is espe-
cially strong evidence of the role of genetic factors. This is
the conclusion reached from the ADHD adoption studies.


ADHD is a polygenic disorder
When diseases or disorders or traits are due to genetic fac-
tors, there are several mechanisms by which they can
inherited. Such conditions can essentially be divided into
single gene disorders and polygenic disorders. Single gene
disorders include hemophilia, cystic fibrosis, neurofi-
bromatosis and Huntington disease. In single gene disor-
ders a rare mutation results in the complete disruption of
the function of a gene. Some of the greatest advances in
genetics during the past 100 years have come from the elu-
cidation of the genes for virtually every single gene disor-
der. Their DNA has been cloned, sequenced and the gene
localized to a specific chromosomal region.


Polygenic disorders, by contrast, are due to the interactive
or epistatic effects of many different genes on different
chromosomes, each gene contributing to only a small part
of the picture (variance). These genes interact with envi-
ronmental factors. Except for a few rare families [12], all
behavioral disorders such as manic-depressive disorder,
schizophrenia, major depression, panic disorder, autism


and ADHD [3] are likely to be polygenic. While we do not
yet know the total number of genes involved, it is likely to
range from 50 to several hundred. In contrast to the gene
defects for single gene disorders (mutations), the defects
for polygenic disorders are much less severe, otherwise
they would be single gene disorders. Thus, we call them
gene variants instead of gene mutations, and individuals
have to inherit a number of them if they are to cause a
clinical effect [13]. A second distinction is that mutations
that severely affect gene function are very rare. Since they
are often present in less than 1 in 100,000 individuals the
diseases they cause are also very rare. In fact, all single
gene disorders combined affect less than 1.5% of the pop-
ulation. By contrast, the gene variants involved in poly-
genic disorders are common and polygenic disorders
themselves are common. This "common gene, common
disorder" theory of polygenic disorders has gained wide
acceptance. An alternative theory, of "rare gene, common
disorder," postulates a large number of rare mutations of
different genes [14].


In association studies of a wide range of behavioral disor-
ders, even when the association is significant the percent
of the variance attributable to that gene is usually in the
0.5 to 3% range and averages less than 1.5%. This suggests
that even if genes only account for 72 to 95% of the total
variance, 50 or more different genes would be involved
[15-17]. This does not mean that every affected individual
has inherited 50 or more of these variants. It is likely that
only a subset of the total potential set of gene variants is
required in a given individual. Because of this, polygenic
disorders show a great deal of genetic heterogeneity [17].
That is, different individuals with ADHD are likely to have
inherited somewhat different sets of genes. However, each
affected ADHD individual must have inherited enough
gene variants to pass a liability threshold, allowing them
to develop ADHD.


ADHD is a spectrum disorder
It has been known for many years that if an individual
inherits enough genes to develop any given behavioral
disorder, their risk of developing a second behavioral dis-
order is 2 to 4 times greater than for the general popula-
tion. This is probably because different behavioral
disorders share some gene variants. Thus, the more a per-
son exceeds the required threshold number of gene vari-
ants, the greater the likelihood they will develop more
than one behavioral problem, thus the term spectrum dis-
orders. Some of the most common coexisting or comor-
bid spectrum disorders seen in individuals with ADHD
are oppositional defiant disorder, conduct disorder,
major depressive disorder, anxiety disorders, obsessive
compulsive disorder, bipolar disorder, learning disorders,
and substance abuse disorder including alcoholism and
drug addiction. The frequency of some of these disorders
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is illustrated in Figure 1[4]. This shows the spectrum dis-
orders seen in the fathers of children with ADHD. Since
these fathers had not sought medical care, this type of
study avoids the biases inherent in a study of a clinic sam-
ple. The most likely explanation for the presence of spec-
trum disorders is that they share some genes in common,
as well as some genes unique to each disorder [15,16].


ADHD and many other complex disorders represent the 
upper end of a continuum of severity
After viewing the DSM-IV criteria for the diagnosis of
ADHD, one of the most commonly voiced objections is,
"every child has some of those symptoms." As with every
other polygenic trait, ADHD symptoms lie on a contin-
uum of severity. This is true of height, weight, IQ, blood
pressure, cholesterol level, depression, dyslexia, anxiety
and may other characteristics. These traits follow a bell-
shaped curve of magnitude or severity. Many children
have too few symptoms to meet the criteria. They may be
somewhat inattentive or hyperactive at times but they do
not meet all the criteria of ADHD. Note that 6 or more
symptoms must be present, must meet the qualifiers of
severity in the diagnostic criteria (almost everything is
"often" not "occasionally") they must be present for 6
months or more and must be maladaptive and inconsist-


ent with the normal developmental level. Because of these
qualifiers some individuals may barely meet the criteria
and are sufficiently mild not to require treatment. Others,
however, are at the extreme end of the bell-shaped curve
and are so symptomatic that everyone coming into even
brief contact with them can suspect the diagnosis. Physi-
cians arbitrarily pick a cut-off point for many diseases or
disorders. Those on the extreme end of the curve have the
disorder, those with less extreme symptoms do not. This
may give a false illusion of a dichotomous trait. For exam-
ple, the diagnosis of hypertension is usually based on a
consistent diastolic blood pressure of 90 mmHg or more.
Some individuals have severe life threatening hyperten-
sion with a diastolic blood pressure consistently above
120 mmHg while others have mild hypertension where
the diastolic blood pressure is sometimes normal and
sometimes too high. Because it is a continuum does not
mean hypertension does not exist.


An even better example is depression. Everyone is occa-
sionally depressed. This does not mean the diagnosis of
major depression is invalid or worthless because everyone
can relate to it. Some are so depressed they sleep all the
time, can't get out of bed, eat poorly, lose or gain weight,
have zero libido, are suicidal and desperately need treat-


Comorbid disorders in ADHD from Biederman et al, 1993 [82]Figure 1
Comorbid disorders in ADHD from Biederman et al, 1993 [82].


0 5 10 15 20 25 30 35 40 45 50


Percent


Oppositional Defiant Disorder
p < .001


p < .001
Conduct disorder


Antisocial personality disorder
p < .001


Major depressive disorder
p < .01


Alcohol dependence
p < .001


Multiple anxiety disorders
p < .001


Overanxious disorder p < .001


Generalized anxiety disorder p < .001


Social phobia
p < .01


Enuresis p < .01


ADHD fathers


Controls
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ment. Ironically, even some professionals who clearly
understand that major depression is a real entity but lies
on a continuum of severity may have trouble understand-
ing that the same is true of ADHD. The cut-off point is set
to secure help for those with symptoms severe enough to
interfere with their lives, and leave those with minimal
symptoms with no diagnosis.


ADHD has lifelong effects
One of the most common misconceptions about ADHD
is that it goes away by the time an individual is a young
adult. In California, this is written into the MediCal law.
Stimulants are no longer covered for the treatment of
ADHD in adults because it is assumed the disorder is gone
by that time. One feature leading to this misconception is
that motor hyperactivity often does decrease with age.
However, there is much less decrease in inattention, and
if individuals are rated on a global assessment of function-
ing, there is little improvement with age [4].


Stimulus hypersensitivity and "overload."
While stimulus overload is especially characteristic of chil-
dren with autism, many children with ADHD are also very
sensitive to sound, sight, smell or other sensory inputs
[18]. Awareness of this helps parents and teachers to
understand poor attention in large, noisy school class-
rooms. Reports suggest that some ADHD children are
responding so intensely to environmental stimuli ignored


by other children that their experience is comparable to
trying to talk on a cell phone in a crowded, noisy bar-
room. As one teacher reported, for example, a boy diag-
nosed with ADHD told her, at the end of class on his first
day of Ritalin treatment: "It's wonderful: now I can hear
you."


Learning primarily with visual images
Two pathways relevant to learning are that linking the lin-
guistic cortex to the hippocampus and that for remember-
ing visual images, which links the visual cortex to the
hippocampus via the dorsolateral medial entorhinal cor-
tex [19]. The latter pathway is essential for spatial orienta-
tion and tracking, and spatial memory – as in how we
remember where our car is parked. Some ADHD children
have difficulty with this skill. Others have difficulties with
the linguistic memory pathway. This is typified by ADHD
children with comorbid dyslexia who are unable to make
images of written words that link the auditory linguistic
cortex to memory. They might, for example, have diffi-
culty distinguishing between the spelling "otehr" and
"other."


ADHD versus ADHD + conduct disorder
There have been a number of longitudinal studies of
ADHD in which a group of individuals diagnosed in
childhood were followed for a number of years to assess
how they performed as adults [20-23]. In many of these


Table 3: DSM-IV Criteria of Conduct Disorder


A. A repetitive and persistent pattern of behavior in which the basic rights of other or major age-appropriate societal norms or rule are violated, as 
manifested by the presence of three (or more) of the following criteria in the past 12 months, with at least one criterion present in the past 6 
months.


Aggression to people and animals
(1) often bullies, threatens, or intimidates others
(2) often initiates physical fights
(3) has used a weapon that can cause serious physical harm to others (e.g. a bat, brick, broken bottle, knife, gun)
(4) has been physically cruel to people
(5) has been physically cruel to animals
(6) has stolen while confronting a victim (e.g., mugging, purse snatching, extortion, armed robbery)
(7) has forced someone into sexual activity
Destruction of property
(8) has deliberately engaged in fire setting with the intention of causing serious damage
(9) has deliberately destroyed others' property (other than by fire setting)
Deceitfulness or theft
(10) has broken into someone else's house, building, or car
(11) often lies to obtain goods or favors or to avoid obligations (i.e., "cons" others)
(12) has stolen items of nontrivial value without confronting a victim (e.g., shoplifting, but without breaking and entering; forgery)
Serious violations of rules
(13) often stays out at night despite parental prohibitions, beginning before age 13 years
(14) has run away from home overnight at least once while living in parental or parental surrogate home (or once without returning for a lengthy 
period)
(15) is often truant from school, beginning before age 13 years


B. The disturbance in behavior causes clinically significant impairment in social, academic, or occupational functioning
C. If the individual is age 18 years or older, criteria are not met for Antisocial Personality Disorder
Specify type based on age at onset:


Childhood-Onset Type: onset of at least one criteria characteristic of Conduct Disorder prior to age 10 years
Adolescent-Onset Type: absence of any criteria characteristic of Conduct Disorder prior to age 10 years


Specify severity: mild (few criteria met), moderate and severe (many criteria met)
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studies the outcome was poor, with significant increases
in substance abuse, trouble with the law, difficult inter-
personal relationships and problems with employment.
This has given the impression that all ADHD children
have a bad outcome. However, when some of these stud-
ies were carefully analyzed, or when the study itself was
appropriately designed, it became apparent that if the
cases are divided into those with ADHD only and those
with ADHD + conduct disorder (CD), it was the ADHD +
CD cases that had poor outcomes while the ADHD only
individuals often had outcomes that were not markedly
different from those of normal children. This is consistent
with the many studies in the past 50 years that have
shown that one of the most stable of all diagnoses in psy-
chiatry is CD [24-27]. On average, 50% of children diag-
nosed as conduct disorder still had symptoms of CD, or its
adult equivalent, antisocial personality disorder (ASPD),
5 to 25 years later [24-28]. The DMS-IV-TR criteria for con-
duct disorder are given in Table 3. CD is present in 25 to
40% of ADHD children. Up to 25 percent of male prison
inmates have ADHD + ASPD [29]. Treatment of ADHD in
a prison population results in improved behavior and
lower recidivism rates if the treatment is continued after
release [30].


ADHD + ODD
A second disorder commonly comorbid with ADHD is
oppositional defiant disorder (ODD). The DMS-IV crite-
ria for ODD are given in Table 4. It is the ODD rather than
the ADHD symptoms that most often drive parents to dis-
traction. An interesting aspect of ODD is that it is often
site specific. Thus, many children only present with ODD
symptoms in the home, and often direct the behavior at
their mother. Some children with severe ODD at home
can be angels at school. It is likely that they control their
tantrums and talking back at school because peer pressure
prevents them from making fools of themselves in front of
others. They have no such restraint at home. ODD is
present in 40 to 60% of children with ADHD [31,32]. The


most credible explanation for why these two disorders,
and other comorbid disorders, are so common in ADHD
is that they share many genes in common [16].


ADHD has a lifelong effect on function
Having pointed out that much of the poor outcome in
ADHD children is due to the comorbid presence of CD,
we would like to present the 1985 study by Howell and
coworkers [22]. While this longitudinal study did not dis-
tinguish between ADHD and ADHD + CD, it did some-
thing no other study has done: it compared the outcomes
of three groups of children instead of just ADHD children
and controls. Children in the early grade school years were
evaluated on a continuum of ADHD symptoms and
divided into three groups, those scoring in the highest
10% (ADHD group), those in the lowest 10% (low ADHD
group), and the rest ("normal") group. They were then re-
evaluated after they graduated from high school. The
remarkable finding was that in virtually every aspect of life
the low ADHD group performed best, the normals were
intermediate and the ADHD group performed worst (Fig-
ure 2). This should not be taken to suggest that children
with ADHD always underachieve. Again, we wish to
emphasize there are many examples in which the restless,
workaholic, always-have-to-be-doing-something, I-need-
to-be-my-own-boss, characteristics of ADHD subjects
result in very successful lives. Thus, in the right combina-
tion, some of the symptoms we have been discussing in a
negative light can be used to great advantage.


ADHD is a disorder of prefrontal lobe function
Many of the symptoms of ADHD parallel the symptoms
of individuals with destructive lesions of the prefrontal
lobes [33-35]. When the dorsolateral portions of the pre-
frontal lobes are affected by traumatic injury there is
impaired attention, distractibility, disinhibition of behav-
ior, poor long term planning, impulsivity, lack of motiva-
tion, poor abstract reasoning, poor executive functioning
and poor organizational skills, all of which are present in


Table 4: DSM-IV Criteria of Oppositional Defiant Disorder


A. A pattern of negativistic, hostile, and defiant behavior lasting at least 6 months, during which four (or more) of the following are present:
(1) often loses temper
(2) often argues with adults
(3) often actively defies or refuses to comply with adult's requests or rules
(4) often deliberately annoys people
(5) often blames others for his or her mistakes or misbehavior
(6) is often touchy or easily annoyed by others
(7) is often angry and resentful
(8) is often spiteful or vindictive
Note: Consider a criterion met only if the behavior occurs more frequently than is typically observed in individuals of comparable age and 
developmental level.


B. The disturbance in behavior causes clinically significant impairment in social, academic, or occupational functioning.
C. The behaviors do not occur exclusively during the course of a Psychotic or Mood Disorder.
D. Criteria are not met for Conduct Disorder, and if the individual is aged18 years or older, criteria are not met for Antisocial Personality 
Disorder.
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ADHD individuals. By contrast, lesions of the orbitome-
dial portion of the frontal lobe are associated with aggres-
sion, emotional outbursts, poor self-control, lack of guilt,
empathy or remorse, and anti-social and psychopathic
behavior [36]. These are the symptoms typical of CD and
antisocial personality disorder. Thus, the finding that
ADHD is a genetic disorder suggests the defective genes
involved cause a dysfunction of the prefrontal lobes. As
discussed below, one of the brain neurotransmitters likely
to be involved in causing this dysfunction is dopamine.


Some ADHD is a disorder of parietal lobe function
In some children with ADHD, especially those with learn-
ing disorders, the parietal lobes are also likely to be
involved [37]. Studies of children with both ADHD and
reading or other learning disabilities indicated they had
abnormally high levels of norepinephrine breakdown
products [38]. Norepinephrine is the arousal neurotrans-
mitter of the brain, associated with waking the brain up in
the morning and setting it to an optimal level of arousal.
Studies in animals suggest that both too much and too lit-
tle norepinephrine can be associated with hyperactivity
[39]. The parietal lobes also carry some of the centers for
speech and language as well as an area for attention. Thus,


it is not surprising that defects in the parietal lobes can be
associated with ADHD combined with learning disorders.


ADHD and substance abuse
As mentioned above, two of the common comorbid spec-
trum disorders in ADHD are alcoholism and drug abuse
[4044]. The reward pathways of the brain are also located
in the frontal lobes and limbic system. They provide pleas-
ure for a number of behaviors that are critical to the con-
tinued existence of the individual and the species, such as
eating and having sex. These are termed natural rewards.
The reward pathways are rich in dopamine carrying neu-
rons and it is the release of dopamine that produces the
feelings of pleasure. In addition to food and sex, all drugs
of abuse result in the release of dopamine in the reward
pathways. This is responsible for the feelings of euphoria
or the high that these drugs produce. These are termed
unnatural rewards. We have previously proposed a
Reward Deficiency Syndrome (RDS) [45] suggesting that
genetic variants in dopamine genes result in defective
functioning of the reward system such that individuals
with these defects are much more likely to seek out addi-
tional stimulation of their reward pathways by turning to
drugs, alcohol, excessive sexual activity and risk-taking
activities such as hang gliding and bungie jumping. In this
regard, Lee et al. [46] found an association between nov-
elty seeking (NS) and both the dopamine D4 receptor
gene (DRD4) long alleles and the Taq1 A1 and Taq1 B1
sites of the dopamine D2 receptor gene. The term Taq1
refers to the type of restriction endonuclease that cuts a
DNA sequence at a specific site. These results therefore
confirmed previous findings in which the long repeats of
the DRD4 polymorphism were related to NS personality
trait, and suggested that the less frequent DRD2 alleles
were also associated with the reward -dependent trait [47].


ADHD and pathological gambling
Different neurological studies have found pathological
gamblers to have high impulsivity and poor performance
in tasks involving frontal/executive functions. These
symptoms are similarly observed with individuals diag-
nosed with ADHD. It is noteworthy that pathological
gambling is an addiction that is not confounded by the
problems of ingesting a drug. PET studies of individuals
engaged in video poker have documented a release of
dopamine in the striatum [48]. We found that 50.9 %of
171 pathological gamblers carried the D2A1 allele com-
pared to 25.9% of the 714 known non-Hispanic Cauca-
sian controls screened to exclude drug and alcohol abuse;
p <0.000001, odds ratio = 2.96 [49]. The DRD2 gene was
associated with severity in that the D2A1 allele was present
in 63.8% of those in the upper half of severity (odds ratio
versus controls = 5.03) compared to 40.9% in the lower
half of severity. Of those who had no comorbid substance
abuse, 44.1% carried the D2A1 allele, compared to 60.5%


Longitudinal studies of children with low, intermediate and high ADHD scores in early grade school, from Howell et al: Pediatrics 76:185–190, 1985 [22]Figure 2
Longitudinal studies of children with low, intermediate and 
high ADHD scores in early grade school, from Howell et al: 
Pediatrics 76:185–190, 1985 [22].
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of those who had comorbid substance abuse. These
results suggest that genetic variants at the DRD2 gene play
a role in pathological gambling and support the concept
that variants of this gene are a risk factor for impulsive and
addictive behaviors 49


In this regard, others have utilized questionnaires, struc-
tured interviews and behavioral tasks to evaluate the his-
tory of ADHD in pathological gamblers. It was found that
pathological gamblers scored higher on the Barratt Impul-
sivity Scale (BIS) than controls, but only those with a his-
tory of childhood ADHD showed a greater impulsivity in
behavioral tasks [50].


As discussed below, it has often been claimed that the
treatment of ADHD with stimulants will encourage chil-
dren to abuse drugs when they are older. It is much more
likely that ADHD and substance abuse share many gene
variants in common, and share a deficiency of dopamine
in the frontal lobe and limbic system, and this is the rea-
son ADHD and especially ADHD + CD children are also
at risk for substance abuse. The best way to prevent sub-
stance abuse is to ensure that the ADHD and the resulting
frontal and parietal lobe dysfunctions are adequately
treated so these individuals do not turn to street drugs to
self-medicate. Studies suggest that the prevalence of sub-
stance abuse disorder is lower in ADHD children who are
adequately treated with stimulants than in those who are
untreated [51].


What genes are involved?
It is one thing to know that a disorder is largely genetic
and another to know which genes are involved, especially
if the disorder is polygenically inherited. Because each
gene contributes to only a small part of the total picture,
the gene variants involved can be difficult to identify. The
most powerful method is the use of association studies.
These studies compare the frequency of gene variants
(polymorphisms) in individuals with and without
ADHD, or examine whether certain gene variants are pref-
erentially transmitted to a child with ADHD. The genes
that have been examined in ADHD and related behavioral
disorders tend to be in three classes: enzymes, receptors
and transporters, especially those that involve neurotrans-
mitters. Binding to the post-synaptic cell occurs at recep-
tors that are specific for a given transmitter. In addition to
being broken down by enzymes, the neurotransmitters
can be cleared from the synapse by transporters that
return the neurotransmitters to the pre-synaptic cell. As
with the receptors, the transporters are neurotransmitter-
specific. Perhaps the best known example is the serotonin
transporter. Drugs that inhibit the action of the serotonin
transporter are called selective serotonin re-uptake inhib-
itors or SSRIs.


There are an estimated 25,000 human genes. More effi-
cient methods for testing large numbers of genes in asso-
ciation studies are rapidly being developed. Until these
techniques are fully developed and relatively inexpensive,
we perforce examine the genes (candidate genes) that we
feel are most likely to be involved. To date, variations at a
number of candidate genes have shown a significant asso-
ciation with ADHD. These include genes for three
dopamine receptors (DRD2, DRD4, DRD5), the
dopamine transporter (DAT1 or SLC6A3), the serotonin
transporter (HTT or SLC6A4), norepinephrine receptors
(ADRA2A, ADRA2C), the norepinephrine transporter
(NET or SLC6A2), and others [15,16,52]. Of these, we will
only discuss the dopamine transporter in more detail
because it has relevance to ADHD in both humans and
animals, the association has been replicated in a number
of studies, and it has important implications for under-
standing the mechanism of action of the stimulants and
possibly for identifying which individuals are most likely
to respond to treatment.


The most frequently examined variant in the dopamine
transporter is a 40 base pair repeat polymorphism. The
most common variants or alleles are called 9 and 10. A
number of studies have shown that the 10 allele is more
common in Caucasians with ADHD. Brain imaging stud-
ies show an increased availability of the dopamine trans-
porter in ADHD subjects compared to controls across all
age groups [53]. It is especially interesting that these stud-
ies have also shown that the treatment of ADHD subjects
with methyphenidate (Ritalin) decreases the level of the
dopamine transporter availability back to normal or
below normal levels [54]. In contrast to the association of
ADHD in humans with elevated DAT1 levels, knockout
mice that have no DAT1 gene are also very hyperactive
[55]. While this may seem to contradict the human stud-
ies, a number of compensatory effects can occur when a
gene is totally eliminated at conception. In addition, both
too much and too little of a neurotransmitter may have
similar effects in many systems. Some preliminary studies
have suggested a differential response of methylphenidate
in those who carry different alleles of the DAT1 gene [56].
Furthermore, it has been suggested [56] that children pos-
sessing the 10 repeat VNTR allele of the DAT1 gene might
be particularly responsive to methylphenidate because of
its DAT-blocking action. Others have further examined
this hypothesis. In a sample of 119 Irish children, Killey et
al. [57] also reported that the 10 repeat allele predicted a
positive clinical outcome. Not all studies have found this
association, but it begins to open the way to predicting
drug response by genetic testing before the drugs are
given.


A number of genome scans, using sibling-pair linkage
techniques for identifying relevant genes, have been per-
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formed [58,59]. A number of chromosomal sites showing
significant but modest linkage have been identified. There
is agreement between studies about some areas and disa-
greement about others. Association studies will have to be
performed to identify the specific genes in the areas
responsible for the positive signals.


Because the DAT1 and other genes contribute to only a
modest part of the total picture, a more powerful method
of examining the genetics of ADHD may be to test the
interactive (epistatic) effects of multiple genes. Prelimi-
nary studies simultaneously examining variants at 42 dif-
ferent genes indicate the importance of norepinephrine
genes in the etiology of ADHD [16]. These studies, still in
their infancy, may point the way toward understanding
the complex genetics of ADHD and its comorbid condi-
tions, identifying genetic subtypes of ADHD, and identi-
fying before any drugs are given who will respond to
which drugs and who may have undesirable side effects.
Since there is some overlap with SUD in many ADHD
adults, the possible role of other dopaminergic genes and
regulators should not be overlooked [60-65].


Treatment of ADHD: Why use stimulants? How do they 
work?
Many double blind studies over the past 40 years have
agreed that stimulants such as methylphenidate, dextro-
amphetamine, and others are very effective in the treat-
ment of 70–80 % of children and adults with ADHD. One
of the myths of ADHD is that ADHD children show a par-
adoxical effect of being calmed by stimulants while "nor-
mal" individuals are stimulated by them. However,
studies have shown that activity levels are decreased and
attention levels are increased by stimulants in individuals
with and without ADHD. The difference is that since the
levels of hyperactivity and inattention are much higher in
ADHD subjects, the improvement is relatively much
greater, giving the impression that they respond while
non-ADHD subjects do not.


How do stimulants work? It is known that, as in the effect
of SSRIs on the serotonin transporters, the stimulants
inhibit dopamine transporters (and norepinephrine
transporters). Since hyperactivity is related to excessive
dopamine activity in the basal ganglia, this would seem
on the face of it to make things worse instead of better.
However, Figure 3 illustrates the stimulants work in
ADHD. Figure 3a shows the basal, unstimulated state with
dopamine stored in the vesicles and low levels of
dopamine in the synapse. Figure 3b shows the result of
stimulation of the dopamine neuron, with the vesicles
releasing dopamine into the synapse and re-uptake of the
dopamine into the presynaptic neuron by the dopamine
transporters. Figure 3c shows that in the presence of stim-
ulants, the function of the dopamine transporters is par-


tially blocked and the basal level of dopamine increases in
the synapse. This results in occupation of the presynaptic
dopamine D2 receptors. When the nerve is stimulated
(Figure 3d), the amount of dopamine released from the
vesicles is deceased because of the occupation of the pres-
ynaptic D2 receptors. This results in a decrease in
dopaminergic stimulation in the basal ganglia, where the
density of the D2 receptors is the highest. Of particular
interest, there are few D2 receptors in the prefrontal lobe.
Thus, dopamine activity in the prefrontal lobes is
increased instead of decreased. This is consistent with a
model of ADHD in which there is too little dopamine in
the frontal lobes, hence the symptoms of prefrontal lobe
deficits, and too much dopamine in the basal ganglia,
hence motor hyperactivity and, not infrequently, motor
tics [66]. The stimulants correct both the prefrontal lobe
deficiency and the basal ganglion excess of dopamine.


Despite this indication of how well-suited stimulant med-
ications are to the treatment of ADHD, many still worry
that our children are receiving a form of "speed." Studies
have shown that in order to obtain a "high", stimulants
need to reach the brain very quickly. This requires intrave-
nous or nasal administration, or the use of doses that
exceed therapeutic recommendations. At therapeutic oral
doses the stimulants used for treatment of ADHD do not
cause a euphoric high. Perhaps the best indicator of this is
that one of the hardest parts of the treatment of ADHD
children is to get them to take their medication; they do
not come begging for more. This, however, is no guaran-
tee that these drugs are never abused. It is important that
children and adolescents with ADHD should not have
free access to their medications, since it is clear that these
drugs can be abused when given nasally, or intravenously
or in high doses. Keeping track of the medications helps
to ensure that they are not sold for illicit use. There is also
the potential problem of inducing aggressive behavior in
those individuals possessing the DRD2 Taq A1 allele [67].


A second class of medications that work primarily on
norepinephrine pathways, such as clonidine, guanifacine,
and atomoxetine, can also be quite effective. Clonidine
and guanifacine are especially useful in treating individu-
als with both ADHD and chronic tics (Tourette syn-
drome) since clonidine and guanifacine uniquely treat
both these conditions [68]. Physicians are often reluctant
to treat individuals with ADHD and Tourette syndrome
with stimulants for fear of exacerbating the tics. However,
consistent with the above mechanism of action of stimu-
lants, significant exacerbation is unusual and often the tics
are unchanged or improved following stimulant treat-
ment [69].
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Treatment of ADHD comorbid disorders
As indicated above, it is often the comorbid disorders such
as ODD and CD that cause the greatest distress to parents
of children with ADHD. In our experience, the atypical
neuroleptics such as risperidone, olanzipine and molin-
done can be very effective in the treatment of these comor-
bid conditions.


Alternative treatments
Because of their concern about the use of medications,
many parents seek alternative methods of treatment of
ADHD. Most clinicians agree that a combination of med-
ication and behavioral modification is the most effective


approach to the treatment of ADHD, even though the
medications contribute the most [70]. Children with
ADHD may also respond well to adjustments in educa-
tion such as those provided by an Individual Education
Plan (IEP). The following additional alternatives are
among the most often used.


Family therapy and education
Family therapy relates to therapy that involves every mem-
ber of the family. This can be especially effective since
there are often many issues that affect the entire family.
These involve educating the parents, siblings and affected
child that ADHD is a genetic-biochemical disorder and is


Dexedrine mode of actionFigure 3
Dexedrine mode of action. From Seeman and Madras: Mol. Psychiatry 3:386–396,1998 [83].
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not the child's fault. This does not mean that ADHD chil-
dren should not be held responsible for their behavior. It
does mean that the level of discipline needs to be modu-
lated by an understanding of the biological basis of the
disorder. Family therapy can also address the frequent
concern of siblings that the misbehaving child often gets
a disproportionate degree of attention. Many other issues
relating to having a child with ADHD in the family benefit
from family therapy and parent education.


EEG biofeedback
EEG biofeedback usually utilizes feedback from a game
played on a TV screen to attempt by training to alter the
levels of alpha, beta and delta waves in the brain. It has
the advantage that no drugs are used and it appears to be
effective in some cases [71]. The disadvantages are that it
can be expensive; satisfactory double-blind testing of its
effectiveness has been very difficult; and the effects may
not be long-lasting. However, others have found success
with EEG neurofeedback training for ADHD in a clinical
setting [71].


Herbal remedies
A large number of herbal remedies have been used by
ADHD patients. Sometimes they seem to be effective,
sometimes not, or their effectiveness may be short-lived.
Many parents turn to them because they are perceived as
"natural." However, to be effective they must contain an
active ingredient and the identity of this ingredient is usu-
ally not known. In addition, a wide range of other ingre-
dients may be present that are not necessary or may cause
undesirable side effects [72].


Neutriceuticals
In contrast to herbal remedies, the compositions of neu-
triceuticals are precisely known. They usually consist of
amino acids, vitamins, minerals and other known com-
pounds. Because they are closer to food substances than
drugs, they do not have such rigorous FDA restrictions as
drugs and can be purchased over the counter. Because a
number of amino acids have direct or indirect effects on
the levels of specific neurotransmitters, they have the
potential for helping to control some of the symptoms of
ADHD. Neutriceuticals have the advantage that double-
blind studies can be easily carried out. It is not unlikely
that some combinations of the above compounds, care-
fully tested in double-blind studies, may play a support-
ing role in controlling some of the symptoms of ADHD
[73-75].


Heavy metal toxicity: Role in autism and ADHD
The frequencies of both autism and ADHD have appeared
to increase in the last decade or more. There has been par-
ticular emphasis on the possibility that the presence of
mercury in vaccines might play a role in this increase.


These issues have been reviewed in detail by Kirby [76],
including the potential interaction between heavy metals
and specific polymorphisms that may increase an individ-
ual's susceptibility to toxins. Because of this concern, mer-
cury has now been removed from all vaccines in the
United States; it was removed from vaccines in Sweden
and Denmark after 1993. Despite this, the frequency of
autism has either remained high or continued to increase
[77]. This lack of association with mercury in vaccines is
consistent with twin studies that show a very high herita-
bility for autism, thus implying minimal influence from
environmental factors. Mercury in vaccines has also been
implicated in the etiology of ADHD. While data on the
effect of removal of mercury from vaccines on the inci-
dence of ADHD in Sweden and Denmark are not availa-
ble, the results for autism, and the high heritability of
ADHD, suggest that mercury poisoning is probably not a
major factor. A role of other heavy metals such as lead and
manganese has also been suggested. It is difficult entirely
to rule out a role of heavy metal poisoning in ADHD, and
further studies are indicated. One of the appeals of the
theory that exposure to toxic substances that are new to
the environment may cause autism and ADHD is that it
may explain the increased frequencies of these disorders.
This is based in part on the assumption that increases in
frequency could not be due to increases in the frequency
of ADHD genes because gene variants do not increase in
frequency rapidly. One of us has suggested a mechanism
by which these genes could have rapidly increased in fre-
quency. This idea proposes that two factors unique to the
latter part of the 20th century could have played such a
role. These are the availability of effective birth control in
the 1960s, and the dramatic increase in the percentage of
individuals attending college since the Second World War.
Individuals carrying genes for ADHD and learning disor-
ders are less likely to go on to college and post graduate
work and more likely to start a family in their early 20 s.
Individuals who do not carry these genes are more likely
to attend college and put off childbearing into their late
20 s or early 30 s. This would result in a more rapid
increase in the first set of genes. Whether this would be
sufficient to account for an increase in frequency of
ADHD and autism must await studies of the frequency of
a range of genes by birth cohort.


Future perspective of genetic research
At the 4th International meeting of the Attention Deficit
Hyperactivity Disorder Molecular Genetics Network,
chaired by Stephen V Farone, investigators from around
the world convened in May 2002 at Harvard Medical
School and presented their findings about genes and
ADHD. The putative ADHD genes with pooled odds
ratios greater than 1.0 included the following: DAT1 = 1.3;
DRD4 = 1.4; DRD5 = 1.5; and 5HT1B = 1.5. It was con-
cluded that although technological and statistical
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advances in molecular genetics have allowed researchers
to begin to identify the association of specific genes with
ADHD, continued collaborative efforts are needed to elu-
cidate the genetic underpinnings of this complex pheno-
type fully [76]. Since this time, numerous other loci have
been shown to be associated with ADHD including cal-
cyon (DRD11P) [78], SNAP25, serotonin transporter,
dopamine β-hydroxylase, monamine oxidase A [79], tryp-
tophan hydroxylase 2 [80], TPH2 [80] several norepine-
phrine genes, BDNF, and others. Because of the small
percentage of the variance attributed to each gene, multi-
ple additional studies will be required to determine which
of these will be multiply replicated [81]. In the future, test-
ing for a panel of genes may lead to improved diagnosis
and treatment of ADHD.


Summary
ADHD is a common, complex, polygenic genetic, but
highly treatable disorder that can have a profound life-
long effect on brain function. The genes currently identi-
fied as playing a causative role in ADHD account for only
a small percentage of the total picture. The identification
of additional ADHD, CD and ODD genes, and their inter-
actions, holds the promise of firmly establishing ADHD
as a biological disorder and of identifying better methods
of diagnosis and treatment, emphasizing the need for
polypharmacy.
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Concentrations of Insulin and of Insulin Receptors in
the Brain are Independent of Peripheral Insulin Levels


STUDIES OF OBESE AND STREPTOZOTOCIN-TREATED RODENTS


JANA HAVRANKOVA and JESSE ROTH, Diabetes Branch, National Institute of Arthritis,
Metabolism and Digestive Diseases, National Institutes of Health, Bethesda,
Maryland 20014


MICHAEL J. BROWNSTEIN, Laboratory of Clinical Science, National Institute of
Mental Health, National Institutes of Health, Bethesda, Maryland 20014


A B S T R A C T In view of the potent influences of the
central nervous system on glucose metabolism and on
its hormonal regulators, and our recent finding of
insulin and insulin receptors throughout the central
nervous systsem, we have examined extreme conditions
ofhyperinsulinemia (obese mice) and hypoinsulinemia
(streptozotocin-treated rats) with respect to changes in
brain insulin and receptor content. Sprague-Dawley
rats given streptozotocin (100 mg/kg body wt) developed
severe diabetes and by 48 h showed no change in brain
insulin. Rats given 65 mg/kg streptozotocin also had
severe diabetes, but survived longer. Both at 7 d and
at 30 d after streptozotocin treatment there was no
significant change in brain insulin or in brain content
of insulin receptors, despite the fact that peripheral
hepatic receptors were elevated and pancreatic insulin
was markedly depleted.
The obese mice were studied at 8-10 wk when


peripheral plasma insulin concentrations were 50-fold
elevated and receptors on peripheral target cells were
reduced to-40-50% of normal; brain insulin concen-
trations and receptor content were indistinguishable
from those of thin littermates. Thus, brain insulin,
which is typically 10 times higher than plasma insulin
concentrations, and brain receptor content, which is
equivalent to receptor content on peripheral tissues,
appears to be regulated entirely independently of
hormone and receptor in the periphery. These findings
are consistent with the hypothesis that insulin in the
central nervous system is synthesized by the neural
elements, and plays a role in the central nervous
system which is unrelated to peripheral glucose
metabolism.
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INTRODUCTION


In the previous study, we found insulin receptors to
be widely distributed in the brain of the rat (1). These
receptors are identical to the insulin receptors on
classical target tissues by all criteria tested. Thus, 1251
insulin binding to brain receptors showed not only the
characteristic pH and temperature dependence of
binding, kinetics of association and dissociation, but
also the characteristic specificity for insulins and
insulin analogues.
More recently, we identified insulin in the rat brain


at concentrations which were 10-100 times higher than
insulin levels in plasma (2). Brain insulin, first detected
by radioimmunoassay, was extremely similar to native
insulin in the bioassay, radioreceptor assay, and column
chromatography on Sephadex G-50. Immunofluorescent
studies showed the insulin to be present within nerve
cell bodies (2).
We have now studied two animal models, the obese


(ob/ob) hyperglycemic mouse and the streptozotocin-
treated diabetic rat. Concentrations of insulin in
plasma and pancreas are markedly elevated and insulin
receptors are substantially reduced in the obese mouse,
in all tissues studied including liver, fat, heart, and
skeletal muscle (3-7). In contrast, the streptozotocin-
treated rat is insulin deficient, and insulin receptors,
studied in liver, are elevated (8). It is surmised that
in both models, the basal level of circulating insulin
is a major determinant of the receptor concentration
in liver and other peripheral tissues, based on extensive
studies in vivo and in vitro which demonstrate that
insulin is an important regulator of its own re-
ceptor (9-15).


In both rodent models we found that the content of
insulin and insulin receptors in brain were unchanged,
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indicating that the hormone and its receptor in the
cenitral nervous system (CNS)' are independent of
factors that regulate their counterparts in the periphery.
Further, the study supports the possibility that brain
insulin is produced in the CNS.


METHODS
Aniimals. Male Sprague-Dawley rats (200-250 g) were in-


jected with 100 or 65 mg/kg of streptozotocin (lots 18420-2
and 18421-3, The Upjohn Company, Kalamazoo, Mich.) into
the tail vein. Streptozotocin was suspended in acidified (HCl)
0.9% saline (pH 4.5) at a final concentration of 50 mg/ml and
used within 1 h. All streptozotocin-treated animals became
glycosuric within 36 h with Clinitest (Ames Company, Inc.,
Elkhart, Ind.) readings of 3+ to 4+. Animals had free access
to food until 8 h before sacrifice, when the food was with-
drawn from cages. Animals were killed by decapitation at
4 p.m.; blood was collected from decapitated animals and
allowed to clot at room temperature for 1 h. Serum was then
separated by centrifugation and stored at -20°C. Brain,
pancreas, and liver were immediately dissected and frozen on
dry ice. In general, brains were processed on the same day;
pancreas and liver were kept at -70°C until processed. In
somne animals streptozotocin (5 or 12.5 mg/kg) was adminis-
tered into the lateral cerebral ventricle. Concentrations of
streptozotocin were adjusted so that only 10 gl of solution
was injected. Control rats were injected with acidified saline
alone, and all animals were killed 24 h after injection; their
blood and brains were handled as described above.
Mice of the C57BL6J strain were purchased from The


Jackson Laboratory, Bar Harbor, Maine. Obese (ob/ob) mice
and their thin littermates (mixture of ob/+ and +/+) were
killed by decapitation at 8-10 wk of age, and their blood and
organis handled in the same way as described for streptozotocin-
treated rats.


Insulin extraction. A standard type of acid-ethanol
extraction of tissue was used (16). Organs were rapidly
wveighed and homogenized (Polytron homogenizer [Brink-
miiann Instrumiients, Inc., Westbury, N. Y.] at maximum speed
for I min) in 10 vol of ice-cold acid-ethanol (HCl 0.2 N, ethanol
75%). The suspension was shaken overnight at 4°C. After
centrifugation at 1,500 g for 20 min at 4°C, the supernates
were decanted and concentrated by air evaporation at room
temiiperature to _ 1/20th ofthe original volume. The concentrate
was suspended in =5 vol (relative to the original tissue
weight) of (NH4)2 C03 (0.05 XI) that contained 1 mg/mil bovine
serujmi albumin, and was neutralized with concentrated
NH4()H. Samples were centrifuged at 1,500 g for 20 min at
4°C; supernates were lyophilized and reconstituted in Veronal
buffer for the radioimmunoassay. The final volumlle of recon-
stituted material was approximately equal to that of the
original tissue weight.
Radioininmu noassay. Insulin in reconstituted extracts and


in serum vwas measured by radioimmunoassay using guinea
pig anti-porcine insulin serum (gift of Dr. A. Kagan), porcine
'25l-insulin (130-180 ,XCi/,tg), and porcine insulin standard
(Eli Lilly and Company, Indianapolis, Ind.).
For both rats and mice, values are reported in terms of


the porcine insulin standard because in our hands preparations
of porcine insulini are more uniform in potency than those of
rodenit insuilini. As showvn in Fig. 1 of reference 2, our present
preparation of rat insulin is about half as potent as porcine
insulin over the steep part of the standard curve; to allow


I Abbreviationi used in this paper: CNS, central nervous
system.


valid comparisons between animals, all values were obtained
from this steep part of the curve.
Recoveries. To determine insulin losses during the extrac-


tion procedure, a tracer amount of "25I-insulin ( 10,000
cpm = -35 pg) was added to the start ofthe extraction. Counts
remaining at the end of the extraction procedure were de-
termined and "recovery" expressed as percent of initial
counts. Estimated recovery was between 30 and 60%, and
insulin concentrations reported have been corrected for this
recovery. Because only 60-85% ofradioactive counts recovered
were precipitable by anti-insulin antibody, the recovery has
probably been overestimated and the insulin values reported
correspondingly underestimated. We validated our correction
for recovery by adding unlabeled insulin at different concen-
trations to the brain tissue in the beginning of the extraction
procedure. Insulin was quantitatively recovered ifcorrections
derived from loss of 1251-insulin tracer were made.
Binding studies. After decapitation, brain and liver were


rapidly dissected on ice and frozen on dry ice. Tissues were
homogenized at 40C in an all-glass homogenizer in 40 vol of
1 mM NaHCO3 and centrifuged for 10 min at 600 g at 4°C.
Supernates were centrifuged at 20,000 g for 30 min at 4°C, the
pellets were washed once with 1 mM NaHCO3 and suspended
in Krebs-Ringer phosphate buffer, pH 7.8. Porcine '25I-insulin
and porcine insulin standards were prepared in the same buf-
fer to which bovine serum albumin was added to achieve final
concentration of bovine serum albumin in the incubation
media of 40 mg/ml.


Total incubation volumes of 150 Al consisting of 50 ,ul of
20,000-g pellets (suspended to a final protein concentration of
-0.5 mg/ml), 50 ,lI of'25-insulin (0.3 ng/ml, 15,000 cpm), and
50 ,lI of porcine insulin (final concentration of 1-105 ng/ml)
were incubated at 15°C for 90 min (brain membranes) or 4.5 h
(liver membranes). Samples were then centrifuged in a
Beckman microfuge (Beckman Instruments, Inc., Spinco Div.,
Palo Alto, Calif.) for 2 min. Radioactivity in the pellet was
counted (total binding). Radioactivity in the presence of 100
,tg/ml of unlabeled insulin was designated "nonspecific
binding" and subtracted from the total binding to obtain the
"specific binding." Supernates were used for estimation of
tracer degradation by using trichloroacetic acid (final
concentration: 5%). The degradation of 125I-insulin ranged
between 4 and 8% for brain membranes and 15-30% for liver
membranes. Degradation was similar with membranes from
experimental and control animals.


RESULTS


Adult male Sprague-Dawley rats (200-250 g) that were
injected with 100 mg/kg streptozotocin i.v. became
diabetic within 24 h with Clinitest readings of 4+. All
animals became very sick (with diarrhea and hematuria)
and started to die after 36 h. In those few which
survived for 48 h, brain insulin levels did not differ
from controls injected with acidified saline alone
(Table I). Pancreatic insulin was not measured, but
serum insulin levels were decreased by -40% in
streptozotocin-treated rats at the time of sacrifice.
To keep animals surviving for longer periods oftime,


we used a smaller dose of streptozotocin. Rats that
were injected with 65 mg/kg streptozotocin i.v. became
diabetic within 36 h as shown by urine sugar determina-
tions (Clinitest 3+ to 4+). Controls, injected with
acidified saliine, did not become glucosuric.
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TABLE I
Brain Insulin Content in Rats 48 h after Streptozotocin*


Brain insulin Serum insulin


ng of insulin/g ng of insulini
wet wt of brain ml of serum


Control rats
1 13 1.1
2 12 1.2


Streptozotocin-
treated rats


3 10 0.6
4 21 0.7


Rats were injected with streptozotocin, 100 mg/kg i.v. or same
volume (200-300 p.l) of acidified saline. Most streptozotocin-
treated rats died between 36 and 48 h after injection. Two
controls(1, 2) and remaining two streptozotocin-treated rats (3,
4) were killed 48 h after treatment and their brain extracted
for insulin. Insulin content in extracts and serum was deter-
mined by radioimmunoassay and brain insulin content was
corrected for recovery (Methods).
* 100 mg/kg i.v.


Brain insulin concentrations 1 wk after streptozotocin
treatinent. One group of diabetic and control rats was
sacrificed 1 wk after treatment. At this point, all of
streptozotocin-treated animals were glycosuric (3+
to 4+) and had not gained weight; their weight was
234±4 g whereas control animals weighed 265±4 g
(mean±SEM). Pancreatic insulin content in strep-
tozotocin-treated rats, as assessed by extraction, was
decreased to 5% of control value (Fig. 1), documenting
greatly decreased pancreatic reserve. Serum insulin
levels were not significantly different between experi-
mental (1.2±0.3 ng/ml) and control animals (1.5±0.3
ng/ml), despite evident diabetes. This is in accord with
reports of others who have found that fasting insulin
levels are similar in diabetic and normal animals (17);
the diabetics are distinguished by their lack of increase
in insulin secretion in response to increasing glucose
levels after a meal or glucose infusion.


Brain insulin concentrations were on average twice
as high in streptozotocin-treated animals (16±5 ng/g)
than in controls (8+2 ng/g); this difference was not
statistically significant due to important interanimal
variability, the cause ofwhich is unknown. We conclude
that no decrease in brain insulin levels occurred
despite an important drop in pancreatic insulin reserve
and presumably in postprandial levels of circulating
insulin.
Brain insulin concentrations 1 mo after streptozotocin


treattment. Another group of diabetic and control
animals was killed 1 mo after streptozotocin treatment
(65 mg/kg i.v.). All streptozotocin-treated animals were


diabetic (Clinitest 4+) and had lost weight; at the time
of sacrifice their weights were 197±18 g whereas
controls weighed 340±6 g. Pancreatic insulin con-
centrations in diabetic rats were-4% of control value
(Fig. 2); results are comparable to those ofother authors
using similar doses of streptozotocin (17). Fasting
serum insulin levels were decreased by -40% (0.8
±0.04 ng/ml in streptozotocin-treated rats, 1.4±0.1 ng/
ml in controls). Despite the decrease in plasma insulin
concentrations and greatly reduced pancreatic reserve,
brain insulin concentrations were on average three
times as high in streptozotocin-treated animals (17±8
ng/g) as in controls (6±0.9 ng/g); but the difference
was not statistically significant.
Insulin receptors in liver and brain 1 mo after strep-


tozotocin treatment (65 mg/kg). As expected, binding
of insulin to liver membranes was between 2.5 and
3.5 times higher in the animals with streptozotocin-
induced hypoinsulinemia (Figs. 3A and 4). The eleva-
tion in binding to receptors was due to an increase
in the number of insulin binding sites. The concentra-
tion of insulin that produced 50% decrease in the
binding of labeled insulin was unchanged (50 ng/ml),
indicating that the affinity was unaltered (Fig. 3A).
On the other hand, specific binding to receptors on


brain membranes prepared from diabetic rats was the
same as control (Figs. 3B and 4). Because the receptor
affinity was similar in diabetic and control rats, the
finding of the same specific binding indicates that the
concentration ofbinding sites in streptozotocin-treated
rats was the same as in controls.
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FIGURE 1 Insulin content of brain and pancreas 1 wk after
streptozotocin treatment. Six control (12) and six streptozoto-
cmn-treated rats (U) (65 mg/kg i.v.) were killed 1 wk after
treatment. Brain and pancreas were extracted with acid-ethanol
and their insulin content determined by radioimmunoassay.
Serum insulin was measured in the same radioimmunoassay
and is shown as the clear area within each bar for brain insulin.
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Streptozotocin administered into the lateral ventri-
cles of the rat. To study the direct effect of strep-
tozotocin on brain insulin content, streptozotocin was
injected into the lateral ventricle of the rat under
stereotaxic control. Concentrations of streptozotocin
(5 or 12.5 mg/kg) were adjusted so that only 10 ,l. had
to be injected. Controls were injected with acidified
saline alone and all animals were decapitated 24 h after
the injection, their blood was collected and brain ex-
tracted for insulin. No difference in plasma or brain
insulin concentration was observed between controls
and animals injected intraventricularly with strepto-
zotocin.
Brain insulin content and brain insulin receptors


in oblob mice and their thin littermates. The ob/ob
mice and their thin littermates were killed at 6-8 wk
of age when plasma insulin levels in ob/ob mice are
about 50 times higher (50 ng/ml) than in thin littermates
(1 ng/ml) and their weights are twice as high (60+2 g
ob/ob, 28+0.5 g thin). At that time, brain insulin con-
centrations were similar in ob/ob mice and their thin
littermates (Fig. 5). Brain insulin levels seemed slightly
higher in ob/ob mice; this may be due to slight con-
tamination of brain extracts by insulin-rich blood in
ob/ob mice. Contamination by blood would lead to
overestimation of brain insulin content in obese mice
and underestimation in the lean mice.
As previously described, insulin binding to liver


membranes was decreased by 50-60% in ob/ob mice
(Figs. 6 and 7). Affinity for insulin is the same on liver
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FIGuRE 3 Binding of insulin to liver membranes (A) and
cerebral cortex membranes (B) prepared from control (0) and
streptozotocin-treated animals (O). Membrane preparation
and incubation were performed as described in Methods.
Specific binding of "25I-insulin is plotted as a function of
insulin concentration. Binding was adjusted to the protein
concentration of membrane in the incubation media. Similar
competition curves were performed using olfactory bulb, di-
encephalon, brain stem, and cerebellum; the receptor affinity
was similar in control and experimental animals and identical
to that shown on cerebral cortex.


membranes from ob/ob mice and their thin littermates
(Fig. 6, inset); the observed decrease in specific binding
in the ob/ob mice is due to diminished number ofbind-
ing sites. By contrast, insulin binding to membranes
prepared from various areas of brain was similar in
ob/ob mice and thin littermates (Fig. 7), with no dis-
cernible difference in either affinity or concentration
of receptors (Fig. 8A and B). Different insulins and
insulin analogues competed with labeled insulin in
rank order predicted from their in vitro bioactivity, thus
confirming the presence of authentic insulin receptors
in brain of ob/ob mice and their thin littermates.


FIGuRE 2 Insulin content of brain and pancreas 1 mo after
streptozotocin treatment. Six rats injected with 65 mg/kg
streptozotocin (-) and six controls (0) injected with acidified
saline were killed 1 mo after treatment. Serum insulin was
measured by radioimmunoassay; brains and pancreases were
extracted with acid-ethanol, and their insulin content was
estimated in the same radioimmunoassay.


DISCUSSION


In the present study, we found that brain insulin
content and brain insulin receptors are independent
of plasma insulin levels. In rats rendered insulin de-
ficient and diabetic with streptozotocin, plasma insulin
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FIGURE 4 Insulin binding to brain and liver ofcontrol and strep-
tozotocin-treated rats. Each bar represents mean of triplicates.
Membranes were prepared from tissues pooled from three
experimental animals and three control animals. 0, specific
binding in control animals and M, specific binding in strep-
tozotocin-treated animals (65 mg/kg i.v.). Empty bars under
the base line represent corresponding nonspecific binding.


decreased by 50% and pancreatic insulin content
dropped to -5% of the control value, results comparable
to those obtained by others (17). Despite severe reduc-
tions in pancreatic insulin and presumably also in
plasma insulin, brain insulin concentrations did not
change significantly. ob/ob mice, which are hypergly-
cemic, have plasma insulin levels about 50 times higher
than their thin littermates. However, similar concen-
trations of insulin were found in brains of ob/ob mice
and thin littermates. Thus, brain insulin content was
independent of plasma insulin and pancreatic insulin
levels.


In both animal models there was no change in insulin
binding to its receptors in brain. This finding con-
trasted with observations made with liver membranes.
In hypoinsulinemic animals insulin binding increased
by two- to threefold whereas in hyperinsulinemic
animals insulin binding decreased by 60%. In both


THIN LITTERMATES OB/OB MICE


28


16


FIGURE 5 Brain insulin concentrations in oh/oh mice and
their thin littermates. Mice were killed at 8-10 wk of age,
when average serum insulin is-~1 ng/ml in thin littermates
and-~50 ng/ml in oh/oh mice. Insulin content was determined
in tissue extracts by radioimmunoassay, corrected for recovery
(Methods) and expressed as nanograms per gram wet tissue
weight. Each bar represents an individual animal.


cases, the changes in binding were due entirely to
changes in number of insulin binding sites. Increase
in the number of insulin binding sites in the presence
of hypoinsulinemia has been previously described in
hepatocytes and adipocytes (8, 14, 15). Decrease in the
number of insulin receptors in hyperinsulinemia has
been documented in many tissues both in vitro (3-7)
and in vivo (9-13).
We found these results surprising in view of the fol-


lowing data. In the periphery, most disease states
and experimental situations are associated with changes
in levels of hormone and of receptors (3-15). Also,
the CNS, in addition to its key role in regulation of
appetite and of food intake (18-20), is capable of
exerting major influences on peripheral glucose metabo-
lism and its endocrine control system (21, 22). Further,
insulin appears to be capable of acting on the CNS
(23-29). With the recent finding that the CNS is rich
in both insulin receptors and insulin we anticipated
that the hormone and its receptors in the CNS would
participate in the regulatory processes observed in the
rest of the body. In fact, in two extreme situations
studied here, no changes were detected. In preliminary
studies (not shown here), in two other situations
(fasting and early postnatal development) in which
peripheral levels of hormone and of receptor change,
we again found no changes at the level of the CNS.
Thus, both the level of the hormone and its receptors
in the CNS appear to be fixed, at least under several
conditions of diabetes and metabolic stress, and un-
responsive to stimuli that markedly alter peripheral
levels of both hormone and receptor.
Mechanisms of receptor changes. Why are the CNS


receptors unchanged? Individual tissues in vitro vary
widely in their sensitivity to insulin-mediated effects
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FIGURE 6 Binding of 1251-insulin to liver membranes ofob/ob
mice (0) and thin littermates (A). Total binding, adjusted to
protein content, is plotted as a function of insulin concentra-
tion. In the inset, the nonspecific binding has been subtracted
and results expressed as percent of 1251-insulin specifically
bound in the absence of unlabeled insulin designated as
"control."
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on receptor concentrations. Thus, human lymphoblastoid
cells of the IM-9 line are much less sensitive than
human or rat cells in vivo, and the 3T3-L1 cells after
their transformation into fatty fibroblasts do not change
their receptor concentration at all in response to
insulin (30). In a particular cell type, one or more
regulators may become dominant. Thus in 3T3 fibro-
blast cell lines growth status is the most powerful
influence, and in 3T3-L1 fatty fibroblasts the shift from
fibroblast to fatty cell appears to be the major influence
on the concentration of insulin receptors. Likewise, in
some diseases and metabolic states, receptor concen-
trations are clearly independent of changes in plasma
insulin levels (31). Thus, CNS insulin receptors either
do not recognize alterations in blood insulin concentra-
tions or do not change in number as a consequence of
such alterations. This raises the possibility that the CNS
receptors are under other, as yet undiscovered, influ-
ences or may be related to the presence of a blood-
brain barrier that shields the brain from peripheral
circulating insulin or both.


Insulin in the CNS. The problem of explaining the
insulin data are more difficult. In the discussion of
the receptors in the CNS, we felt obliged to discuss
why and how their levels were regulated but not why or
how the receptors got there. In the case of insulin we
must discuss not only why the levels of insulin are
unchanged, but also to discuss the origin ofthis insulin.
In our previous paber on the identification of genuine
insulin in the brain at levels that are 10-100 times
higher than basal plasma insulin levels (2), we con-
cluded that either the insulin is made in the CNS or
it is made in the pancreas and transported via plasma
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FIGURE 7 Insulin binding to brain and liver membranes of
ob/ob mice (OB) and thin littermates (TH). Each bar represents
mean+SD of four binding experiments. Pooled tissues from
two animals were used in each experiment and binding
measured in triplicates. Binding was adjusted to protein
content, determined by fluorescamine method. C, specific
binding in thin littermates; C, specific binding in ob/ob mice.
Empty bars under the base line represent corresponding
nonspecific binding.
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FIGURE 8 1251-Insulin binding to membranes prepared from
telencephalon of ob/ob mice (A) and thin littermates (B). Non-
specific binding was subtracted and 1251-insulin binding
expressed as percent of binding in the absence of unlabeled
insulin. Chicken insulin (A), pork insulin (0), proinsulin (0),
and multiplication stimulating activity (MSA) (A) competed
for 1251-insulin in order predicted by their in vitro insulin-like
bioactivity. The same affinity for insulin and insulin-like
peptides was observed on membranes from ob/ob mice and
their thin littermates.


(and/or cerebrospinal fluid) to the CNS. Brain insulin,
first demonstrated by the radioimmunoassay, has been
extensively characterized and found to be almost
indistinguishable from purified insulin in the radioim-
munoassay, radioreceptor assay, bioassay, and on the
Sephadex G-50 column (2). The present finding that
brain insulin concentrations are unchanged in the face
of severe hypoinsulinemia and hyperinsulinemia
makes it much less likely that brain insulin is synthesized
in the periphery and transported to the CNS, and
makes more likely the suggestion that the insulin in
the CNS is synthesized directly by the nerve cells.
This conclusion is consistent with earlier studies that
had shown that insulin injected intravenously is poorly
recovered in the CNS (32, 33). These studies also raise
questions as to the possible origins of insulin that is
present in the cerebrospinal fluid. In dogs, cerebro-
spinal fluid insulin concentrations are-25% those of
plasma levels (32) and these levels are only minimally
altered by the administration of intravenous glucose
(33). Thus it is possible that cerebrospinal fluid insulin,
like the CNS insulin is a product of the CNS rather
than of the pancreatic and plasma insulin.


Brain Insulin Receptors are Independent of Peripheral Insulin
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In conclusion, we are left with two possibilities, i.e.
that the body has most extraordinary mechanisms for
transporting insulin from plasma to brain, concentrat-
ing it, and maintaining constant levels despite extreme
changes in the availability of plasma insulin, or, much
more likely, that brain insulin is produced within the
brain. In either case, the function of the brain insulin
and brain receptors is unclear. Given the widespread
distribution of high levels of hormone and receptors
in the brain which are unchanging in response to major
metabolic events, it is tempting to suggest that insulin
plays an important role within the CNS such as that ofa
neurotransmitter, neuromodulator, or a growth factor at
the level of the CNS.
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Abstract  


Background 


Partial volume effects in atrophied areas should be taken into account when interpreting brain 


perfusion single photon emission computed tomography (SPECT) images of 


neurodegenerative diseases. To evaluate both perfusion and atrophy using brain SPECT 


alone, we developed a new technique applying tensor-based morphometry (TBM) to SPECT.  


Methods 


After linear spatial normalization of brain perfusion SPECT using 
99m


Tc-ethyl cysteinate 


dimer (
99m


Tc-ECD)  to a Talairach space, high-dimension-warping was done using an 


original 
99m


Tc-ECD template. Contraction map images calculated from Jacobian determinants 


and spatially normalized SPECT images using this high-dimension-warping were compared 


using statistical parametric mapping (SPM2) between two groups of 16 multiple system 


atrophy of the cerebellar type (MSA-C) patients and 73 age-matched normal controls. This 


comparison was also performed in conventionally warped SPECT images.   


Results 


SPM2 demonstrated statistically significant contraction indicating local atrophy and 


decreased perfusion in the whole cerebellum and pons of MSA-C patients as compared to 


normal controls. Higher significance for decreased perfusion in these areas was obtained in 


high-dimension-warping than in conventional warping, possibly due to sufficient spatial 


normalization to a 
99m


Tc-ECD template in high-dimensional warping of severely atrophied 


cerebellum and pons. In the present high-dimension-warping, modification of tracer activity 


remained within 3% of the original tracer distribution. 


Conclusions 


The present new technique applying TBM to brain SPECT provides information on both 


perfusion and atrophy at the same time thereby enhancing the role of brain perfusion SPECT  







  


Background  
  Brain perfusion single photon emission computed tomography (SPECT) has been applied to 


various neurodegenerative diseases such as Alzheimer’s disease. Particular attention must be 


paid to local atrophy when interpreting brain SPECT images in neurodegenerative diseases, 


since tracer activity determined by SPECT with limited spatial resolution is greatly 


influenced by partial volume effects. Local atrophy causes underestimation of tracer activity 


due to these effects. To precisely evaluate this local atrophy of the brain, magnetic resonance 


imaging (MRI) has been commonly used. If SPECT could evaluate local atrophy as well as 


brain perfusion, the role of SPECT would be enhanced in clinical use. In the present study, 


we developed a new technique to evaluate both perfusion and atrophic changes at the same 


time using brain SPECT alone, and applied this technique to patients with multiple system 


atrophy of the cerebellar type (MSA-C) for clinical validation.  


Methods 


We retrospectively chose 16 patients (9 men and 7 women age 43–75 years, mean±SD 


58.6 ±8.8) with a clinical diagnosis of probable MSA-C according to the consensus criteria 


[1]: cerebellar ataxia with additional severe autonomic failure and/or a levodopa-


unresponsive or a poorly responsive parkinsonian syndrome. All patients showed 


characteristic brain MRI findings of cerebellar and pontine atrophy and signal changes in the 


pons [1,2]. Seventy-three age-matched control subjects (35 men and 38 women; age 43–75 


years, mean±SD 59.6±7.8 years) with no memory impairment or cognitive disorders were 


recruited as healthy volunteers. The Ethics Committee of the National Center of Neurology 


and Psychiatry approved this study, and all patients and control subjects gave their informed 


consent to take part in this study and for their images to be used in a scientific publication. 


All of the control subjects were right handed and screened by questionnaire and medical 


history to exclude any with medical conditions potentially affecting the central nervous 







  


system. In addition, none of them had asymptomatic cerebral infarction detected by T2-


weighted MRI. 


All of the subjects underwent brain perfusion SPECT. Before SPECT was performed, an 


intravenous line was established. Each received a 600 MBq intravenous injection of 
99m


Tc-


ethyl cysteinate dimer (
99m


Tc-ECD) while lying in the supine position with the eyes closed in 


a dimly lit, quiet room. Ten minutes after the injection of 
99m


Tc-ECD, brain SPECT was 


performed using cameras equipped with high-resolution fanbeam collimators (Multispect3; 


Siemens Medical Systems, Hoffman Estates, IL). A Shepp and Logan Hanning filter was 


used as a filtered back-projection method for SPECT image reconstruction at 0.7 cycles/cm. 


Attenuation correction was performed using Chang’s method with an optimized effective 


attenuation coefficient of 0.09 cm
-1


. 


     The present study applied tensor-based morphometry (TBM) to SPECT for the assessment 


of local atrophy according to the procedure shown in Fig.1. The basic principle of TBM is to 


analyze the local deformations of an image and to infer local differences in brain structure 


[3]. First, a linear spatial normalization algorithm in statistical parametric mapping (SPM2) 


resized all SPECT images of individual subjects to a voxel size of 2.0 mm and adjusted for 


orientation, and overall width, length and height. This step transformed brains to the 


anatomical space of a template brain based on Talairach space. Subsequent non-linear spatial 


normalization introduced local deformations to each brain to match it to an original template 


brain for 
99m


Tc-ECD [4]. This non-linear spatial normalization was done using the high-


dimension-warping algorithm [5]. We obtained high-dimensionally warped SPECT images 


and three-dimensional (3D) deformation fields for every brain using a univariate Jacobian 


approach. Each of these 3D deformation fields consists of displacement vectors for every 


voxel, which describes the 3D displacement needed to locally deform the brain to match it to 


the template. We calculated the Jacobian determinants to obtain voxel by voxel parametric 







  


maps of local volume change relative to the template brain. The local Jacobian determinant is 


a parameter commonly used in continuum mechanics, which characterizes volume changes, 


such as local expansion (Jacobian >1) or contraction (Jacobian < 1) caused by warping. For 


more fair comparison of regions showing expansion or contraction, we took the natural 


logarithm of the Jacobian determinant values (denoted as log J) as reported by Leow et al [6]. 


Then, parametric maps were separated into negative log J and positive log J maps 


representing contraction and expansion respectively. Absolute values of negative log J were 


calculated for further analysis of the contraction maps. A greater absolute value of negative 


log J indicates severer local atrophy.  We also spatially normalized all of the perfusion 


SPECT images to an original 
99m


Tc-ECD template brain using a conventional non-linear 


warping method with 16 iterations of SPM2.  


Contraction map images showing the negative J maps with displacement vectors in each 


voxel, and high-dimensionally and conventionally warped SPECT images were finally 


smoothed with a Gaussian kernel with FWHM of 10 mm. For statistical inference, these 


images were analyzed with a general linear model using SPM2. A design matrix was 


constructed for two-sample t-test between groups of MSA-C patients and normal controls. 


Inferences were obtained on t-contrasts. P-values used were corrected with familywise error 


(threshold at p<0.05) depending on the contrast.  


Results  


  A contraction map and high-dimensionally and conventionally warped SPECT images in 


a representative MSA-C patient are shown with the MRI findings in Fig. 2. Averaged images 


of the contraction maps and high-dimensionally and conventionally warped SPECT images in 


the groups of MSA-C patients and normal controls are shown in Fig. 3 and Fig. 4. In the 


group of MSA-C patients the contraction map images showed greater absolute values of 


negative log J in the whole cerebellum and pons than in other areas (Fig.3). Both high-







  


dimensionally and conventionally warped SPECT images showed decreased perfusion in 


these areas in the group of MSA-C patients as compared to the normal controls (Fig.4). 


Functional volume of cerebellum and pons in the averaged images was compared between 


high-dimensional and conventional warping using a region of interest template of 


WFU_PickAtlas (http://www.nitrc.org/projects/wfu_pickatlas/). In the group of MSA-C 


patients conventional warping generated 16% and 24% smaller volume of cerebellum and 


pons respectively than high-dimension-warping. Maximal perfusion ratios of the whole 


cerebellum and pons to the whole cerebrum were calculated in averaged images also using a 


region of interest template of WFU_PickAtlas. Conventionally warped and high-


dimensionally warped SPECT images in the group of MSA-C patients showed maximal 


perfusion ratios of 0.81 and 0.83 in the whole cerebellum and of 0.55 and 0.58 in the pons on 


the average respectively. Conventionally warped and high-dimensionally warped SPECT 


images in the group of normal controls showed maximal perfusion ratios of 0.90 and 0.88 in 


the whole cerebellum and of 0.68 and 0.65 in the pons on average, respectively.  


Group comparisons of these images demonstrated significant contraction indicating local 


atrophy and decreased perfusion in the whole cerebellum and pons in MSA-C patients as 


compared to normal controls (Fig.5 and Table 1). Higher t-values and wider cluster size were 


obtained with high-dimension-warping as compared to conventional warping.  


Discussion  


       The present results of significant perfusion decreases in the cerebellum and pons of the 


MSA-C patients are the same as those noted in a previous report using SPM analysis of 


SPECT data with conventional warping [7]. In addition to perfusion data, high-dimension-


warping of brain SPECT presented morphological data using a TBM technique. This high-


dimension-warping achieves sufficient spatial normalization of locally atrophied areas to a 


template of Talairach space [5]. This sufficiency was confirmed in severely atrophied 







  


cerebellum and pons in the MSA-C patients. Insufficient spatial normalization by 


conventional warping resulted in a smaller cerebellum and pons than those seen with high-


dimension-warping. This better anatomical precision obtained with high-dimension-warping 


than with conventional warping led to higher significance of the perfusion decrease in the 


whole cerebellum and pons of the MSA-C patients. A disadvantage of this high-dimension-


warping is slight modification of the tracer activity in the original SPECT images in contrast 


to its preservation in conventional warping. However this modification of tracer activity 


remained within 3% on the average of the original tracer distribution in the present study.  


      A TBM technique utilizes information from high resolution deformation tensor fields 


obtained from the non-linear transformations of individual MRI to the template [8]. This 


TBM technique was originally used for investigation of longitudinal morphological changes 


in the same individuals using 3D volume data of MRI [3,6]. This technique has been recently 


extended to cross-sectional studies for characterization of morphological changes in specific 


diseases [9,10]. Prior to high-dimension-warping, there is a need for skull stripping to extract 


only brain tissue from brain MRI [6]. Incomplete skull stripping substantially deteriorates the 


precision of high-dimension-warping. This deterioration gives rise to errors in Jacobian 


determinant values. Unlike MRI data, skull activity is almost negligible in SPECT images. 


This neglect of skull activity is advantageous to SPECT imaging when applying high-


dimension-warping. To the best of our knowledge, this is the first report on application of 


TBM to brain perfusion SPECT. This technique succeeded in extracting information on 


inherent local atrophy from SPECT. Clinical validation could be obtained in the MSA-C 


patients in the present study because MSA-C manifests a characteristic pattern of atrophy in 


the whole cerebellum and pons on MRI [2,11]. This characteristic pattern of atrophy was 


clearly demonstrated by TBM of SPECT. 







  


   We must also make note of several study limitations. First, we investigated the applicability 


of TBM to brain perfusion SPECT in MSA-C patients with severely localized cerebellar and 


pontine atrophy in the present study. Further investigation on the relationship between 


atrophy or perfusion changes measured by the present technique and disease severity may be 


necessary in a larger number of patients. Moreover we have to investigate this applicability in 


other neurodegenerative diseases with mild atrophy. Second, comparative studies between 


MRI and SPECT for the evaluation of local atrophy may be  necessary for additional 


validation of this technique. How fine the local atrophy is evaluated may depend on the 


anatomical precision of a SPECT template. Third, this technique cannot perform partial 


volume correction in brain perfusion SPECT. However additional information on local 


atrophy is of great aid in the interpretation of brain perfusion SPECT. 


Conclusions  


The present technique of application of TBM to brain perfusion SPECT provides information 


on both local perfusion and atrophy using SPECT alone. The utility of this technique was 


clinically validated in MSA-C patients as compared to normal controls. Further study is 


expected on the SPECT data of individual subjects as compared to a normal database of 


perfusion and atrophy images for routine clinical studies.  
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Figures 


Figure 1   Procedure of tensor-based morphometry using brain SPECT 


First, an original SPECT image (A) is linearly transformed to the Talairach space. 


Subsequent non-linear spatial normalization using the high-dimension-warping algorithm 


deforms a linearly standardized brain (B) to match it to a 
99m


Tc-ECD template (C). This step 


generates a high-dimensionally warped SPECT image (D) and a parametric image of 


Jacobian determinants (E) indicating a local volume change relative to the template brain. 


Then the natural logarithm of this parametric image (F) is separated into negative log J (G) 


and positive log J maps (H) representing contraction and expansion respectively. A 


conventionally warped SPECT image is also shown (I). 


Figure 2  Conventional warping and high-dimension-warping of a SPECT 


image in an MSA-C patient 


     T2-weighted MRI (A) showed severe atrophy in cerebellum and pons in a 56-year-old 


woman with MSA-C. A SPECT image at the level of the pons (B) demonstrated perfusion 


decrease in the cerebellum and pons. In contrast to conventional warping (D), high-


dimension-warping (E) achieved sufficient spatial normalization to a template (C) using a 


contraction map (F).   


・・・・Figure 3    Averaged images of contraction maps calculated from high-


dimension-warping in the groups of normal controls and MSA-C patients 


In the group of MSA-C patients contraction images showed greater absolute values of 


negative log J indicating severer atrophy in the whole cerebellum and pons than in other areas 


(arrows). Normal controls did not show severer atrophy in the cerebellum and pons than in 


other areas. 







  


Figure 4   Averaged images of spatially normalized with linear transformation 


and subsequent conventionally and high-dimensionally warped SPECT images 


in groups of MSA-C patients and normal controls 


  Linear spatial normalization showed insufficient transformation to a template in 


cerebellum (white arrows) and pons (white arrowheads) in MSA-C patients. Subsequent 


conventional warping could not perform a further transformation in these areas in this group. 


In contrast, high-dimension-warping could fully transform the cerebellum and pons to a 


template in MSA-C patients. Both conventionally and high-dimensionally warped SPECT 


images demonstrated decreased perfusion in the cerebellum and pons in MSA-C patients as 


compared to normal controls.  


Figure 5   Group comparison of warped SPECT and contraction images 


between MSA-C patients and normal controls 


High-dimension-warping demonstrates significantly decreased perfusion and significant 


contraction indicating local atrophy as a colored map in the whole cerebellum and pons of 


MSA-C patients as compared to normal controls. Conventional warping also demonstrated 


significantly decreased perfusion in the same area as in the high-dimension warping.







  


Table 1   Location of significant perfusion decrease and contraction indicating atrophy in MSA-C 


patients as compared with normal controls 


      


conventional warping (perfusion)     


    
Talairach 


coordinate 
   


Cluster size t value x y z Region 


22172 19.9 45 -67 -29 Right Cerebellum, Posterior Lobe 


 19.9 
-


37 
-75 -33 Left Cerebellum, Posterior Lobe 


 16.9 3 -28 -27 Pons 


 14.6 
-


27 
-53 -18 Left Cerebellum, Anterior Lobe 


 11.2 30 -43 -30 Right Cerebellum, Anterior Lobe 


      


high-dimension-warping 


(perfusion) 
    


    
Talairach 


coordinate 
   


Cluster size t value  x y z Region 


25688 23.2 
-


49 
-58 -34 Left Cerebellum, Posterior Lobe 


 22.6 -2 -45 -5 Left Cerebellum, Anterior Lobe 


 21.3 34 -75 -33 Right Cerebellum, Posterior Lobe 


 21.2 6 -43 -8 Right Cerebellum, Anterior Lobe 


 18.8 -2 -21 -24 Pons 


      


high-dimension-warping (atrophy)     


    
Talairach 


coordinate 
   


Cluster size t value x y z Region 


12947 16.1 
-


18 
-49 -14 left cerebellum, Anterior lobe 


 14.2 -4 -73 -27 left cerebellum, Posterior lobe 


 12.1 22 -54 -21 Right cerebellum, Anterior lobe 


 9.6 46 -72 -22 Right Cerebellum, Posterior Lobe 


1416 14.2 -2 -20 -26 Pons 
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Health Questionnaire (NTAF)


*  Please circle the appropriate number “0 - 3” on all questions below.  0 as the least/never to 3 as the most/always.


Name: _____________________________________Age: ______ Sex: ________ Date: 


SECTION A 
•  Is your memory noticeably declining?                                                       
•  Are you having a hard time remembering names 
     and phone numbers?       
•  Is your ability to focus noticeably declining?                                   
•  Has it become harder for you to learn things?                                      
•  How often do you have a hard time remembering
     your appointments?                     
•  Is your temperament getting worse in general?                                         
•  Are you losing your attention span endurance?                                         


•  How often do you fi nd yourself down or sad?
• How often do you fatigue when driving compared 
     to the past?
•  How often do you fatigue when reading compared 
     to the past?
•  How often do you walk into rooms and forget why?
•  How often do you pick up your cell phone and forget why?                                 


SECTION B
•  How high is your stress level?                                                                  
•  How often do you feel that you have something that 
     must be done?                                
•  Do you feel you never have time for yourself?                                        
•  How often do you feel you are not getting enough 
     sleep or rest?
•  Do you fi nd it diffi cult to get regular exercise?
•  Do you feel uncared for by the people in your life?uncared for by the people in your life?uncared for
•  Do you feel you are not accomplishing your 
  life’s purpose?
•  Is sharing your problems with someone diffi cult for you?          


SECTION C   


SECTION C1 
• How often do you get irritable, shaky, or have
     lightheadedness between meals?           
•  How often do you feel energized after eating?                                   
•  How often do you have diffi culty eating large 
     meals in the morning?                   
•  How often does your energy level drop in the afternoon?                                        
•  How often do you crave sugar and sweets in the afternoon?
•  How often do you wake up in the middle of the night?
•  How often do you have diffi culty concentrating 
     before eating?
•  How often do you depend on coffee to keep yourself going?
•  How often do you feel agitated, easily upset, and nervous 
    between meals?


SECTION C2 
•  Do you get fatigued after meals?                                                        
•  Do you crave sugar and sweets after meals?                                    
•  Do you feel you need stimulants such as coffee after meals?          
•  Do you have diffi culty losing weight?                                             
•  How much larger is your waist girth compared to 
     your hip girth?                 
•  How often do you urinate?
•  Have your thirst and appetite been increased?
•  Do you have weight gain when under stress?
•  Do you have diffi culty falling asleep?                                       


SECTION 1 - S
•  Are you losing your pleasure in hobbies and interests?
•  How often do you feel overwhelmed with ideas to manage?                                  
•  How often do you have feelings of inner rage (anger)?                                         
•  How often do you have feelings of paranoia?                                                          
•  How often do you feel sad or down for no reason?                                                     
•  How often do you feel like you are not enjoying life?                            


•  How often do you feel you lack artistic appreciation?                                 
•  How often do you feel depressed in overcast weather?                 
•  How much are you losing your enthusiasm for your
      favorite activities?                        
•  How much are you losing enjoyment for 
      your favorite foods?                           
•  How much are you losing your enjoyment of 
      friendships and relationships?                
•  How often do you have diffi culty falling into 
      deep restful sleep?                       
•  How often do you have feelings of dependency 
      on others?                                     
•  How often do you feel more susceptible to pain?                                  
•  How often do you have feelings of unprovoked anger? 
•  How much are you losing interest in life?                                         


SECTION 2 - D
•  How often do you have feelings of hopelessness?                                                 
•  How often do you have self-destructive thoughts?                             
•  How often do you have an inability to handle stress?                                     
•  How often do you have anger and aggression while 
     under stress?                        
•  How often do you feel you are not rested even after 
      long hours of sleep?             
•  How often do you prefer to isolate yourself from others?                                      
•  How often do you have unexplained lack of concern for 
     family and friends?       
•  How easily are you distracted from your tasks?
• How often do you have an inability to fi nish tasks?                                       
•  How often do you feel the need to consume caffeine to 
      stay alert?        
•  How often do  you feel your libido has been decreased?                                        
•  How often do you lose your temper for minor reasons?
•  How often do you have feelings of worthlessness?                                         


SECTION 3 - G
•  How often do you feel anxious or panic for no reason?                                                   
•  How often do you have feelings of dread or 
      impending doom?                              
•  How often do you feel knots in your stomach?                                               r stomach?                                               r
•  How often do you have feelings of being overwhelmed 
      for no reason?                          
•  How often do you have feelings of guilt about 
      everyday decisions?                                               
•  How often does your mind feel restless?                                     
•  How diffi cult is itdiffi cult is itdiffi cult  to turn your mind off when you  is it to turn your mind off when you  is it
     want to relax?                         
•  How often do you have disorganized attention?                                                       
•  How often do you worry about things you were 
      not worried about before?   
•  How often do you have feelings of inner tension and 
      inner excitability?                         


SECTION 4 - ACH  
•  Do you feel your visual memory (shapes & images)
     is decreased?                                               
•  Do you feel your verbal memory is decreased?                                               
•  Do you have memory lapses?                                                                          
•  Has your creativity been decreased?                              
•  Has your comprehension been diminished?                                                  
•  Do you have diffi culty calculating numbers?                                          
•  Do you have diffi culty recognizing objects & faces?                          
•  Do you feel like your opinion about yourself 
  has changed?                                
•?                                                     •?                                                       Are you experiencing excessive urination?                                                     
•  Are you experiencing slower mental response?                                           


                                 


            


ideas to manage?                                  
        


o you have feelings of paranoia?                                                          
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Medication HistoryMedication History
Please circle any of the following medication you have been or are currently taking.


Acetylcholine Receptor Antagonist – Antimuscarinic AgentsAcetylcholine Receptor Antagonist – Antimuscarinic Agents
Atropine, Ipratopium, Scopolamine, Tiotropium


Acetylcholine Receptor Antagonist - Ganlionic BlockersAcetylcholine Receptor Antagonist - Ganlionic Blockers
Mecamylamine, Hexamethonium, Nicotine (high doses), Trimethaphan


Acetylcholinesterase ReactivatorsAcetylcholinesterase Reactivators
Pralidoxime


Acetylcholine Receptor Antagonist - Neuromuscular Blockers Acetylcholine Receptor Antagonist - Neuromuscular Blockers 
Atracurium, Cisatracurium, Doxacurium, Metocurine, Mivacurium, Pancuronium, Rocuronium, Uccinylcholine, Tubocurarine, 
Vecuronium, Hemicholine


Agonist Modulator of GABA Receptor (benzodiazpines)Agonist Modulator of GABA Receptor (benzodiazpines)
Xanax, Lexotanil, Lexotan, Librium, Klonopin, Valium, ProSon, Rohypnol, Dalmane, Ativan, Loramet, Sedoxil, Dormicum, 
Megadon, Serax , Restoril, Halcion


Agonist Modulator of GABA Receptors (nonbenzodiazpines)Agonist Modulator of GABA Receptors (nonbenzodiazpines)
Ambien, Sonata, Lunesta, Imovane


Cholinesterase Inhibitors (irreversible)Cholinesterase Inhibitors (irreversible)
Echotiophate, Isofl urophate, Organophosphate Insecticides, Organophosphate-containing nerve agents


Cholinesterase Inhibitors (reversible)Cholinesterase Inhibitors (reversible)
Donepezil, Galatamine, Rivastigmine, Tacrine, THC, Erophonium, Neostigmine, Phystigimine, Pyridostigmine,
Carbamate Insecticidses


Dopamine Reuptake InhibitorsDopamine Reuptake Inhibitors
Wellbutrin (Bupropion)


Dopamine Receptor Agonists Dopamine Receptor Agonists 
Mirapex, Sifrol, Requip


D2 Dopamine Receptor Blockers (antipsychotics)D2 Dopamine Receptor Blockers (antipsychotics)
Thorazine, Prolixin, Trilafon, Compazine, Mellaril, Stelazine, Vesprin, Nozinan, Depixol, Navane, luanxol, Clopixol, 
Acuphase, Haldol, Orap, Clozaril, Zyprexa, Zydis, Seroquel, Geodon, Solian, Invega, Abilify


GABA Antagonist Competitive binder GABA Antagonist Competitive binder 
Flumazenil


Monoamine Oxidase Inhibitor  (MAOI)Monoamine Oxidase Inhibitor  (MAOI)
Marplan, Aurorix, Maneric, Moclodura, Nardil, Adlegiine, Elepryl, Azilect, Marsilid, Iprozid, Ipronid, Rivivol, Popilniazida, Zyvox, Zyvoxid


Noradrenergic and Specifi c Sertonergic Antidepressants  (NaSSaa)Noradrenergic and Specifi c Sertonergic Antidepressants  (NaSSaa)
Remeron, Zispin, Avanza, Norset, Remergil, Axit 


Selective Serotonin Reuptake InhibitorSelective Serotonin Reuptake Inhibitor
Paxil, Zoloft, Prozac, Celexa, Lexapro, Luvox, Cipramil , Emocal, Serpam, Seropram, Cipralex, Esteria,  Fontex, Seromex, Seronil, 
Sarafem, Fluctin, Faverin, Seroxat, Aropax, Deroxat, Rexetin, Xentor, Paroxat,  Lustral, Serlain, Dapoxetine


Selective Serotonin Reuptake EnhancersSelective Serotonin Reuptake Enhancers
Stablon, Coaxil, Tatinol


Serotonin-Norepinephrine Reuptake Inhibitors (SNRIs)Serotonin-Norepinephrine Reuptake Inhibitors (SNRIs)
Effexor, Pristiq, Meridia, Serzone, Dalcipran, Despramine, Duloxetine 


Tricylic Antidepresseants (TCAs)Tricylic Antidepresseants (TCAs)
Elavil, Endep, Tryptanol, Trepiline, Asendin, Asendis, Defanyl, Demolox, Moxadil, Anafranil, Norpramin, Pertofrane, Prothiadin, Thanden, 
Adapin, Sinequan, Trofranil, Janamine, Gamanil, Aventyl, Pamelor, Opipramol, Vivactil, Rhotrimine, Surmontil 


*Please refer to prescribing physician for nutritional interactions with any medications you maybe taking.
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GRADING CHART FOR  
METABOLIC ASSESSMENT FORM 


 


 


 


Health Concern Mild Moderate Severe 


Colon 1  2 3 4  5  6 7   8   9  10  11  12  13  14 15    16    17    18    19    20    21    22    23    24     25     26     27     28     29     30 


Hypochlorhydria 1    2    3    4    5            6              7 8       9      10        11           12         13          14          15          16          17         18 


Hyperacidity 1    2    3    4 5         6       7       8         9 10        11        12       13       14        15        16       17       18       19       20        21 


Small Intestine/Pancreas 1  2   3  4   5 6    7    8   9    10    11   12 13     14     15     16     17     18     19     20     21    22     23     24     25     26     27 


Biliary Tract 1  2 3 4  5  6 7   8   9  10  11  12  13  14 15    16    17    18    19    20    21    22    23    24     25     26     27     28     29     30 


Hypoglycemia 1  2   3  4   5 6    7    8   9    10    11   12 13     14     15     16     17     18     19     20     21    22     23     24     25     26     27 


Insulin Resistance 1    2    3    4 5      6      7      8     9     10 11     12     13     14      15      16     17      18      19      20      21      22      23     24 


Adrenal Hypofunction (Fatigue) 1    2    3    4 5      6      7      8     9     10 11     12     13     14      15      16     17      18      19      20      21      22      23     24 


Adrenal Hyperfunction (Stress) 1    2    3    4    5            6              7 8       9      10        11           12         13          14          15          16          17         18 


Hypothyroid 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17  18  19  20  21   22   23  24   25   26   27   28   29   30   31   32  33  34   35   36  


Thyroid Hyperfunction 1    2    3    4 5        6       7       8        9 10        11        12       13       14        15        16       17       18       19       20        21 


Pituitary Hypofunction 1 2                   3 4                        5                       6                       7                       8                       9 


Pituitary Hyperfunction 1 2                   3 4                        5                       6                       7                       8                       9 


Prostate Problems (Males) 1       2       3 4                 5                  6 7            8            9            10            11            12            13             14             15  


Andropause (Males) 1 23 45  678 9 10 11 12 13 14 15 16 17 18  19  20  21  22 23  24  25  26  27  28  29  30  31  32  33  34  35  36   37  38  39 


Menstruating Problems (Females) 1 23 45  678 9 10 11 12 13 14 15 16 17 18  19  20  21  22 23  24  25  26  27  28  29  30  31  32  33  34  35  36   37  38  39 


Menopausal  Problems (Females) 1  2 3  4 5  6 7  8  9 10  11  12 13 14 15 16    17    18   19    20   21   22   23   24    25    26   27   28    29   30    31   32   33 








RESEARCH Open Access


Luteolin triggers global changes in the microglial
transcriptome leading to a unique anti-
inflammatory and neuroprotective phenotype
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Abstract


Background: Luteolin, a plant derived flavonoid, exerts a variety of pharmacological activities and anti-oxidant
properties associated with its capacity to scavenge oxygen and nitrogen species. Luteolin also shows potent anti-
inflammatory activities by inhibiting nuclear factor kappa B (NFkB) signaling in immune cells. To better understand
the immuno-modulatory effects of this important flavonoid, we performed a genome-wide expression analysis in
pro-inflammatory challenged microglia treated with luteolin and conducted a phenotypic and functional
characterization.


Methods: Resting and LPS-activated BV-2 microglia were treated with luteolin in various concentrations and mRNA
levels of pro-inflammatory markers were determined. DNA microarray experiments and bioinformatic data mining
were performed to capture global transcriptomic changes following luteolin stimulation of microglia. Extensive
qRT-PCR analyses were carried out for an independent confirmation of newly identified luteolin-regulated
transcripts. The activation state of luteolin-treated microglia was assessed by morphological characterization.
Microglia-mediated neurotoxicity was assessed by quantifying secreted nitric oxide levels and apoptosis of 661W
photoreceptors cultured in microglia-conditioned medium.


Results: Luteolin dose-dependently suppressed pro-inflammatory marker expression in LPS-activated microglia and
triggered global changes in the microglial transcriptome with more than 50 differentially expressed transcripts. Pro-
inflammatory and pro-apoptotic gene expression was effectively blocked by luteolin. In contrast, mRNA levels of
genes related to anti-oxidant metabolism, phagocytic uptake, ramification, and chemotaxis were significantly
induced. Luteolin treatment had a major effect on microglial morphology leading to ramification of formerly
amoeboid cells associated with the formation of long filopodia. When co-incubated with luteolin, LPS-activated
microglia showed strongly reduced NO secretion and significantly decreased neurotoxicity on 661W photoreceptor
cultures.


Conclusions: Our findings confirm the inhibitory effects of luteolin on pro-inflammatory cytokine expression in
microglia. Moreover, our transcriptomic data suggest that this flavonoid is a potent modulator of microglial
activation and affects several signaling pathways leading to a unique phenotype with anti-inflammatory, anti-
oxidative, and neuroprotective characteristics. With the identification of several novel luteolin-regulated genes, our
findings provide a molecular basis to understand the versatile effects of luteolin on microglial homeostasis. The
data also suggest that luteolin could be a promising candidate to develop immuno-modulatory and
neuroprotective therapies for the treatment of neurodegenerative disorders.
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Background
Microglia, the resident macrophages of the nervous sys-
tem, have important roles in immune regulation [1,2]
and neuronal homeostasis [3,4]. Microglia belong to the
mononuclear phagocyte system but their special locali-
zation in the fragile neuronal environment and their
morphological features clearly distinguish them from
other peripheral macrophages [5]. Ramified microglia
perform a very active and continous surveillance func-
tion with their long protrusions [6,7]. They receive per-
manent tonic inhibitory inputs from neurons to prevent
microglial neurotoxicity [8,9]. Loss of microglia-neuron
cross-talk [10], local danger signals such as extracellular
ATP [11], or neurotransmitter gradients [12] rapidly
lead to a functional transformation of ramified microglia
with a variety of effector functions.
Microglia activation is a protective mechanism regu-


lating tissue repair and recovery in the early phase of
neurodegeneration [4]. However, excessive or sustained
activation of microglia often contributes to acute and
chronic neuro-inflammatory responses in the brain and
the retina [2]. Activated microglia in the vicinity of
degenerating neurons have been identified in a broad
spectrum of neurodegenerative disorders including Alz-
heimer’s disease [13], Parkinson’s disease [14], amyo-
trophic lateral sclerosis [15], multiple sclerosis [16], and
inherited photoreceptor dystrophies [17,18].
Macrophage heterogeneity and plasticity is very large


and the set of marker combinations and sub-populations
is essentially infinite [19]. To define a simplified concep-
tual framework, classification into polarized functional
categories, called M1 and M2 macrophages has been
proposed [20,21]. M1 or “classically activated” macro-
phages produce high levels of oxidative metabolites and
pro-inflammatory cytokines but also cause damage to
healthy tissue as side effect [22]. M2 or “alternatively
activated” macrophages promote tissue remodeling and
generally suppress destructive immune reactions. Infor-
mations on microglial subsets in the nervous system are
relatively scarce compared to other tissue macrophages.
Nevertheless, recent findings from in vitro cultures of
the murine microglial cell line MMGT12 [23] and hip-
pocampal microglia from the PS1xAPP Alzheimer’s
mouse model [24] implicate that microglia have the abil-
ity to differentiate into M1 and M2 polarized pheno-
types. A co-existence of neurotoxic M1 microglia and
regenerative M2 microglia has been recently documen-
ted in the injured mouse spinal cord [25]. Microarray-
based quantitation of M1 and M2 markers as well as
functional tests on axonal regrowth after injury demon-
strated that a transient anti-inflammatory and neuropro-
tective M2 response was rapidly overwhelmed by a
neurotoxic M1 microglial response [25]. A similar but


age-dependent switch from alternative to classical acti-
vation was shown in PS1xAPP Alzheimer’s mice [24],
indicating a common phenomenon in neurodegenerative
disorders. Compounds that induce the switch of micro-
glia from inflammatory M1 type to anti-inflammatory
M2 type could therefore be a potential therapeutic agent
to attenuate neuronal inflammation and boost neuronal
recovery [26].
Several anti-inflammatory drugs have been shown to


diminish neuroinflammation, but only a few direct func-
tional effects on microglial activity have been elucidated
[27]. Among the naturally occuring immuno-modula-
tors, the flavonoid luteolin (3’,4’,5,7-tetrahydroxyfla-
vone), abundant in parsley, green pepper, celery, perilla
leaf, and chamomile tea, exerts prominent anti-inflam-
matory and anti-oxidant activities [28]. Luteolin sup-
pressed pro-inflammatory cytokine production in
macrophages by blocking nuclear factor kappa B (NFkB)
and activator protein 1 (AP1) signaling pathways [29]
and inhibited the production of nitric oxide [30] and
pro-inflammatory eicosanoids [31]. Luteolin also
diminshed the release of Tnf and superoxide anions in
LPS or interferon-g treated microglial cell cultures
[32,33] and reduced the LPS-induced Il6 production in
brain microglia in vivo [34].
Although the inhibitory function of luteolin on NFkB


and a few selected cytokines is well documented in
macrophages, a genome-wide search for further molecu-
lar targets in microglia has not yet been published.
Furthermore, the immuno-modulatory effects of luteolin
related to the stimulation of distinct functional micro-
glial phenotypes has not been investigated before.
Therefore, this study investigated the global transcrip-
tomic effects of luteolin at near physiological concentra-
tions [35] alone or in combination with LPS in pure
BV-2 microglial cultures. We further validated the luteo-
lin-regulated expression of novel pro- and anti-inflamm-
tory microglial transcripts, analyzed microglial
morphology, and studied the consequences of microglia-
conditioned media for photoreceptor viability.


Methods
Reagents
Luteolin (3’,4’,5,7-tetrahydroxyflavone) and E. coli 0111:
B4 lipopolysaccharide were purchased from Sigma
Aldrich (Steinheim, Germany). Luteolin was dissolved in
DMSO and added in concentrations that did not exceed
0.05% of the total volume in any of the cell culture
experiments.
Animals
C57BL/6 mice were purchased from Charles River
Laboratories. Mice were kept in an air-conditioned bar-
rier environment at constant temperature of 20-22°C on
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a 12-h light-dark schedule, and had free access to food
and water. The health of the animals was regularly mon-
itored, and all procedures were approved by the Univer-
sity of Regensburg animal rights committee and
complied with the German Law on Animal Protection
and the Institute for Laboratory Animal Research Guide
for the Care and Use of Laboratory Animals, 1999.
Cell culture
Brain microglia were isolated and cultured as described
earlier [36]. BV-2 microglia-like cells were provided by
Professor Ralph Lucius (Clinic of Neurology, Christian
Albrechts University, Kiel, Germany). BV-2 cells were
cultured in RPMI/5% FCS supplemented with 2 mM L-
Glutamine and 195 nM b-mercaptoethanol. Primary
brain microglia or BV-2 cells were stimulated with 10
ng/ml or 50 ng/ml LPS and various concentrations of
luteolin for 24 h. 661W photoreceptor-like cells were a
gift from Prof. Muayyad Al-Ubaidi (University of Illinois,
Chicago, IL) and the culture conditions have been
described elsewhere [36].
Phalloidin staining
BV-2 cells were plated overnight on coverslips, fixed
with 3.7% paraformaldehyde for 10 min at 37°C, per-
meabilized with 0.2% Triton X-100 for 5 min, blocked
with 5% non-fat milk, 0.2% Triton X-100, and stained
with DAPI for 10 min at room temperature (0.1 μg/ml
in PBS, 4’,6-diamidino-2-phenylindol, Molecular Probes).
Filamentous actin was stained by addition of 1.5 μM
TRITC-conjugated phalloidin (Sigma). The coverslips
were mounted on microscopic glass slides and viewed
with a Axioskop 2 fluorescence microscope equipped
with an Eclipse digital analyzer (Carl Zeiss).
NO measurement
NO concentrations were determined by measuring the
amount of nitrite secreted by BV-2 cells into the culture
medium using the Griess reagent system (Promega). 50
μl cell culture supernatant was collected and an equal
volume of Griess reagent was added to each well. After
incubation for 15 min at room temperature, the absor-
bance was read at 540 nm on a BMG FluoStar Optima
plate reader (Labtech, Offenburg, Germany). The con-
centration of nitrite for each sample was calculated
from a sodium nitrite standard curve.
Apoptosis assay
Apoptotic cell death of 661W cells was determined with
the Caspase-Glo® 3/7 Assay (Promega). Cells were lysed
and incubated with a luminogenic caspase-3/7 substrate,
which contains the tetrapeptide sequence DEVD. Lumi-
nescence was then generated by addition of recombinant
luciferase and was proportional to the amount of cas-
pase activity present. The luminescent signal was read
on a BMG FluoStar Optima plate reader (Labtech,
Offenburg, Germany). A blank reaction was used to
measure background luminescence associated with the


cell culture system and Caspase-Glo® 3/7 Reagent. The
value for the blank reaction was subtracted from all
experimental values. Negative control reactions were
performed to determine the basal caspase activity of
661W cells.
RNA isolation and reverse transcription
Total RNA was extracted from cultured microglia
according to the manufacturer’s instructions using the
RNeasy Protect Mini Kit (Qiagen, Hilden, Germany).
Purity and integrity of the RNA was assessed on the
Agilent 2100 bioanalyzer with the RNA 6000 Nano Lab-
Chip® reagent set (Agilent Technologies, Büblingen, Ger-
many). The RNA was quantified spectrophotometrically
and then stored at -80°C. First-strand cDNA synthesis
was performed with RevertAid™ H Minus First Strand
cDNA Synthesis Kit (Fermentas, St. Leon-Rot,
Germany).
DNA microarray analysis
Triplicate microarrays were carried out with three inde-
pendent RNAs from non-stimulated BV-2 microglia or
cultures treated for 24 h with 50 μM luteolin, 50 ng/ml
LPS, or 50 μM LPS + 50 ng/ml LPS, respectively. Gen-
eration of double-stranded cDNA, preparation and
labeling of cRNA, hybridization to Affymetrix 430 2.0
mouse genome arrays, washing, and scanning were per-
formed according to the Affymetrix standard protocol.
Minimum information about a microarray experiment
(MIAME) criteria were met [37]. The microarray data-
sets of this study are publicly available at the National
Center for Biotechnology Information Gene Expression
Omnibus http://www.ncbi.nlm.nih.gov/geo/ as series
record GSE18740.
Bioinformatic data analysis
The Affymetrix Expression Console Software Version
1.0 was used to create summarized expression values
(CHP-files) from 3’ expression array feature intensities
(CEL-files) using the Robust Multichip Analysis (RMA)
algorithm. Integrative analysis of genome-wide expres-
sion activities from BV-2 cells was performed with the
Gene Expression Dynamics Inspector (GEDI), a Matlab
(Mathworks, Natick, MA) freeware program which uses
self-organizing maps (SOMs) to translate high-dimen-
sional data into a 2D mosaic [38]. Each tile of the
mosaic represents an individual SOM cluster and is
color-coded to represent high or low expression of the
cluster’s genes, thus identifying the underlying pattern.
Differentially regulated transcrips in 24 h luteolin sti-


mulated versus non-treated and luteolin + LPS versus
LPS-treated BV-2 cells, respectively, were retrieved with
the Genomatix ChipInspector program (Genomatix
Software GmbH, Munich, Germany), applying the Sig-
nificance Analysis of Microarray (SAM) algorithm using
a false-discovery rate of 0.1% and a minimum coverage
of 3 independent probes.
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Functional annotation of transcripts was performed
using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) [39] and the Bibliosphere
pathway edition (Genomatix).
Quantitative real-time RT-PCR
Amplifications of 50 ng cDNA were performed with an
ABI7900HT machine (Applied Biosystems) in triplicates
in 10 μl reaction mixtures containing 1 × TaqMan Uni-
versal PCR Master Mix (Applied Biosystems), 200 nM
of primers and 0.25 μl dual-labeled probe (Roche Probe-
Library). The reaction parameters were as follows: 2-
min 50°C hold, 30-min 60°C hold, and 5-min 95°C hold,
followed by 45 cycles of 20-s 94°C melt and 1-min 60°C
anneal/extension. Measurements were performed in tri-
plicate. Results were analyzed with an ABI sequence
detector software version 2.3 using the ΔΔCt method


for relative quantitation. Primer sequences and Roche
Library Probe numbers are listed in Table 1.
Statistical analysis
Statistical analysis were performed on ΔΔCt data using
analysis of variance with a two-sample Student’s t test
(P < 0.05) unless otherwise indicated. Quantitative data
are expressed as mean ± SEM. The levels of gene
expression in treated BV-2 cells are shown relative to
control cells.


Results
Effects of luteolin on selected pro-inflammatory markers
As a basis to study the genome-wide transcriptional effects
of luteolin on activated microglia and to validate our cell
culture system, we initially performed a dose-response
curve for luteolin. Four pro-inflammatory microglia


Table 1 Primer pairs and Roche library probes for real time qRT-PCR validation


Gene F-Primer (5’-3’) R-Primer (5’-3’) Roche Library Probe


AA467197 aaatggtggatcctactcaacc gttgccctccggactttt 17


Blvrb tcctcggagttctcagcttt gcaccgtcacctcataacct 81


C3 accttacctcggcaagtttct ttgtagagctgctggtcagg 76


CD36 ttgaaaagtctcggacattgag tcagatccgaacacagcgta 6


CD83 gctctcctatgcagtgtcctg ggatcgtcagggaataggc 2


Cfb ctcgaacctgcagatccac tcaaagtcctgcggtcgt 1


Cst7 atgtcagcaaagccctggta ggtcttcctgcatgtagttcg 67


Cxcl10 gctgccgtcattttctgc tctcactggcccgtcatc 3


Ddit3 ccaccacacctgaaagcag tcctcataccaggcttcca 33


Gbp2 tgtagaccaaaagttccagacaga gataaaggcatctcgcttgg 62


Gbp3 aagattgagctgggctacca gaaactcttgagaacctcttttgc 73


Gclm tggagcagctgtatcagtgg caaaggcagtcaaatctggtg 18


Gusb gtgggcattgtgctacctg atttttgtcccggcgaac 25


Hmox1 ctgctagcctggtgcaaga ccaacaggaagctgagagtga 25


Hp ccctgggagctgttgtca ctttgggcagctgtcatctt 15


Hprt1 tcctcctcagaccgctttt cctggttcatcatcgctaatc 95


Ifi44 ctgattacaaaagaagacatgacagac aggcaaaaccaaagactcca 78


Ifitm3 aacatgcccagagaggtgtc accatcttccgatccctagac 84


Ifitm6 ccggatcacattacctggtc catgtcgcccaccatctt 27


IL-6 gatggatgctaccaaactggat ccaggtagctatggtactccaga 6


iNos ctttgccacggacgagac tcattgtactctgagggctga 13


Irf7 cttcagcactttcttccgaga tgtagtgtggtgacccttgc 25


Kdr cagtggtactggcagctagaag acaagcatacgggcttgttt 68


Lcn2 atgtcacctccatcctggtc cctgtgcatatttcccagagt 1


Lpcat1 aatgtgaggcgtgtcatgg ggcagtcctcaaatgtatagtcg 81


Marco cagagggagagcacttagcag gccccgacaattcacatt 20


Mpeg1 cacagtgagcctgcacttaca gcgctttcccaatagcttta 69


Nupr1-F gatggaatcctggatgaatatga gtccgacctttccgacct 64


Rnf145 catggacttctggcttctcat aataaaaagtgttcccagaacctg 67


Saa3 atgctcgggggaactatgat acagcctctctggcatcg 26


Slpi gtgaatcctgttcccattcg cctgagttttgacgcacctc 69


Srxn1 gctatgccacacagagaccata gtgggaaagctggtgtcct 33


Trib3 gctatcgagccctgcact acatgctggtgggtaggc 98
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markers with different expression levels and ranges of
induction were selected as positive controls for qRT-PCR
analyses. Interleukin 6 (Il6) is a well known pro-inflamma-
tory cytokine target of luteolin [34], chemokine (C-X-C
motif) ligand 10 (Cxcl10), interferon-regulatory factor 7
(Irf7), and interferon-inducible protein 44 (Ifi44) are LPS-
sensitive genes in microglia [36]. BV-2 microglia were pre-
treated with different concentrations of luteolin (0, 5, 10,
25, and 50 μM) for 1 h and then stimulated with LPS (10
ng/ml and 50 ng/ml) for a further 24 h period. Neither
LPS nor luteolin changed the proliferation rate or cell sur-
vival at the concentration levels applied to the cells (data
not shown). mRNA levels of Il6 (Fig. 1A), Cxcl10 (Fig. 1B),
Irf7 (Fig. 1C), and Ifi44 (Fig. 1D), which were all induced
by 10 ng/ml LPS and further increased by 50 ng/ml LPS,
were dose-dependently reduced by luteolin (Fig. 1A-D).
Luteolin’s effects on the four genes were most prominent
at 50 μM (Fig. 1A-D) and therefore this concentration was
used in all further experiments.
Luteolin triggers global changes in the microglial
transcriptome
Our next goal was to capture and compare the transcrip-
tional profile of non-activated and LPS-activated BV-2
microgli treated each with 50 μM luteolin for 24 h using
Affymetrix Mouse Genome 430 2.0 GeneChips. Twelve
microarray analyses from three independent stimulation


experiments were performed and high stringency criteria
with a minimal signal intensity of 50 fluorescence units
were used. The complete microarray RMA datasets and
all raw data (Affymetrix CEL-files) were stored in the
NCBI GEO repository as record GSE18740. We used the
Gene Expression Dynamics Inspector (GEDI) to deter-
mine the global patterns of gene expression in the four
different conditions, untreated, luteolin-treated, LPS-trea-
ted, and luteolin + LPS-treated microglia. GEDI is based
on self-organizing maps to identify genome-wide tran-
scriptome activity via ‘gestalt’ recognition [38]. GEDI is
sample-oriented rather than gene-oriented, which facili-
tates the identification of genome-wide patterns. Each
mosaic tile in the GEDI map represents a gene group or
cluster that is expressed at similar levels, with blue color
indicating a low level and red corresponding to high
expression. The four GEDI maps clearly show a dynamic
regulation of gene expression in stimulated versus non-
stimulated microglia (Fig. 2). Especially the upper right
positions in the control dataset and more pronounced in
the LPS-treated dataset display an inverse regulation of
the gene clusters following luteolin stimulation (Fig. 2A,
white circles). These results demonstrate that stimulation
with luteolin has a major impact on the global pattern of
gene expression notably in activated microglia and to a
lower extend in resting cells.


Figure 1 Dose-dependent suppression of LPS-induced pro-inflammatory gene expression in BV-2 microglia. BV-2 microglia were treated
with the indicated concentrations of luteolin for 1 h and then stimulated with 10 ng/ml or 50 ng/ml LPS for 24 h. Gene expression levels of (A)
interleukin 6 (Il6), (B) chemokine (C-X-C motif) ligand 10 (Cxcl10), (C) interferon-regulatory factor 7 (Irf7), and (D) interferon-induced gene 44 (Ifi)
were analyzed with real-time qRT-PCR. Expression was normalized to the control gene Gusb and mRNA levels (+/- SEM) are graphed relative to
mock-treated control cells. Results are calculated from three independent experiments performed in triplicate measurements. * p ≤ 0.05, ** p ≤


0.01, and *** p ≤ 0.001 for luteolin + LPS vs. LPS, respectively.
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We have previously shown that a single probe analysis
of Affymetrix microarrays using the Genomatix ChipIn-
spector tool with the Significance Analysis of Microarray
(SAM) algorithm improves detection of regulated tran-
scripts [40]. We therefore used ChipInspector to analyze
our dataset applying a false discovery rate (FDR) of
0.1%, a minimal probe coverage of 3, and a minimum
log2 ratio of 1 (fold change of 2.0). Thereby, 18


significantly regulated genes were identified in luteolin-
treated versus non-treated microglia (Table 2) and 54
differentially expressed genes were detected in luteolin +
LPS versus LPS-stimulated cells (Table 3). Comparison
of the total numer of differentially expressed genes indi-
cated that the effects of luteolin were more pronounced
in LPS-activated BV-2 cells than in resting microglia.
Also, the overall fold change range was higher in the
LPS-treated microglia than in the resting BV-2 cells
when stimulated with luteolin. These finding correlate
with the gene cluster patterns observed in GEDI analysis
and implicate that luteolin is an effective counter-player
of pro-inflammatory microglial activation.
Luteolin regulates important immune pathways and
changes the microglial transcriptional phenotype
Our next aim was to put the newly identified luteolin-
regulated expression patterns into a specific biological
context. We used all differentially expressed genes to
perform a classification into functional categories with
the Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID). The major enriched func-
tional categories in luteolin-treated resting microglia
were anti-oxidants, phagocytosis, and anti-inflammation
for up-regulated genes and pro-inflammation and apop-
tosis for down-regulated genes (Fig. 2B, upper part).
These pathways indicate that luteolin stimulated anti-
oxidant and anti-inflammatory transcriptional programs
which could potentially reflect M2 macrophage polariza-
tion. Moreover, basal pro-inflammatory and pro-apopto-
tic gene expression was blocked in non-activated BV-2
microglia. In luteolin + LPS co-treated versus LPS-trea-
ted cells, 11 induced transcripts represented pathways of
lipid metabolism, antigen presentation, and anti-oxi-
dants (Fig. 2B, bottom left). Interestingly, a large num-
ber of down-regulated genes covered the pathway
categories pro-inflammation, toll-like receptor (TLR) sig-
naling, acute phase response, apoptosis, and complement
factors (Fig. 2B, bottom right). These results implicate
that luteolin-induced transcriptomic changes promote a
stable anti-inflammatory, anti-oxidant, and anti-apopto-
tic microglial phenotype reminescent of M2 macro-
phages. Our microarray data also identified a significant
number of genes that could not be grouped into larger
immune-related pathways and that have not been pre-
viously connected to microglial activation or flavonoid
stimulation (Tables 2 and 3).
Microarray validation by qRT-PCR confirms novel luteolin-
regulated target genes
To validate a significant portion of the DNA microarray
results, real-time qRT-PCR analyses were carried out
with RNA samples from three independent BV-2 repli-
cate experiments. We focused on representative candi-
dates from different biological pathway which have not
been previously described as flavonoid targets. 22 genes


Figure 2 Luteolin triggers global transcriptomic changes in
non-activated and LPS-activated BV-2 microglia. (A) Comparative
Gene Expression Dynamics Inspector (GEDI) analysis of DNA-
microarray datasets from control BV-2 cells or cells treated with 50
μM luteolin, 50 ng/ml LPS, or 50 μM luteolin + 50 ng/ml LPS. The
white circle denotes the most prominent expression changes in
several corresponding gene clusters. (B) Genomatix ChipInspector
single probe analysis of differentially expressed transcripts in luteolin
versus control-treated cells (top) or luteolin + LPS treated cells
versus LPS stimulated cells. Triplicate Affymetrix Mouse 430 2.0
GeneChips were analyzed with a false-discovery-rate (FDR) <0.1%, 3
significant probes and log2 ratios >1. Differentially expressed
transcrips from both comparisons were subjected to pathway
analysis and clusters with ≥ 3 genes were defined as an
independent group. Up-regulated genes are shown on the left side
in red and down-regulated genes are displayed on the right side in
blue. The total numbers of significantly up- or down-regulated
genes from both comparions are indicated in circles placed in the
centers of individual pie charts. All differentially expressed genes are
listed in Tables 2 and 3, respectively.
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fulfilled these criteria and were analzyed with qRT-PCR.
In the first set of experiments, mRNA levels of genes
up-regulated by luteolin treatment were assessed (Fig.
3). Transcripts of Sulfirexodin 1 (Srxn1), Biliverdin
reductase B (Blvrb), Heme oxigenase 1 (Hmox1), and
Glutamate-cysteine ligase (Gclm) are components of the
cellular anti-oxidant response [41-43] and were all
induced by luteolin treatment (Fig. 3A-D). We could
further validate increased levels of Lysophosphatidylcho-
line acyltransferase (Lpcat1), Ring finger protein 145
(Rnf145), Cd36 antigen, Kinase insert domain receptor
(Kdr, alias Vegfr2), and Cd83 antigen. Lpcat1 catalyzes
the inactivation of inflammatory lipids [44], whereas
Cd36 and Kdr are surface receptors required for phago-
cytic uptake and chemotactic migration, respectively
[45,46]. The function of Rnf145 is currently unknown.
In the next set of qRT-PCR experiments, down-regu-


lated transcripts involved in pro-inflammatory activation
and acute phase response were analyzed. Complement
factor C3 (C3), Complement factor b (Cfb), Secreted
leukocyte peptidase inhibitor (Slpi), and the pro-inflam-
matory Guanylate binding proteins 2 (Gbp2) and Gbp3
[47] showed diminished mRNA levels in luteolin-treated
samples (Fig. 4A-D). The same tendency was seen in
the newly identified microRNA miR-147, which is
involved in toll-like receptor signaling [48], the acute
phase gene Haptoglobin (Hp), the stress-related gene
Nuclear protein 1 (Nupr1, alias p8) [49], and Cystatin 7
(Cst7) (Fig. 4F-I).


As third group of genes validated by qRT-PCR, four
luteolin-repressed genes related to apoptosis and micro-
glial shape formation were studied (Fig. 5A-D). The
apoptotic mediators DNA-damage inducible transcript 3
(Ddit3, alias Chop, Gadd153) and Tribbles homolog 3
[50,51] were down-regulated by luteolin in non-activated
as well as LPS-activated microglia (Fig. 5A, B), indicat-
ing anti-apoptotic protection mechanisms elicited by
luteolin. In line with these findings, we also observed
reduced expression of the Macrophage receptor with
collagenous structure (Marco) and Lipocalin 2 (Lcn2),
two molecules with dual roles in apoptosis and de-rami-
fication of activated microglia [52,53].
Luteolin changes microglial morphology and inhibits NO
secretion
To assess whether the particular gene expression pro-
files measured in luteolin-stimulated microglia translate
into detectable functional properties, phenotypic charac-
terization was performed. The general activation state
and morphological phenotype of microglia is particularly
reflected by their cell shape and cytoskeletal organiza-
tion. To detected morphological changes and for visuali-
zation of filopodia we performed phalloidin staining.
Conventional BV-2 microglia cultures were low level
activated cells with a flat shape and some filopodia (Fig.
6A). Culture of BV-2 cells in the presence of luteolin
lead to considerable ramification and formation of long
protrusions (Fig. 6B), indicating induction of a surveil-
lance state. LPS-activation of BV-2 cells caused


Table 2 Differentially expressed transcripts after 24 h stimulation of BV-2 cells with 50 μM luteolin


Nr ID Symbol Gene Name FC* Cov


UP-REGULATED


1 74315 Rnf145 Ring finger protein 145 2.87 11


2 76650 Srxn1 Sulfiredoxin 1 homolog 2.38 5


3 19252 Dusp1 Dual specificity phosphatase 1 2.35 10


4 12267 C3ar1 Complement component 3a receptor 1 2.30 22


5 12491 Cd36 CD36 antigen 2.28 10


6 12475 Cd14 CD14 antigen 2.25 10


7 233016 Blvrb Biliverdin reductase B 2.22 9


8 15368 Hmox1 Heme oxygenase 1 2.17 10


9 210992 Lpcat1 Lysophosphatidylcholine acyltransferase 1 2.13 11


DOWN-REGULATED


1 13198 Ddit3 DNA-damage inducible transcript 3 -5.21 11


2 12862 Cox6a2 Cytochrome c oxidase, subunit VI a, polypeptide 2 -2.89 9


3 228775 Trib3 Tribbles homolog 3 -2.62 22


4 56312 Nupr1 Nuclear protein 1 -2.36 15


5 13011 Cst7 Cystatin F -2.19 9


6 223920 Soat2 Sterol O-acyltransferase 2 -2.16 8


7 16149 Cd74 CD74 antigen -2.10 8


8 17064 Cd93 CD93 antigen -2.08 11


9 213002 Ifitm6 Interferon induced transmembrane protein 6 -2.06 8


Significance analysis of triplicate microarrays was performed with a false discovery rate of 0.1% and a minimum probe coverage of 3. ID, Entrez Gene ID; FC: Fold
change; Cov: probe coverage; * validated by Taqman realtime RT-PCR
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Table 3 Differentially expressed transcripts after 24 h stimulation with 50 μM luteolin + 50 ng/ml LPS versus
50 ng/ml LPS


Nr ID Symbol Gene Name FC* Cov


UP-REGULATED


1 74315 Rnf145 Ring finger protein 145 3.27 11


2 210992 Lpcat1 Lysophosphatidylcholine acyltransferase 1 2.55 11


3 12522 Cd83 CD83 antigen 2.51 11


4 14630 Gclm Glutamate-cysteine ligase, modifier subunit 2.46 10


5 16889 Lipa Lysosomal acid lipase A 2.31 6


6 56336 B4galt5 UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 5 2.30 8


7 14950 H13 Histocompatibility 13 2.30 7


8 14104 Fasn Fatty acid synthase 2.28 4


9 12125 Bcl2l11 BCL2-like 11 2.16 14


10 16542 Kdr Kinase insert domain protein receptor 2.16 9


11 216345 Ccdc131 Coiled-coil domain containing 131 2.11 7


DOWN-REGULATED


1 66141 Ifitm3 Interferon induced transmembrane protein 3 -13.74 9


2 433470 AA467197 Expressed sequence AA467197, miR-147 -9.32 9


3 16819 Lcn2 Lipocalin 2 -6.87 10


4 14469 Gbp2 Guanylate binding protein 2 -6.41 16


5 14962 Cfb Complement factor B -5.94 8


6 13198 Ddit3 DNA-damage inducible transcript 3 -5.58 11


7 16181 Il1rn Interleukin 1 receptor antagonist -5.28 33


8 55932 Gbp3 Guanylate binding protein 3 -4.72 10


9 56312 Nupr1 Nuclear protein 1 -4.35 15


10 75345 Slamf7 SLAM family member 7 -4.14 9


11 20210 Saa3 Serum amyloid A 3 -3.78 7


12 17386 Mmp13 Matrix metallopeptidase 13 -3.63 11


13 15439 Hp Haptoglobin -3.56 11


14 17167 Marco Macrophage receptor with collagenous structure -3.34 8


15 12266 C3 Complement component 3 -3.29 6


16 12870 Cp Ceruloplasmin -3.05 5


17 13011 Cst7 Cystatin F -3.03 9


18 23882 Gadd45g Growth arrest and DNA-damage-inducible 45 gamma -2.95 11


19 242341 Atp6v0d2 ATPase, H+ transporting, lysosomal V0 subunit D2 -2.81 13


20 68774 Ms4a6d Membrane-spanning 4-domains, subfamily A, member 6D -2.75 19


21 83673 Snhg1 Small nucleolar RNA host gene 1 -2.75 24


22 12494 Cd38 CD38 antigen -2.73 6


23 19655 Rbmx RNA binding motif protein, X chromosome -2.73 11


24 56405 Dusp14 Dual specificity phosphatase 14 -2.68 10


25 213002 Ifitm6 Interferon induced transmembrane protein 6 -2.57 8


26 12517 Cd72 CD72 antigen -2.55 9


27 14129 Fcgr1 Fc receptor, IgG, high affinity I -2.55 11


28 14130 Fcgr2b Fc receptor, IgG, low affinity IIb -2.48 27


29 231532 Arhgap24 Rho GTPase activating protein 24 -2.46 8


30 29818 Hspb7 Heat shock protein family, member 7 (cardiovascular) -2.45 5


31 17476 Mpeg1 Macrophage expressed gene 1 -2.43 6


32 66222 Serpinb1a Serine peptidase inhibitor, clade B, member 1a -2.41 10


33 78771 Mctp1 Multiple C2 domains, transmembrane 1 -2.39 8


34 20568 Slpi Secretory leukocyte peptidase inhibitor -2.39 9


35 12507 Cd5 CD5 antigen -2.35 9


36 50778 Rgs1 Regulator of G-protein signaling 1 -2.35 11


37 21897 Tlr1 Toll-like receptor 1 -2.20 5
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38 16149 Cd74 CD74 antigen -2.17 5


39 73167 Arhgap8 Rho GTPase activating protein 8 -2.13 8


40 15064 Mr1 Major histocompatibility complex, class I-related -2.06 7


41 347722 Centg2 Centaurin, gamma 2 -2.04 11


42 98365 Slamf9 SLAM family member 9 -2.04 8


43 72999 Insig2 Insulin induced gene 2 -2.00 8


Significance analysis of triplicate microarrays was performed with a false discovery rate of 0.1% and a minimum probe coverage of 3. ID, Entrez Gene ID; FC: Fold
change; Cov: probe coverage; * validated by Taqman realtime RT-PCR


Figure 3 Luteolin induces anti-oxidant, anti-inflammtory, and survival pathways. Real-time qRT-PCR validation of transcripts in BV-2
microglia stimulated with 50 μM luteolin, 50 ng/ml LPS, or 50 μM luteolin + 50 ng/ml LPS. Relative mRNA levels were quantified for (A)
Sulfiredoxin 1 (Srxn1), (B) Biliverdin reductase b (Blvrb), (C) Heme oxigenase 1 (Hmox1), (D) Glutamate-cysteine ligase modifier subunit (Gclm), (E)
Lysophosphatidylcholine acyltransferase 1 (Lpcat1), (F) Ring finger protein 145 (Rnf145), (G) Cd36 antigen (Cd36), (H) Kinase insert domain protein
receptor (Kdr), and (I) Cd83 antigen (Cd83). Expression was normalized to the control gene Gusb and mRNA levels (+/- SEM) are graphed relative
to mock-treated control cells. Results are calculated from three independent experiments performed in triplicate measurements. * p ≤ 0.05, ** p
≤ 0.01, *** p ≤ 0.001 for luteolin vs. control and luteolin + LPS vs. LPS, respectively.


Dirscherl et al. Journal of Neuroinflammation 2010, 7:3
http://www.jneuroinflammation.com/content/7/1/3


Page 9 of 16







Figure 4 Luteolin inhibits pro-inflammtory and stress-related pathways. Real-time qRT-PCR validation of transcripts in BV-2 microglia
stimulated with 50 μM luteolin, 50 ng/ml LPS, or 50 μM luteolin + 50 ng/ml LPS. Relative mRNA levels were quantified for (A) Complement
component 3 (C3), (B) Complement factor B (Cfb), (C) Serine leukocyte peptidase inhibitor (Spli), (D) Guanylate binding protein 2 (Gnbp2), (E)
Guanylate binding protein 3 (Gnbp3), (F) micro RNA 147 (miR-147), (G) Haptoglobin (Hp), (H) Nuclear protein 1 (Nupr1), and (I) Cystatin F (Cst7).
Expression was normalized to the control gene Gusb and mRNA levels (+/- SEM) are graphed relative to mock-treated control cells. Results are
calculated from three independent experiments performed in triplicate measurements. * p ≤ 0.05, ** p ≤ 0.01 for luteolin vs. control and luteolin
+ LPS vs. LPS, respectively.
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formation of a round cell shape with retracted filopodia
(Fig. 6C). In contrast, co-incubation of LPS-treated cells
with luteolin sustained the ramified microglial morphol-
ogy (Fig. 6D). A similar effect was seen in primary
mouse microglia, where luteolin increased the length of
filopodia in non-activated cells (Fig. 6E, F) and caused
flatening and ramification of LPS-treated cells (Fig. 6G,
H). To test the direct effect of luteolin on microglial
secretion of toxic metabolites, NO levels were deter-
mined in the supernatant of BV-2 cells. Treatment of
BV-2 cells with luteolin alone did not result in increased
NO concentrations (Fig. 6I), whereas stimulation with


LPS markedly increased secreted NO levels. Co-incuba-
tion of LPS-activated cells with luteolin nearly comple-
tely abolished NO secretion (Fig. 6I). These data
indicate that luteolin favors the ramified surveillance
state of microglia and effectively inhibits cytotoxic NO
formation. Kim et al. previously reported that luteolin
triggered a blockade of NO secretion in LPS-stimulated
BV-2 microglia, which was mediated by inhibition of
inducible NO synthase (iNos) protein expression [54].
To indenpendently verify these data by qRT-PCR, we
analyzed iNos mRNA levels in BV-2 cells treated with
luteolin, LPS, or both simultaneously. LPS caused a
more than 40-fold increase in iNos transcripts and
luteolin co-treatment significantly reduced iNos levels
more than 2-fold. Thus, our expression data corroborate
the findings by Kim et al. and provide a reasonable
explanation for reduced NO secretion levels.
To test the hypothesis that luteolin leads to decreased


microglial neurotoxicity, a culture system of 661W
photoreceptor cells with conditioned medium (CM)
from BV-2 cells or primary microglia was established.
661W, a retina-derived cell line [55], represents a valu-
able model to study microglial neurotoxicity in the spe-
cial context of retinal degeneration [36]. 661W cells
were incubated for 24 h with culture supernatants from
unstimulated, luteolin-, LPS- or LPS + luteolin-treated
cells and 661W photoreceptor cell morphology was
assessed by phase contrast microscopy. 661W cells in
their own medium grew confluent after 24 h and the
presence of CM from control- or luteolin-treated BV-2
cells did not affect cell morphology (Fig. 7A, B). As
described previously [56], confluent 661W cells flattened
out and often multiple cells were connected to each
other through their projected extensions (Fig. 7A, B). In
contrast, 661W cells co-incubated with LPS-stimulated
BV-2 supernatant appeared elongated and smaller, lead-
ing to prominent cell-free areas present in the culture
(Fig. 7C). When adding CM from LPS + luteolin-stimu-
lated BV-2 cells, nearly normal cell characteristics were
retained (Fig. 7D). Similar morphological changes of
661W cells were observed when cultured in the pre-
sence of primary microglia CM (Fig. 7E-H). Direct incu-
bation of photoreceptor cells with LPS, luteolin, or both
had no effects on cell morphology (data not shown),
indicating that the observed changes in 661W cell
growth arise from secreted microglial compounds.
To correlate the microscopic findings with functional


data, we next studied the influence of microglia-secreted
products on caspase-related apoptotic signaling in the
neuronal cell model. 661W cells cultured in the pre-
sence of CM from LPS-stimulated BV-2 cells displayed
a strong induction of caspase 3/7 activity (Fig. 7I).
When CM from microglia co-treated with LPS + luteo-
lin was used, 661W apoptosis was still present but was


Figure 5 Luteolin inhibits apoptosis-related pathways and
reduces de-ramification genes. Real-time qRT-PCR validation of
transcripts in BV-2 microglia stimulated with 50 μM luteolin, 50 ng/
ml LPS, or 50 μM luteolin + 50 ng/ml LPS. Relative mRNA levels
were quantified for (A) DNA-damage inducible transcript 3 (Ddit3),
(B) Tribbles homolog 3 (Trib3), (C) Macrophage receptor with
collagenous structure (Marco), and (D) lipocalin 2 (Lcn2). Expression
was normalized to the control gene Gusb and mRNA levels (+/-
SEM) are graphed relative to mock-treated control cells. Results are
calculated from three independent experiments performed in
triplicate measurements. * p ≤ 0.05 for luteolin vs. control and
luteolin + LPS vs. LPS, respectively.
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Figure 7 Luteolin inhibits microglial neurotoxicity on photoreceptors. Phase contrast micrographs showing morphological changes of
661W photoreceptor cultures treated with conditioned media from BV-2 cells (A-D) or primary brain microglia (E-H). The supernatant from
control-stimulated (A, E), 50 μM luteolin-treated (B, F), 50 ng/ml LPS-treated (C, G), or 50 μM luteolin + 50 ng/ml LPS-treated cells (D, H) was
added to 661W photoreceptor cells, respectively. The micrographs shown are from one representative experiment out of three independent
experiments with the same tendencies. Scale bar, 50 μM. (I) Apoptosis-related caspase 3/7 activation in 661W photoreceptor cells incubated with
conditioned media from control-stimulated, 50 μM luteolin-treated, 50 ng/ml LPS-treated, or 50 μM luteolin + 50 ng/ml LPS-treated BV-2 cells.
Results are calculated from two independent experiments performed in triplicate measurements. ** p ≤ 0.01, * p ≤ 0.05 for LPS vs. control and
luteolin + LPS vs. LPS, respectively.


Figure 6 Luteolin promotes ramification of microglia and inhibits NO-synthesis. Effects of luteolin, LPS and Luteolin + LPS on BV-2 (A-D)
and primary brain microglia (E-H) cell morphology and actin cytoskeleton. Phallodin-TRITC-staining of F-actin bundles and DAPI costaining
reveals that 24 h treatment with 50 μM luteolin in non-activated (B, F) or LPS-activated microglia (D, H) supports ramification. (I) NO release from
BV-2 cells treated for 24 h with 50 μM luteolin, 50 ng/ml LPS, or LPS + luteolin. The micrographs and data shown are from one representative
experiment out of three independent experiments with the same tendencies. Scale bar, 50 μM. (J) Real-time qRT-PCR analysis of iNos transcripts
in BV-2 microglia stimulated with 50 μM luteolin, 50 ng/ml LPS, or 50 μM luteolin + 50 ng/ml LPS. Expression was normalized to the control
gene Gusb and mRNA levels (+/- SEM) are graphed relative to mock-treated control cells. Results are calculated from two independent
experiments performed in triplicate measurements. *** p ≤ 0.001, ** p ≤ 0.01 for LPS vs. control and luteolin + LPS vs. LPS, respectively.


Dirscherl et al. Journal of Neuroinflammation 2010, 7:3
http://www.jneuroinflammation.com/content/7/1/3


Page 12 of 16







significantly diminished (Fig. 7I). Culture media from
BV-2 cells kept in the presence of luteolin alone had no
effect on 661W apoptosis. These findings implicate that
luteolin either stimulates microglia to produce less pro-
apoptotic substances or actively promotes the release of
survival signals.


Discussion
Like other plant-derived flavonoids, luteolin has a variety
of biological activities including well-known anti-muta-
genic and anti-tumorigenic properties [57]. Moreover,
this flavone possesses direct anti-oxidant activity, which
is attributed to structural features of all flavonoids, which
favor scavenging of reactive oxygen and nitrogen species
[58]. Although the anti-oxidant and anti-inflammatory
activities of luteolin may be also useful in the treatment
of many chronic inflammatory diseases including neuro-
degeneration, only little information is available about
luteolin-mediated transcriptional mechanisms or molecu-
lar targets in microglia [59].
We have therefore performed the first genome-wide


study of luteolin-mediated transcriptional effects in
microglia. To our surprise, luteolin treatment did not
only change expression levels of a few transcripts but had
a broad and strong impact on the transcriptome of rest-
ing and particularly of LPS-activated microglia. The
microarray dataset and the qRT-PCR validations revealed
several luteolin-regulated pathways. Luteolin caused
simultaneous up-regulation of four important anti-oxi-
dant enzymes Srxn1, Blvrb, Gclm, and Hmox1. These
data are consistent with earlier findings demonstrating
increased Hmox1 transcription in RAW264.7 macro-
phages after luteolin treatment [60]. Stimulation with the
flavonoid induced binding of the transcription factor NF-
E2-related factor 2 (Nrf2) to anti-oxidant response ele-
ments (ARE) in the Hmox1 promoter region [60]. Luteo-
lin is a potent activator of Nrf2 [61] and the majority of
anti-oxidant enzymes contain ARE in their regulatory
regions, including Srxn1 [62]. Moreover, mouse embryo-
nic fibroblasts derived from Nrf2 -/- mice showed signifi-
cantly lower Blvrb and Gclm mRNA levels upon Diquat
induction [63]. Therefore, we speculate that increased
microglial expression of Srxn1, Blvrb, and Gclm is also
mediated by activation of Nrf2. This hypothesis is further
corroborated by the protective functions of Nrf2 in sev-
eral microglia-related neurodegenerative disorders [64].
Luteolin significantly enhanced mRNA synthesis of


five other genes involved in different biological path-
ways. Lpcat1 is a lysophospholipid acyltransferase impli-
cated in anti-inflammatory responses by converting lyso-
platelet activation factor (lyso-PAF) to PAF and lyso-
phosphatidylcholine (lyso-PC) to PC [65]. LPC exerts
considerable neuro-inflammatory reactivity in the brain
and inhibition of LPC signaling in astrocytes and


microglia confers neuroprotection [66]. Lpcat1 is also
highly expressed in the retina [44], indicating that luteo-
lin-induced Lpact1 levels could lead to diminished LPC
levels in retinal microglia. Rnf145 was also up-regulated
by luteolin but the function of this protein remains to
be determined. Cd36 and Kdr (alias Vegfr2) were also
significantly induced by luteolin in non-activated as well
as activated microglia. The pattern recognition receptor
Cd36 signals to the actin cytoskeleton and regulates
microglial migration and phagocytosis [67], whereas Kdr
is involved in the chemotactic response of microglia
[46]. We thus speculate that luteolin-mediated expres-
sion of both genes could result in increased phagocytic
responses of microglia without inducing inflammation.
Several reports have demonstrated that luteolin inhi-


bits pro-inflammatory cytokine expression in various
cell types by blocking NFkB (reviewed in [28]). Our
microarray data confirmed these findings and revealed
further NFkB target genes including the recently discov-
ered microRNA miR-147 [48]. Recently, Jang et al.
showed that luteolin reduced Il6 production mainly by
inhibiting JNK signaling and AP1 activation [34]. Luteo-
lin did not affect IkB-a degradation or NFkB DNA
binding in brain microglia, implicating that luteolin-
mediated effects in microglia are not solely dependent
on NFkB blockade [34]. In line with this notion, our
luteolin-regulated expression profiles identified several
genes with NFkB-independent promoter control. Like-
wise, luteolin down-regulated complement factor 3,
which is regulated by AP1 [68] and blocked expression
of Slpi, which is a target of interferon regulatory factor
1 (IRF1) [69]. Luteolin also diminished mRNA levels of
the pro-inflammatory GTPase Gbp2 and the acute
phase protein Haptoglobin, which are both regulated by
signal transducers and activators of transcription
(STATs) [70,71]. These data clearly show that luteolin
dampens microglia activation by interfering with several
divergent signaling pathways.
The luteolin-regulated differential expression patterns


also revealed genes involved in microglial apoptosis and
ramification. Microglia are more susceptible than
macrophages to apoptosis [72] and recent evidence indi-
cates that microglial apoptosis and senescence may pre-
cede neurodegeneration [73]. Ddit 3 and Trib3, which
were both induced by LPS and suppressed by luteolin,
support stress and NO-mediated apoptosis [50,51]. We
therefore hypothesize that luteolin could promote the
survival of activated and stressed microglia in an envir-
onment of early neurodegeneration. Our expression data
also revealed the unexpected finding that luteolin down-
regulated Lcn2 and Marco, two molecules involved in
microglial ramification and formation of filopodia. Lee
et al. demonstrated that stable expression of Lcn in BV-
2 microglia, the same cell line we used in our
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experiments, induced a round cell shape with a loss of
processes [52]. In line with this, over-expression of the
scavenger receptor Marco in dendritic cells caused
rounding of cells and down-regulated antigen uptake
[53]. Thus, we hypothesized that the observed changes
in mRNA levels of both genes might also translate into
different morphological characters.
The morphological and functional assays fully sup-


ported the implications from gene expression profiles
and revealed a direct effect of luteolin on the microglial
phenotype. Luteolin stimulated the formation of filopo-
dia and caused ramification of BV-2 cells and primary
microglia even in the setting of strong LPS activation.
Moreover, NO secretion was completely blocked in
LPS-activated microglia upon co-incubation with luteo-
lin. We studied the effects of conditioned media from
microglia on cultured photoreceptor-like 661W cells
and demonstrated that luteolin-treatment effectively
protected 661W cells from LPS-induced microglial toxi-
city. Since NO and other reactive oxygen species are the
major radicals secreted from microglia, we speculate
that luteolin directly inhibits the secretion of these cyto-
toxic radicals. Our hypothesis is corroborated by recent
data demonstrating that luteolin concentration-depen-
dently attenuated LPS-induced dopaminergic neuron
loss by blocking NO secretion from cultured rat micro-
glia [32].


Conclusions
We have shown that the flavonoid luteolin is a potent
modulator of microglial activation, cell shape, and effec-
tor functions. Luteolin induced global changes in the
transcriptome of resting or LPS-activated microglia lead-
ing to a polarized M2-like phenotype with anti-inflam-
matory and neuroprotective characteristics. Luteolin’s
mechanisms of action appear to target several indepen-
dent pathways independent of NFkB. Our results pro-
vide a basis to develop immuno-modulatory and
neuroprotective therapies for the treatment of neurode-
generative disoders.
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Summary
It has long been a matter of debate whether recovery
from aphasia after left perisylvian lesions is mediated by
the preserved left hemispheric language zones or by the
homologous right hemisphere regions. Using PET, we
investigated the short-term changes in the cortical
network involved in language comprehension during
recovery from aphasia. In 12 consecutive measurements
of regional cerebral blood flow (rCBF), four patients with
Wernicke’s aphasia, caused by a posterior left middle
cerebral artery infarction, were tested with a language
comprehension task. Comprehension was estimated
directly after each scan with a modified version of the
Token Test. In the interval between the scans, the patients


Keywords: PET; recovery; stroke; aphasia


Abbreviations: rCBF 5 regional cerebral blood flow; sTT5 short version of the Token Test; TT5 Token Test


Introduction
Patients with aphasia following localized, acute damage to
the language zones of the brain, such as those with vascular
or traumatic lesions, undergo some degree of spontaneous
recovery over time in almost all instances (Lomas and
Kertesz, 1978; Lendrem and Lincoln, 1985; Basso, 1992;
Wertz, 1996). The effectiveness of language rehabilitation
has long been a matter of debate. Most authors assume a
beneficial specific effect of language therapy, particularly
when it is intense and starts early (Bassoet al., 1979; Sarno,
1979, 1981; Kertesz, 1984; Robey, 1994). The neuronal
processes underlying recovery, however, remain largely
unknown. Several theories, partly supported by experimental
and clinical data, have been put forward to explain this
phenomenon. Some PET studies emphasize the role of the
preserved language zones in the left hemisphere in the
recovery process (Cappa and Vallar, 1992; Priceet al., 1992;
Heiss et al., 1997). Alternatively, as originally proposed
by Wernicke (1874) and Gowers (1985) and successively
demonstrated from several different sources of evidence, the
restitution of language functions after a stroke may be
mediated through compensation by analogous brain regions
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participated in brief, intense language comprehension
training. A significant improvement in performance was
observed in all patients. We correlated changes in blood
flow measured during the language comprehension task
with the scores achieved in the Token Test. The regions
which best correlated with the training-induced
improvement in verbal comprehension were the posterior
part of the right superior temporal gyrus and the left
precuneus. This study supports the role of the right
hemisphere in recovery from aphasia and demonstrates
that the improvement in auditory comprehension induced
by specific training is associated with functional brain
reorganization.


in the contralateral, undamaged hemisphere (i.e. the right
hemisphere in right-handers) (Kinsbourne, 1971; Winner
and Gardner, 1977; Papanicolau, 1988; Basso, 1989; Cappa
and Vallar, 1992; Gainotti, 1993). In a recent FDG
([18F]fluorodeoxyglucose)-PET study, Cappa and colleagues
found that activation in the right temporoparietal region in
the acute phase was highly predictive of the recovery of
auditory comprehension in aphasia patients (Cappaet al.,
1997). Our previous PET study in recovered Wernicke’s
aphasia patients with lesions in the left posterior language
zones showed increased activation in the preserved left frontal
language zones (Broca’s area and dorsolateral prefrontal
cortex) and in homologous right hemisphere regions (superior
temporal gyrus, dorsolateral prefrontal cortex and inferior
frontal lobe) during a verb generation task (Weilleret al.,
1995). These data suggest that the reorganization of the
language-related cortical network, consisting in the activation
of the undamaged areas on both hemispheres, but particularly
on the right, may be crucial for the recovery of impaired
language function after a stroke. The present study aimed to
clarify which of these areas mediate the recovery of functions.
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For this purpose, training-induced improvement of language
comprehension in patients with Wernicke’s aphasia was
correlated with changes in brain activation during a language
comprehension task. The idea was to assess the short-term
changes in the pattern of activation during the training
session rather than to compare status after with status before
rehabilitation. We hypothesized that improvement of altered
comprehension in stroke patients would relate to a
redistribution of activity to the unaffected areas of the
neuronal network as the central mechanism of recovery from
stroke (Mesulam, 1994; Weilleret al., 1998).


Methods
Subjects
In a pilot study, 20 patients with Wernicke’s aphasia (10
male and 10 female; age 42–70 years, mean age 55 years)
were exposed to the specific language comprehension training
(see below) to test its effectiveness. Four other patients (three
male, one female; age 55, 58, 58 and 60 years) participated
in the PET study. All patients were right-handed (Olfield,
1971) and had suffered from a stroke in the temporoparietal
regions of the left hemisphere, including the presumed
Wernicke’s area. The exact location of the infarct in the four
patients who participated in the PET study, as derived from
high-resolution MRI scanning, is shown in Fig. 1. The
language disorder was classified as Wernicke’s aphasia
according to the Aachen Aphasia Test battery (Huberet al.,
1984). Details for the four patients who were examined with
PET are given in Table 1. The patients had no hand apraxia,
as this would have interfered with the experimental task.
None had a previous history of neurological or psychiatric
diseases. At the time of PET scanning, all four patients
showed complete recovery from other neurological deficits,
such as right hemiparesis (K.J., R.I., Z.E.) and right
hemianopia (A.A.). Before the PET investigation, their initial
language deficit was treated through therapy sessions at home
or in rehabilitation clinics. Informed consent was obtained
from all subjects. The study was approved by the local ethics
committee.


Experimental design
The aim of this study was to define not the physiological
cortical network for language comprehension but the
compensatory changes involved in recovery after focal
lesions. A correlation-type setup was used, in which increases
in rCBF equivalents [a surrogate marker of neuronal activity
(Jueptner and Weiller, 1995)] are related to an external
variable, i.e. language comprehension. This design seems to
be the optimal approach to the identification of the
modification of the spatial activation pattern involved in the
improvement of language comprehension during training. In
12 repetitive measurements of rCBF only one condition was
studied: language comprehension. While waiting for the


degradation of radioactivity (~5 half-lives, i.e. 12 min)
between scans, the patients underwent a language
comprehension test, a short version of the Token Test (sTT),
immediately followed by specific and effective language
comprehension training (Fig. 2). The estimate of language
comprehension was used to specify a linear model with
which the measured PET signal was characterized.


In our study we decided to investigate specifically language
comprehension as this function is almost invariably altered
in aphasia and has a good recovery potential (Basso, 1992).
For the activation task and for testing the concrete
comprehension improvement during training we used the
concept of the Token Test (TT) for its sensitivity to verbal
comprehension in aphasic patients (De Renzi and Vignolo,
1962). In this test, comprehension is assessed by the numbers
of correct answers to series of commands of increasing
complexity in semantics and syntax. The TT has been very
well validated; several neuropsychological and [18F]FDG-
PET longitudinal studies have used it to monitor recovery in
poststroke aphasia (De Renzi and Vignolo, 1962; Heisset al.,
1993, 1997; Jarzebska, 1996). At the behavioural level, the
TT examines auditory comprehension without overt output.
At the cognitive level the TT is a comprehension test that,
although excluding some pragmatic aspects of language
comprehension, requires not only linguistic capacities but
also good short-term verbal and non-verbal memory and
preserved attention. However, the process involved in
understanding a sentence reflects an interaction between
linguistic and non-linguistic levels of representation (e.g.
working memory) (Rosaleenet al., 1987; Carpenteret al.,
1992; MacDonaldet al., 1995; Caplanet al., 1996). It was
not our intention to individuate the importance and the
consistency of each of these specific aspects of language
comprehension, but to induce and test its recovery globally.


To meet the experimental requirements in our study, several
modifications of the TT were needed.


Task
The language comprehension task during PET scanning in
patients with Wernicke’s aphasia must be easy enough to be
executed with good performance in different patients and
should require limited motor output and no overt verbal
output. The TT could not be used directly as its execution
during PET scanning would cause too many movement
artefacts and the performance would not be constant.
Therefore we used a modification of it, a subtest of the
Aachen Aphasia Bedside Test (Binieket al., 1992) used for
acute patients at the bedside. Despite the simple sentence
construction, sensitivity for auditory comprehension is not
reduced (Binieket al., 1992). In the activation task, the
subjects were required to understand the difference between
two auditory commands: ‘take’ or ‘point to’ an everyday
object (such as a fork or a spoon). Prior to scanning, the
object was shown to the subjects and placed near their left
hand, and the test was explained. The subjects were not







Training-induced brain plasticity in aphasia 1783


Fig. 1 Maps of infarcted areas showing individual lesions in four patients as derived from high-resolution MRI scanning (neurological
convention: left5 left). Each infarct was plotted on a standard MRI: white corresponds to the infarcted area in patient K.J., black with
white points in patient R.I., white with black dots in patient Z.E. and the grid in patient A.A.


required to speak or to look at the object. During the scans,
the subjects were asked to follow one of two oral instructions:
‘point to’ or ‘take’ the object. The oral commands were
presented every 10 s from prerecorded tapes.


Test of improvement of comprehension
Because of the simplicity of the comprehension task used to
index the rCBF during scanning, a more sensitive test was
needed to assess the level of comprehension. Since the
original TT would last too long and because time is rather
limited between the PET scans, we designed a short version
of the TT (sTT). It consisted of a series of 10 instructions,
conveyed through sentences that gradually increased in length
and syntactic complexity (see Appendix 1).


Training
A short-term, intense and effective training program for
language comprehension was needed which was suitable
for simultaneous PET scanning. The training we designed
consisted of 11 sessions of ~8 min each and was performed
in the interval between the 12 scans, starting after the first.
The aim of the training was to stimulate the conscious


use of the processes that make linguistic and conceptual
knowledge available. This approach was grounded on the
hypothesis that the basic impairment in patients with
Wernicke’s aphasia is the inability to access linguistic
information rather than the loss of linguistic knowledge
(Warringtonet al., 1975; Byng and Blank, 1995; Warrington
and Cipolotti, 1996). We used different types of cueing
procedures with various linguistic and non-linguistic
materials. To ensure that the patient concentrated on the
meaning of the sentences and not on sentence structure, we
used syntactically simple auditory sentences that required
only a ‘yes’ or ‘no’ response. The training included five
different tasks: (i) a tactile–verbal matching task, in which
an everyday object was given to the subject along with
different oral verbal commands (five commands per object);
(ii) a visual–verbal matching task, in which the patient saw
pictures with different objects and had to indicate one of
them after an oral command; (iii) a semantic decision-making
task for oral sentences, in which the patient had to evaluate
the semantic correctness of the sentences; (iv) a phonological
decision-making task for oral sentences, in which the patient
had to judge the phonological accuracy of the sentences; and
(v) a picture–sentence matching task. In this last session
different pictures were shown to the patient with three
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descriptive sentences. The patient had to indicate which one
of the oral sentences was correct. The five tasks were
repeated, each task being similarly constructed but becoming
more complex with each session. The order of presentation
of the five tasks changed from one session to the next. In
the eleventh session the tasks proved to be the most difficult
for all patients. The patients were encouraged to evaluate the
correctness of the answers. Specific cues or hints were used
to give them the possibility of using different strategies. This
helped them to detect their errors, creating the condition for
self-correction.


The effects of this language comprehension training
programme were tested in the 20 pilot patients with
Wernicke’s aphasia. For this, we used the TT before and
after the training sessions. In all patients we observed a
significant increase in the number of correct answers in the
test after training (one-sidedt test of difference,P , 0.0001).
Therefore, we concluded that this PET-compatible training
was effective in patients with Wernicke’s aphasia.


To assess the specificity of the training, the same four
patients who underwent the PET scanning were tested off-
line (i.e. outside the camera) using the same setup. However,
instead of the language comprehension training described
previously, we exposed the patients to non-specific stimuli
such as writing, watching television and speaking. This
stimulation was also organized in 11 sessions of 8 min each.
As in the PET study, improvement of language comprehension
was measured with the sTT, after the execution of the
language task. This non-specific stimulation did not improve
the performance (Fig. 3).


Data acquisition and data analysis
rCBF was estimated with an ECAT 953/15 PET scanner
(CTI Inc., Knoxville, Tenn., USA) after slow bolus injection
of a maximum of 700 MBq H215O per application in 2D
mode. After attenuation correction (using a transmission
scan), the data were reconstructed into 15 transaxial planes
by filtered back-position with a Hanning filter with a cutoff
frequency of 0.5 cycles/pixel (1.96 mm pixel size), resulting
in a full width half maximum resolution of 8 mm in the
reconstructed image (Weilleret al., 1995). The integrated
counts accumulated were used as an index of rCBF (Fox and
Mintun, 1989). Due to the small axial field of view of the
camera (5.4 cm), the gantry was inclined ~3° with respect
to the intercommissural line (AC–PC line), aiming to position
the lower border of the first transaxial slice at the lower
border of the middle temporal gyrus. Positioning is crucial
with such a limited field of view. It was performed by an
experienced PET scientist using the information from the
individual T1-weighted MRI. However, the PET scans only
partly overlapped, such that the common stereotaxic space
covered by all subjects ranged from –5 to 28 mm in thez
axis. This field of view covers all ‘primary’ language-related
areas (e.g. Wernicke’s, Broca’s, dorsolateral prefrontal cortex
(DLPFC) and inferior parietal lobe). However, activation in
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Fig. 2 Design of paradigm. During each of the twelve PET scans the subjects underwent the same activation task, which required them
to understand and follow one of two different auditory commands: ‘take’ or ‘point to’ an everyday object. In the interval between the
scans (~12 min), while waiting for the degradation of radioactivity, the subjects were exposed first to the sTT, which was followed by
one of the 11 training sessions.


Fig. 3 Effect of the specific and intensive language comprehension training (closed circles) and of non-
specific stimulation (open circles) applied between the 12 PET investigations, tested off-line in four
patients with Wernicke’s aphasia. The training consisted of 11 sessions. The improvement in language
comprehension was measured carrying out the sTT after each training session. Performance measured
with the TT significantly improved only during the specific language comprehension training
(P , 0.0001).


areas outside this restricted field of view (e.g. supplementary
motor area) could not be assessed. We used statistical
parametric mapping (SPM96; Frackowiaket al., 1997) for
the analysis of the data. All the scans were realigned to each
other. The images were then transformed into a standard
stereotaxic anatomical space, corresponding to Talairach and
Tournoux’s atlas (Talairach and Tournoux, 1988; Fristonet al,
1991; Friston, 1995). We used the following procedure to
normalize the patients’ scans: a weighted mean of the
unsmoothed PET images after segmentation of extracerebral
structures (scalp, skull, etc.) was coregistered with the
corresponding anatomical, T1-weighted, segmented MRI of
the same individual using SPM. The individual MRI was used


to derive the transformation parameters for the stereotaxic fit,
which were applied to the individual single coregistered PET
images. The normalized images were smoothed with a
Gaussian filter of 103 10 3 6 mm at full width half
maximum for individuals and of 203 20 3 12 mm for
group comparisons. Statistically significant pixels were found
using the general linear model and the theory of random
Gaussian fields atP , 0.01 (Frackowiak and Friston, 1994;
Frackowiaket al., 1997). To localize the brain areas related
to the improvement of language comprehension, a correlation
analysis was performed between the measured PET signal
and the values of the short version of the TT as the covariate
of interest.
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Table 2 Locations of increased blood flow resulting from language comprehension training (correlating with performance
on the sTT)


Patient Left hemisphere x y z Zscore Right hemisphere x y z Zscore


K.J. Dorsal frontal gyrus –8 40 –14 4.49 Middle temporal gyrus 60 –14 –6 4.29
Inferior frontal gyrus –46 36 –14 4.07
Superior temporal gyrus –34 18 –30 3.96
Cingular gyrus –14 –42 26 4.55 Superior temporal gyrus 56 –48 14 4.77


R.I. Inferior frontal gyrus 44 42 6 4.28
Middle frontal gyrus 44 8 36 4.27


Lingual gyrus –16 –78 2 4.12 Supramarginal gyrus 38 –50 36 4.82
Z.E. (Peri-infarctual area)


Inferior parietal gyrus –38 –40 30 3.78 Postcentral sulcus 32 –34 56 4.00
A.A. Inferior frontal gyrus* –40 34 –14 4.72


Brain regions with significant (high threshold,P , 0.01; *P , 0.005; extent threshold,P , 0.001) changes in rCBF (group results,
resulting from language comprehension training), on correlation analysis with the scores of the sTT as a covariate of interest in four
patients with Wernicke’s aphasia. These areas are reported with the respectiveZ scores and with coordinates (x, y, z) in standard
stereotaxic space (Talairach and Tournoux, 1988).


Results
All four patients participating in the PET study were already
able to perform the task correctly before the training. The
improvement in language comprehension in each patient
during PET investigation was documented from performance
during the sTT, carried out after each scan (Table 2). The
simple sentences of part I of the sTT, such as ‘Touch the red
circle’, were not understood initially by only one patient
(R.I.), who had particular difficulty in understanding the
word ‘circle’. At the onset all four patients were impaired to
different degrees; after a few scans their performance
gradually improved, most notably in sentence construction
of parts II and V of the sTT. They demonstrated problems
particularly with long sentences, as in part IV of the sTT.
The same patients when exposed to non-specific training
showed no improvement in language comprehension.


The group results of the PET data showed activation in
two areas of the brain correlating with the improved values
of the sTT performed after each scan: the posterior part of
the superior temporal gyrus in the right hemisphere (148,
–46, 112 mm;Z score5 3.97), homotopic to the supposed
Wernicke’s area in the left hemisphere (Fig. 4). The second
focus of activation was found along several planes of the
posterior part of precuneus in the left hemisphere (–14, –62,
120 mm;Z score5 4.53).


The single results are summarized in Table 2.


Discussion
Brief but intense comprehension training had the effect of
improving language performance in patients with Wernicke’s
aphasia due to a stroke destroying the left perisylvian areas.
The main novelty of our study was that we measured the
direct correlation between performance in the sTT, which
reflected the improvement of language abilities of each
patient, and the change in rCBF during a language
comprehension task. Our study shows for the first time
that short-term clinical recovery of language performance


correlated with fast modification of the activation pattern in
a bilateral cortical network comprising brain regions directly
or indirectly related to language.


The most consistent finding across all subjects was
increased activation of the right superior temporal gyrus and
the left precuneus. Additional areas in individual patients
comprised the peri-infarctual area on the left side, the middle
temporal and supramarginal gyrus in the right hemisphere,
the prefrontal cortices in both hemispheres, and the left
cingulate gyrus. Most of these areas are related to language
processing under normal conditions (Damasio, 1989;
Demonet, 1992; Mazoyeret al., 1993; Mesulam, 1994) and
after recovery from aphasia (Weilleret al., 1995; Musso
et al., 1997). It is generally acknowledged that the main
difference between healthy right-handed subjects and stroke
patients in the pattern of activation of the bilateral language
processing network is the indisputable left-hemisphere
dominance in the former. Several functional imaging studies
on the recovery of language in the chronic stage have shown
(Weiller et al., 1992, 1993, 1995, 1998; Cappaet al., 1997;
Heiss et al., 1997), and our results clearly emphasize, the
right hemispheric components of this language network. The
posterior part of the right superior temporal lobe seems to
be a crucial area for the recovery of language comprehension,
compensating for the functional loss of its homologue in the
left hemisphere, Wernicke’s area, as was hypothesized from
a number of previous reports (Wernicke, 1874; Moore and
Weidner, 1974; Sheldon, 1985; Demeurisseet al., 1985;
Papanicolau, 1988; Weilleret al., 1995). The peri-infarctual
region and frontal areas in the left hemisphere (Demeurisse
and Capon 1987; Naeseret al., 1987; Heisset al., 1993)
seem not to represent the main effect in our study, as they
were found only in a few subjects. It may be assumed
that these areas contribute to the recovery process on an
individual basis.


The improvement of language comprehension requires
specific linguistic factors, but also non-linguistic factors (e.g.
attention, memory, motivation), as does the TT, with which
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Fig. 4 Cerebral regions correlating with the increase of rCBF during the execution of the language comprehension task and the
performance in the sTT, the latter carried out after each scan. The patterns of activation were rendered onto a standard 3D anatomical
template (top) and are overlaid on the mean group MRI in transverse slices and parallel to the AC–PC (anterior–posterior commissure)
line (bottom). The co-ordinates of the activated areas and their significance levels are as follows: right superior temporal gyrus,148,
–46, 112 mm;Z score5 3.97; posterior part of precuneus in the left hemisphere, –14, –62,120 mm;Z score5 4.53.
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we estimated comprehension. Therefore it comes as no
surprise that the areas correlated with recovery are not
exclusively associated with the linguistic aspects of language.
The superior temporal gyrus, the supramarginal gyrus and
the inferior frontal gyrus in both hemispheres are found to
be activated during short-term verbal memory tasks, albeit
to a greater extent in the left hemisphere (Paulesuet al.,
1993). Activation in the precuneus, together with the superior
and middle frontal gyrus, dorsolateral prefrontal cortex and
anterior cingulate, is often found during long-term memory
tasks, e.g. the retrieval of word lists (Frithet al., 1991,
MacLeodet al., 1998). Thus, the recovery could be due to
an improvement in working memory competence. Proficiency
in language comprehension may depend on working memory
capacity (MacDonaldet al., 1992; Just and Carpenter, 1992).
The language comprehension problems of some patients with
aphasia have been attributed to a deficit of working memory
(Wilson et al., 1989, 1995; Hermann, 1992). However, our
patients’ improvement was least in Part IV of the sTT,
the performance of which requires the greatest number of
extralinguistic factors like attention and short-term memory
(see Appendix 1) (De Renzi and Vignolo, 1962; Meier
et al., 1990). There may be more factors involved in the
improvement of word comprehension that are related to
conscious and unconscious processes (Waters and Caplan,
1996), but it is unknown whether they involve different
neuronal pools or are separable by functional brain imaging.


It is uncertain whether these results represent general long-
term recovery of aphasia. Clearly, the short-term training
that we used is different from several weeks of aphasia
rehabilitation. However, such short-term training sessions
represent an integral part or the main constituent of logopaedic
rehabilitation programmes for aphasic patients. In addition,
all the areas that correlated with improvement in our study
are in accordance with previous PET or fMRI studies on
recovery of language in the chronic stage (Weilleret al.,
1995; Cappaet al., 1997; Heisset al., 1997; Weiller, 1998).


One possible confounding factor is whether these effects
are due to the training rather than to a non-specific time
effect. The term ‘time effect’ refers to all linearly increasing
effects over time (scans), which may be the result of
habituation or repetition. Since we specified a general linear
model and training improved the sTT values over scans,
there is a theoretical overlap between the covariates associated
with time and training effects. This question can be answered
definitely only by studying the same subjects with the same
paradigm with and without the training, which is not possible
using PET. However, as stated above, the effect of the
training is specific, as a non-specific stimulation and repetition
of the task over the same time span did not result in
improvement in the values of the sTT. We therefore speculate
that, in our patients, the areas found to be activated are due
to a training effect. In addition, habituation and repetition form
an integral part of aphasia therapy, potentially constituting a
‘specific time effect’. Initially we stressed the hypothesis that
the inability to access linguistic information rather than the


loss of its knowledgeper se forms the basis of aphasia.
Although stimulation, an important part of our training, is
seen as the major factor involved in reversing lost access to
preserved knowledge in aphasia, it may be assumed that
repetition is necessary to effect the availability of the renewed
functional connections.


Our study has shown that reorganization of the brain may
be beneficial for stroke patients. It substantiates the evidence
that rehabilitation techniques may influence brain
organization, which has so far been shown in only one other
study in hemiparesis after stroke (Liepertet al., 1998). In
our opinion, there is no single crucial component of recovery.
Rather, recovery of language function seems to imply the
‘reconnection’ or perhaps better the reco-ordination of a
network of areas, each of which may be specialized in one
or more aspect of language processing but requires coherent
support from the others to reach a high level of proficiency
(Mesulam, 1994).
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Appendix 1: The short version of the Token
Test
The short version of the Token Test (sTT) that we used in this PET
study presents the same construction and uses the same material as
the TT. It consists of tokens like those used in card games, which
are denoted by an abstract noun, such as ‘circle’ and ‘rectangle.’
They have five colours: red, blue, green, yellow and white. The test
includes five parts, which are progressively more difficult. In the
first four parts, commands are expressed in an elementary
grammatical and syntactic form: subject, verb and object. The fifth
part introduces more complex grammatical and syntactic structures,
the exact understanding of which is necessary for correct
performance. Each subtest of the sTT contains only two and not 10
items, as in TT commands. (Part I) Large rectangles and large
circles only are arranged in two rows. There is no particular rule
for the distribution of colours. Speaking with a clear and measured
voice, without any special prosodic emphasis, the examiner invites
the patient to take two different tokens, one after the other, saying
simply: ‘Pick up the yellow rectangle,’ ‘Pick up the white circle,’
and so on. The patient must put back each token in its place on
each occasion. (Part II) Small circles and small rectangles are added
to the tokens already on the table, in a specific arrangement. Three
specific words are now necessary in order to identify a particular
token, such as: ‘Pick up the small white rectangles’, ‘Pick up the
large blue circle,’ and so on. (Part III) Large tokens only are placed
before the subject, as in Part I; however, the patient is invited to
take two of them, for example: ‘Take the red circle and the green
rectangle.’ (Part IV) All tokens are replaced on the table, as in Part
II, and the patient is asked to take two of them every time: ‘Take
the white large circle and the small green rectangle.’ (Part V) Large
rectangles are placed in the first row in front of the patient and
large circles are put in the second row. There is no particular rule
for the distribution of colours, except that the yellow rectangle must
be near the green one. Instructions are as follows: ‘Put the red
circle on the green rectangle’ or ‘Put the white rectangle behind
the yellow circle’.
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Notes:   


  


  


Patient Name: .  ♀♂ Age:  Date: . File # . 


History of Present Complaint  
   


   
   
   


   
   


   
   
   


   
   


   
   
   
Abn Sleep: .  Abn Perspiration: .  Abn B&B: .  Abn N&V: .  


Abn HA: .  Abn Lacrimation: .  Abn Salivation: .  Abn sex fxn: .   


Observation  
Behavior:  Normal Hyperactive Agitated Quite Immobile Disoriented  .  Appearance :  Appropriate slovenly  . 


Skin Discoloration Assistive Devices Swelling Sweat Patterns Nail Beds Tremor Fasciculations Atrophy Abn gait  Spasticity Rigidity Choric   


Other:  


Gait:  


Vitals  
 


Height:_____’ _____” (___”x2.5=____cm).   Weight:_________lbs  (___lb x2.2=____kg).   % Body Fat: .   General Appearance: . 


BP: R_____/_____mmHg, L_____/_____mmHg.  Pulse: R________b/min, L________b/min.  spO2: R________ L________.  Resp: _______br/min.  Temp:______˚F. 


Pulses: Radial: , Brachial: , Carotid: , Popliteal: , Pedal: . 


Mental Status  
General:  NAD. uncooperative. disoriented. distress.  Nursing Assistance.     MMSE:  yrmodateday; Repeat:housecarlake; Count to 10; 


Recall:housecarlake; ID pencil ID watch ; Paper in hand, fold in half, put on floor; Intersecting pentagons.  Score:   


Cranium & Neck  
Lymph nodes:  Thyroid:  Trachea:   


Other:   


Auscultation  
CVS: Carotid reflex time to summation : R__________, L__________.   NAD, Carotid: NADbruithum, AorticNADSounds below, 


PulmonicNADSounds below, ErbsNADSounds below, TricuspNADSounds below, MitrlNADSounds below, Abd Aorta: NAD bruithum, Renal : 


NAD bruithum Iliac: NAD bruithum.  Split: S1, S2.  Increased: S3, S4.  Ejection click: Aortic, Pulmonic.  O pening Snap: Mitral.  Friction 


Rub: Pericardial.    Murmur: Early systolic, Late systolic, Pansystolic, Early diastolic, Mid-diastolic, Late diastolic.  Grade: I, II, III, IV, V, VI.  


Lung Fields: NAD.  Ant.: R Apex, L Apex, RUL, LUL, RML, L lingual, RLL, LLL.  Post.: R Apex, L Apex, , RUL, LUL, RLL, LLL 


Crackles, Rhonchi, Wheeze, Pleural friction rub, Mediastinal Crunch.   


Abdomen: NAD.  RUQ:______________, LUQ______________, RLQ______________, LLQ______________, 


Vision & Oculomotor Exam  
Near: R___________, L___________, Bil___________.  Far: R___________, L___________, Bil___________.  Diploplia:_____________.  Color: .   


Peripheral Fields: NAD.  Right .  Left . 


O 
nset 


L 
ocation / 


site 


C 
haracteristic / 


quality 


R 
adiate / refer 


D 
uration / 


timming  


A 
lleviate 


P 
rovoke 
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Notes:   


  


  


R L 


NAD


. – = Absent.  
SL = Slow.  


LT = ↑Latency 
HO = Hypometria    


HR = Hypermetria 


X = wrong way 


NAD
. 


 
NAD 


 


Antisaccade : WNL, # errors of 10 trials_______. 


Inspection: Esotropia:RL; Exotropia:RL; Hypertropia:R,L; Hypotropia:RL;Exopthalmos:RL; EnopthalmosRL; 


Ptosis:RLMildMarked; 
Lidlag: :RLMildMarked; Oscilopsia; Resting nystagmus; Other ocular finding:  
Accommodation :  Pursuits: 


 
 


Visual Fixation :  Intrusions_____________________.  Stability, R_________________.  L_________________.  Other_____________________________________. 


 
Saccades:                                                                                                                                                             
     


 
 
 


 
 
 
 


 


Pupils: NAD.  RL Meiosis; RL Corectasia.  Pupil light reflex: RL Brisk plastic; RL Brisk fast-fail; RL Brisk; RL Sluggish; RL Absent. 


Corneal light reflex:  Swinging Flashlight test:  


Other: . 
OPK: NAD.  Slow pursuit to R L.  No pursuit to R L.  Hypometria to R L.  Hypermetria to R L.   
Vertical: .  Obliques: . 


Funduscopic:  NAD.  R V:A________.  L V:A________.  Flame hemorrhages, R L.  AV nicking, R L.  Cotton wool spots, R L.  Neovascularization, R 


L.  Palilledema, R L.  Optic Neuritis, R L.  Opacities, R L.  Dot hemorrhages, R L.  Funduscopically observed nystagmus, R L, fast phase: . 


Other: 


Other Cranial Nerves  


Facial paresis:RLUpperLower;     Smile w/ command, Smile w/ joke, Puff cheeksRL, Raise eyebrowsRL;      NAD; 


Nasal patency: R________________, L_______________.  Anosmia: R________________, L_______________.  Dysnosmia: R________________, L_______________.  


Corneal blink reflex: R______________, L_____________.  Finger friction rub: R______________, L_____________.  Webber:_____________.  Rinne:______________.  


Masseter . Jaw Strength: .  Palate: .  Gag reflex: R , L .   


Baroreceptor reflex: R________________________, L_______________________.  Oculocardiac reflex: R________________________, L_______________________. 


Tongue deviation:_____________.  Tongue strength:_____________.  Jaw Mechanics:__________________.  NAD.   


Gustatory sense: Anterior 2/3 .Posterior 1/3 .  Epiglottis . 


Balance/Coordination  
Romberg: NAD.  Eyes open : RL, Min sway, Max sway, Fall.  Eyes closed: RL, Min sway, Max sway, Fall.  Challenged: RL 


Tandem gait NAD.  Eyes open : RL, Min sway, Max sway, Fall.  Eyes closed: RL, Min sway, Max sway, Fall. 


Finger-nose : NAD.  Hypermetria RL, Hypometria RL, Intention Tremor RL.  Breakdown in movement: RL, initialmiddleterminal 


Finger-Nose-Finger: NAD.  Hypermetria RL, Hypometria RL, Intention Tremor RL.  Breakdown in mvmt: RL, initialmiddleterminal. 


Diadochokinesia: NAD.  Fingers, Arms out: Dyspraxic RL.  Hands, Arms by side : Dyspraxic RL.  Hands, Arms out: Dyspraxic RL.   


Parietal Drift: NAD.  RL .  Wrist tapping test: NAD.  Oscillations: R L,  Hypermetria: RL, Hypometria 


RL. 


Finger-Toe : NAD.  Hypermetria RL, Hypometria RL, Intention Tremor RL.  Breakdown in mvmt: RL, initial middle terminal. 


Heel-Shin : NAD.   Intention Tremor RL.  Breakdown in mvmt: RL, initial middle terminal. 


Dix-Hallpike : NAD, R Post , L Post . 


VO R: Canals: NAD, R Hor_____________, L Hor_____________. R Post______________, L Ant_____________,  L Post______________, R Ant____________,     


Head shake : . Cervico-ocular: . Sac w/ head rot: . Sac opp head rot: . 


Mittlemeyer’s Test:  NAD.   Eyes open.   Eyes closed.    Fukuda-Utunburger’s Test: NAD.   Eyes open.   Eyes closed.    


R 


NAD


. 


 
L 


R L R L 


– = Absent.  


SL = Slow.  


SC = Saccadic 


JK = Jerky. 
FG = Fatigues 


DG  = Disconjugate 


X = wrong way 


NPC = no pupillary 
constriction 


 


NAD


. 


 


– = Absent.  


SL = Slow.  
SC = Saccadic 


JK = Jerky. 


FG = Fatigues 
DG  = Disconjugate 


X = wrong way 


 


Blind Spots:  R______________________________.   


 L______________________________. 
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Notes:   


  


  


NAD 


 


NAD 


 


NAD 


 


NAD 


 


NAD 


 


  


Cognitive Testing  
Contrasting Programs: (1is2, 2is1) WNL, echopraxia, # errors of 10 trials_______.    Go/No-Go: (1is2, 2is0) WNL, echopraxia, # errors of 10 trials_______. 


Stroop: t ime for words_______, t ime for colors_______, # errors_______. Prosodic Repeat: # 10 repeated_____. Aprosodic Repeat: # 10 repeated_____. 


Apple/Orange or Tree/Dog: abstract, limited abstraction, concrete. Word Fluency: #words in 1 min F____,S____ 


PNS  
Percussion hammer: (MSRs graded on: 4=hyperreflexia w/ 


clonus, 3=hyperreflexia, 2=normal, 1=hyporeflexia, 0=areflexia) 


Muscle Testing: (Strength graded on: 5=gravity w/ full resistance, 4=gravity w/ some resistance, 3=gravity alone, 


2=ROM w/o gravity, 1=slight contraction, 0=no contraction) 


Jaw Jerk (V3, Pons) /5    


R Scap-humrl (C4-5) /5  L Scap-humrl (C4-5) /5  


R Bicep (C5-6) /5  L Bicep (C5-6) /5  


R Brachio (C6) /5  L Brachio (C6) /5  


R Tricep (C7) /5  L Tricep (C7) /5  


R FPL (C6-8) /5  L FPL (C6-8) /5  


R Fing ext (C6-8) /5  L Fing ext (C6-8) /5  


R Fing flx (C8) /5  L Fing flx (C8) /5  


R Quads (L3-4) /5  L Quads (L3-4) /5  


R Med hams (L5-S1) /5  L Med hams (L5-S1) /5  


R Lat hams (S1-S2) /5  L Lat hams (S1-S2) /5  


R Adductor (L2-4) /5  L Adductor (L2-4) /5  


R Achilles’ (S1-S2) /5  L Achilles’ (S1-S2) /5  


R Percussion  
myotonia 


L Percussion  
myotonia 


R Tinel elbow (ulnar) L T inel elbow (ulnar) 


R Tinel prntr (median) L T inel prntr (median) 


R Tinel carpl (median) L T inel carpl (median) 


R Tinel guyon (ulnar) L T inel guyon (ulnar) 


R Tinel dors wr (radial) R T inel dors wr (radial) 


R T inel fibula (c pernl) L T inel fibula (c pernl) 


R T inel ankle (tibial) L T inel ankle (tibial) 
 


Neck flex /5  Neck ext /5  


R SCM (XI) /5  L SCM (XI) /5  


R Uppr Trap (XI) /5  L Uppr Trap (XI) /5  


R Delt (C5) /5  L Delt (C5) /5  


R Lat Dorsi /5  L Lat Dorsi /5  


R Suprasp (C6) /5  L Suprasp (C6) /5  


R Bicep (C5-6) /5  L Bicep (C5-6) /5  


R Brachio (C6) /5  L Brachio (C6) /5  


R Tricep (C7) /5 L Tricep (C7) /5 


R Ext Rot (C5-6) /5  L Ext Rot (C5-6) /5  


R Int Rot (C5-8) /5  L Int Rot (C5-8) /5  


R Lev Scap (C3-5) /5  L Lev Scap (C3-5) /5  


R Supination(C5-6) /5  L Supination (C5-6) /5  


R Prnation (C6-T1) /5  L Prnation (C6-T1) /5  


R Wrist Ext (C6) /5  L Wrist Ext (C6) /5  


R Wrist Flx (C6-7) /5  L Wrist Flx (C6-7) /5  


R Fing ext (C7-8) /5  L Fing ext (C7-8) /5  


R Fing flx (C8) /5  L Fing flx (C8) /5  


R Fing abd/add (T1) /5  L Fing abd/add (T1) /5  


R thumb abd (C7-8) /5  L thumb abd (C7-8) /5  


R “OK”  (T1, AI)  L “OK” (T1, AI)  


R Hoffman  L Hoffman  
 


R hip flxn (L3) /5  L hip flxn (L3) /5  


R knee ext (L3-4) /5  L knee ext (L3-4) /5  


R hip add (L2-3) /5  L hip add (L2-3) /5  


R hip abd (L4-5) /5  L hip abd (L4-5) /5  


R p-flex (S1-2) /5  L p-flex (S1-2) /5  


R d-flex (L4-5) /5  L d-flex (L4-5) /5  


R big toe ext (L5) /5  L big toe ext (L5) /5  


R inversn (L4-5) /5  L inversn (L4-5) /5  


R eversn (L5-S1) /5  L eversn (L5-S1) /5  


R knee flxn (S1) /5  L knee flxn (S1) /5  


R hip ext  /5  L hip ext  /5  


R 4
th
  digit  jt positn  L 4


th
  digit jt  positn  


Babinski : NAD, R ext toe, L ext toe. 


Clonus: NAD, R, L 


# of beats:  


Abdominal Reflex: NAD, RUQ, LUQ, 


RLQ, LLQ, multiparous, obesce. 


Muscle Tone: NAD.  Abn 


 


 


Pallanesthesia: 


 NAD ↓ Absent  


R Toes     


L Toes     


R Ankle     


L ankle     


R fingers     


L fingers     


R wrist     


L wrist     
 


 


Pinwheel: 


 NAD ↑ ↓ Absent  NAD ↑ ↓ Absent 


V1     C8     


V2     T1     


V3     L3     


C5     L4     


C6     L5     


C7     S1     


Other: 


 


Temp discrimination : 
 


 


2 Point discrimination: 
 
 


Stereognosis: 
 
 
Graphesthesia: 


 
 
Barognosis: 


 
 


Upper R vs. upper L: .  Lower R vs. lower L: . 


 


R upper vs. R lower: .   L upper vs. L lower: . 


Duration:  


Observation:  
  


  
  


 


0  ̊ 15  ̊
30  ̊


45  ̊


60  ̊


75  ̊


90  ̊


15  ̊
30  ̊


45  ̊


90  ̊


75  ̊


60  ̊


Right Left 0  ̊ 15  ̊
30  ̊


45  ̊


60  ̊


75  ̊


90  ̊


15  ̊
30  ̊


45  ̊


90  ̊


75  ̊


60  ̊


Right Left 
Left head rotation Right head rotation 


0  ̊ 15  ̊
30  ̊


45  ̊
60  ̊


75  ̊


90  ̊


15  ̊
30  ̊


45  ̊


90  ̊


60  ̊


Right Left Duration:  


Observation:  
  
  
  


 


75  ̊  
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Notes:   


  


  


Other Special Tests / Findings:  


Orthopedic/Physical Exam:  
Cervical Tests / TOS: 


Foraminal Compression 


Distraction 


Soto-Hall / LeHermite’s 


VBAI / Max foram compr 


Valsalva 


Shoulder Depression 


Spinous Percussion 


Roos 


Wright’s 


Adson’s 


Thoracic Tests: 


Amoss’s Sign 


Beevor’s / Lewin’s supine 


Forestier’s Bowstring / Shepelmann’s 


Adam’s Position 


Sternal compression 


Rib compression 


Palpation :   


Head 


Neck 


Thor/Lumb 


Chest 


Abdomen 


Pelvis 


Lymph nodes 


Breast 


Thyroid 


Arms 


Legs 
 


Restricted Segmental RO M 


Occ +zR +zL +x -x +y -y 


C1 +zR +zL +z -z +y -y 


C2 +zR +zL +z -z +y -y 


C3 +zR +zL +z -z +y -y 


C4 +zR +zL +z -z +y -y 


C5 +zR +zL +z -z +y -y 


C6 +zR +zL +z -z +y -y 


C7 +zR +zL +z -z +y -y 


T1 +zR +zL +z -z +y -y 


T2 +zR +zL +z -z +y -y 


T3 +zR +zL +z -z +y -y 


T4 +zR +zL +z -z +y -y 


T5 +zR +zL +z -z +y -y 


T6 +zR +zL +z -z +y -y 


T7 +zR +zL +z -z +y -y 


T8 +zR +zL +z -z +y -y 


T9 +zR +zL +z -z +y -y 


T10 +zR +zL +z -z +y -y 
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Notes:   


  


  


Lumbar Tests: 


Minor’s sign 


Kemp’s 


Adam’s Sign (See ROM) 


SLR 


Braggard’s 


Bonnet’s 


Lesegue differential 


Double leg raise 


Well leg raise 


Bowstring sign 


Bechterew’s 


SI & Hip Tests: 


Gaenslen’s  


Thomas sign 


Yeoman’s 


Nachlas’  


Hibbs’ 


Ely sign 


Piedallu’s sign 


Anvil 


Fabere 


Jansen’s 


Noble’s Compression 


Trendelenberg’s 


Other: 


 


Percussion : 


 
NAD 


Res-


onance 


Hyper-


resonance 


Dull-


ness 


Tym-


pany 
Flat Pain 


Ant chest 


R Apex        


L Apex        


RUL        


LUL        


RML        


R Lingula        


RLL        


LLL        


Heart         


Post chest 
R Apex        


L Apex        


RUL        


LUL        


RLL        


LLL        


Abdomen  
RUQ        


LUQ        


RLQ        


LLQ        
 


T11 +zR +zL +z -z +y -y 


T12 +zR +zL +z -z +y -y 


L1 +zR +zL +z -z +y -y 


L2 +zR +zL +z -z +y -y 


L3 +zR +zL +z -z +y -y 


L4 +zR +zL +z -z +y -y 


L5 +zR +zL +z -z +y -y 


R SI PS +x +y AI -x -y 


L SI PS +x +y AI -x -y 


Scrm BP P A R / L 


Cx A P  R / L 


1
st
 rib;R/L  -y -z inspexp 


R uppr ribs -y -z inspexp 


R lwer ribs -y -z inspexp 


L  uppr ribs -y -z inspexp 


L  lwer ribs -y -z inspexp 


R Clavicle -y -z inspexp 


L Clavicle -y -z inspexp 


Taut: 


Tender: 


Temp: 
 


Specialty Tests:  


Extremity Testing  


 Level Motion 
ARO M PRO M 


Pain Crepitus Edema Skin 
L R L R 


 


S
h


o
u


ld
e
r 


C5-7 Flex (0-180)         


C5-8 Ext (0–60)         


C4-6 Abd (0–180)         


C5-8  Add (0–45)         


C5-8   Int. Rot (0–70)         


C5-6 Ext Rot (0–90)         


 


E
lb


o
w


 C5-7 Flex (0-150)         


C7-8 Ext (0–60)         


C5-6 (7) Sup/Pron (0–80)         


 


W
r
is


t 


C6-T1 Flx (0-80)         


C6-7 Ext (0-70)         


C7-8 Uln Dev (0-30)         


C6-8 Rad Dev (0-20)         


 


H
ip


 


L1-3 Flx (0-125)         


L5-S1 Ext (0-115)         


L4-5 Abd (0-45)         


L2-3 Add (0-45)         


 Int Rot (0-45)         


 Ext Rot (0-45)         


 K n e e
 


L5-S1 Flx (0-130)         


R L Bil Shoulder Tests: 
Apley’s Scratch 


Apprehension 


Codman’s Drop Arm  


Dawbarn’s 


Dugas 


Yergason’s 


Supraspinatus test 


R L Bil Wrist Tests: 
Phalen’s 


Reverse Phalen’s 


Froment’s Paper 


Froment’s Cone 


Oschner’s 


Finkelstein’s 


Allen’s 


Bracelet 


Radial stress 
Ulnar Stress 


R L Bil Elbow Tests: 
Cozen’s 


Reverse Cozen’s 


Mill’s 
Vars/Valgs stress 


R L Bil Knee Tests: 
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Notes:   


  


  


L3-4 Ext (0-120)         


 


A
n


k
le


 


L4-5 DF (0-20)         


L5-S2 PF (0-50)         


L5-S1 Ev (0-25)         


L4-L5 Inv (0-35)         


Other Tests:  


 


McMurray’s 


Vars/Valgs stress 


A/P drawer 


Slocum 


Patella grind 


Patella apprehension 
Appley’s Compression 


R L Bil Ankle & Foot Tests: 
AP/PA drawer 


Vars/Valgs stress 


Neuroma squeeze 


Homan’s 
 


Summary  
  
  


  
  


  
  
  


  
  


 
Dx:  


 
 
 
 
 
 
 
 
 


 
 
 


 
 


 
 
 


 
 


 
 
 


 
 


 
 
Doctors Signature:______________________________Date:___________________  
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Abstract


Although axonal loss has been observed in demyelinated multiple sclerosis (MS) lesions, there has been a major focus on understanding
mechanisms of demyelination. However, identification of markers for axonal damage and development of new imaging techniques has
enabled detection of subtle changes in axonal pathology and revived interest in the neurodegenerative component of MS. Axonal loss is
generally accepted as the main determinant of permanent clinical disability. However, the role of axonal loss early in disease or during
relapsing–remitting disease is still under investigation, as are the interactions and interdependency between inflammation, demyelination,
neurodegeneration and neuroprotection in the pathogenesis of MS.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Multiple sclerosis (MS) is an inflammatory demyelinating
and neurodegenerative disease of the central nervous system
(CNS). It is the most common demyelinating disease in
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young adults. Although Charcot noted axonal loss in
demyelinated MS lesions over a century ago, the majority
of MS research has focused on the process of demyelination
with significantly less attention paid to the neurodegenera-
tive component (Bjartmar and Trapp, 2001; Charcot, 1868).
There is little doubt that axonal loss is the main determinant
of permanent clinical disability. However, the role of axonal
loss early in the disease course or during relapsing–remitting
(RR) disease is still unclear, as are the interactions and
interdependency of inflammation, demyelination and
neurodegeneration.


2. Inflammation in MS and its animal models


The CNS has long been considered to be an immunopri-
vileged site with few if any lymphocytes present in the
absence of active or ongoing infection. However, accumu-
lating evidence has demonstrated that a small number of T
cells traffic through the CNS surveying for infection or
injury and that Tcells activated in the periphery can penetrate
the blood–brain barrier (BBB) and enter the CNS (Hickey
et al., 1991; Wekerle et al., 1987).


Autoreactive T and B cells are normal constituents of the
immune system. It has been demonstrated that some of these
autoreactive cells can be stimulated with myelin components
in healthy individuals, but do not appear to be pathogenic
unless tolerance is broken and cells activated (Diaz-
Villoslada et al., 1999). Induction of autoimmune responses
against myelin components in the CNS is hypothesized to
occur through mechanisms such as molecular mimicry,
bystander activation and epitope spreading (reviewed in
Vanderlugt and Miller, 2002; von Herrath et al., 2003). Once
activated, myelin-specific T cells can cross the BBB where
they proliferate and secrete pro-inflammatory cytokines
which in turn stimulate microglia, macrophages and astro-
cytes, and recruit B cells, ultimately resulting in damage to
myelin, oligodendrocytes and axons (reviewed in Zamvil
and Steinman, 2003).


Experimental autoimmune encephalomyelitis (EAE) is an
animal model for MS that can be induced using CNS
homogenate, myelin proteins or their encephalitogenic
peptides in adjuvant (reviewed in Tsunoda and Fujinami,
1996). Myelin-specific CD4+ T cells are considered to be the
initiators of disease in both MS and EAE, but clonal
expansion of CD8+ T cells has been detected in both MS and
EAE lesions (Babbé et al., 2000; Jacobsen et al., 2002). In
addition, adoptive transfer of myelin-specific CD8+ T cells
can induce an EAE-like disease in recipient animals (Huseby
et al., 2001; Sun et al., 2001). Myelin oligodendrocyte
glycoprotein (MOG)-induced EAE is characterized by many
of the same pathophysiological processes as in MS,
including encephalitogenic T cell and demyelinating anti-
body responses with axonal damage that is quantitatively
and qualitatively similar to that seen in MS (Iglesias et al.,
2001; Linington et al., 1993; Storch et al., 1998; Tsunoda
et al., 2000).

The relative success of immunoregulatory drugs in RR–
MS provides support that the immune system plays a role in
demyelination and axonal loss. However, although there
appears to be a threshold of damage above which immuno-
regulatory drugs are ineffective which would explain why
these agents are not effective for primary progressive (PP)
disease (reviewed in Ziemssen, 2005).


3. Neurodegeneration in MS and its animal models


Neurodegeneration, axonal and/or neural damage, has
been recognized as a component of MS for more than a
century (Charcot, 1868). However, the axon has primarily
been considered an innocent bystander in the disease process
occurring secondary to inflammation and demyelination
rather than as a specific target for immune attack. Early
studies employed silver impregnation of sections and
electron microscopy to detect axonal degeneration in MS
(Suzuki et al., 1969). Recently the use of immunostaining for
markers of axonal damage, such as amyloid precursor pro-
tein (APP) and nonphosphorylated neurofilament (NF), as
well as the development of new imaging techniques, such as
magnetic resonance spectroscopy (MRS) and magnetic
resonance imaging (MRI), have enabled earlier detection
of more subtle changes in axonal pathology (Ferguson et al.,
1997; Matthews et al., 1998; Simon, 1999; Trapp et al.,
1998). In MS axonal loss could occur through the toxicity of
effectors such as glutamate, direct attack by autoreactive
antibodies or cytotoxic T cells or secondary to demyelination
due to exposure of naked axons (Owens, 2003).


Accumulating evidence suggests that axonal loss occurs
early in the course of the disease in MS, EAE and Theiler's
murine encephalomyelitis virus (TMEV) infection, but
because of compensatory mechanisms within the CNS, it
remains clinically silent until a threshold level of axonal
loss (15–30% in mice) is achieved and the compensatory
resources exhausted (Confavreux et al., 2000; Wujek et al.,
2002). Axonal injury was demonstrated to herald or trigger
demyelination in TMEV-induced demyelinating disease
(Tsunoda et al., 2003). In a rat model of MOG–EAE,
axonal loss occurred early in the disease course, and
correlated with the number of relapses in animals with RR
disease and with permanent disability in animals with
progressive or long-term RR disease (Papadopoulos et al.,
2006). Studies examining early axonal loss in rats or
mice with EAE have reported either no correlation with
inflammation or axonal damage concurrent with the
appearance of small numbers of parenchymal T cells
(Espejo et al., 2005; Hobom et al., 2004; Wang et al.,
2005).


4. Inflammation and neurodegeneration in MS and its
animal models


Several possibilities exist for the relationship between
inflammation and neurodegeneration: (1) that inflammation
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induces neurodegeneration; (2) that neurodegeneration
causes inflammation; (3) other factors contribute to the
development of inflammation and/or neurodegeneration; (4)
inflammation and neurodegeneration participate in a cycle or
a cascade in which they augment one another; and (5) that
inflammation can protect against neurodegeneration. In the
context of MS and its animal models these hypotheses are
not necessarily mutually exclusive.


4.1. Does inflammation alone induce neurodegeneration?


CD4+ myelin-specific T cells are widely accepted as the
initiators of EAE. However, CD4+ T cells are not the
dominant T cells found in MS lesions and they have been
shown to have either pathogenic or neuroprotective func-
tions depending on the cytokines and neurotrophins they
produce or induce as well as the stage of the disease course.
Defining the role of the major effector cytokines produced by
CD4+ T helper (Th)1 cells, interferon (IFN)-γ and tumor
necrosis factor (TNF)-α, is complex in that these cytokines
exert different effects in EAE and MS. IFN-γ is protective in
rodent models of EAE. However, one controversial clinical
trial reported administration of IFN-γ exacerbated disease in
MS patients (Panitch et al., 1987). Similarly, overexpression
of TNF-α induces demyelination and neurodegeneration and
neutralization of TNF-α is protective in EAE, yet neutral-
ization of TNF-α exacerbated disease in MS patients
(reviewed in Lassmann and Ransohoff, 2004).


A predominance of CD8+ T cells was detected in active
MS lesions by Babbé et al. (2000) and analysis of T cells in
the lesions suggested that expansion of the CD8+ T cell
repertoire was more antigen driven than the CD4+ T cell
repertoire. Oligoclonally expanded CD8+ T cells with a
memory phenotype have also been detected in cerebrospinal
fluid (CSF) of MS patients (Jacobsen et al., 2002). In
addition, CD8+ T cells have been observed to be in direct
contact with demyelinated axons in MS lesions, with their
vacuoles containing granzyme B oriented toward the axon
(Neumann et al., 2002). In the TMEV demyelinating disease
model for MS, disease course, demyelination and axonal loss
are dependent on virus-specific cytotoxic CD8+ T cells
(Rivera-Quiñones et al., 1998).


Antibodies against neuronal components such as tubulin
and neurofilament have been detected in some patients with
MS (Silber and Sharief, 1999). In addition, antibodies
produced from clonally expanded B cells from the CSF of a
patient with MS and a patient with clinically isolated
syndrome (CIS) suggestive of MS were found to react with
axons in acute MS lesions. These antibodies were found to
react with axons in a variety of patterns in lesions from
patients that had clinically definite MS for an average of
15 years. This suggests that an as of yet unidentified axonal
antigen is capable of driving the clonal expansion of axon
reactive B cells in the CNS of MS patients and that axonal
degeneration is ongoing even in patients with chronic disease
(Zhang et al., 2005).

4.2. Role of CNS cells in neurodegeneration and inflammation


Microglia are considered the resident macrophages of the
CNS, and share similarities with cells of the monocyte
lineage (Ling and Wong, 1993). Microglia become activated
in response to changes in the CNS microenvironment,
especially those that interfere with neuronal function
(reviewed in Kreutzberg, 1996). Upon activation, microglia
can proliferate, upregulate major histocompatibility complex
(MHC) molecules and secrete cytokines, chemokines, nitric
oxide and reactive oxygen species. Activated microglia can
become phagocytic, but it is uncertain whether they can
function as antigen presenting cells (APCs) in vivo (reviewed
in Piehl and Lidman, 2001).


Astrocytes produce extracellular matrix molecules that
are components of the supporting framework in the CNS. In
addition, they maintain ion homeostasis by producing
neurotrophic factors and clearing diffusing neurotransmitters
(Bezzi and Volterra, 2001; Haydon, 2001). Astrocytes can be
activated by inflammatory stimuli to proliferate and migrate
toward sites of injury. The astrocytes can then form a tight
glial scar around the site of injury to insulate against further
damage. Although activated astrocytes express MHC class II
molecules in vitro, they are not able to function as effective
APCs for CD4+ T cells due to the lack of expression of
necessary costimulatory molecules (reviewed in Aloisi et al.,
2000; Piehl and Lidman, 2001). A role for astrocytes in
regulating immune responses in the CNS has been suggested
based on their production of transforming growth factor
(TGF)-β and their ability to induce apoptosis of T cells
(Constam et al., 1992; Gold et al., 1996; Matsumoto et al.,
1993). Astrocytes have also been demonstrated to induce a
regulatory phenotype in T cells in vitro. These regulatory T
cells suppressed both mitogen-stimulated proliferation of
lymphocytes and CNS-antigen-stimulated proliferation of
autoreactive lymphocytes in vitro. Intravenous administra-
tion of astrocyte-induced regulatory T cells led to a slight
delay in disease onset, and a significant decrease in in-
flammation and disease severity in rats with spinal cord
homogenate-induced EAE (Trajkovic et al., 2004).


Neurons are often considered to be passive bystanders in
the inflammatory response. However, neurons can regulate
the expression of MHC class I and II by surrounding glia in
response to electrical activity in the neurons. Neurons can
also produce cytokines such as IFN-γ and stimulate
apoptosis of T cells (Flügel et al., 2000; Neumann et al.,
1997; Olsson et al., 1989, 1994). The role of MHC class I
expression by neurons in inflammatory neurodegeneration is
highly controversial and not well substantiated. However,
expression of MHC class I could target neurons for killing by
cytotoxic CD8+ T cells. MHC class I knockout mice
chronically infected with TMEV had less axonal loss and
preserved neurological function following extensive demy-
elination (Rivera-Quiñones et al., 1998).


Upregulation of B7.1 and TGF-β1 by neurons has been
associated with recovery from EAE in mice (Issazadeh et al.,
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1998). Neurons have been demonstrated to stimulate pro-
liferation of activated T cells, but not naïve T cells, in vitro.
This proliferation was dependent on cell-to-cell contact
through interactions between B7 molecules on neurons and
CD28 on T cells, and was associated with an increase in T
cell receptor (TCR) signaling independent of MHC class II
expression. Production of TGF-β1 by neurons stimulated the
production of additional TGF-β1 by T cells. Direct neuron-
to-T cell contact in the context of high levels of TGF-β1 was
shown to stimulate differentiation of disease-causing en-
cephalitogenic T cells into regulatory T cells expressing
TGF-β, CD25 and FoxP3 in vitro. Green fluorescent protein
labeled autoreactive CD4+ T cells transferred into recipient
mice also differentiated into regulatory T cells inside the
CNS. Injection of both in vitro- and in vivo-derived regu-
latory T cells into naïve mice suppressed the induction of
EAE by adoptive transfer, suggesting that neurons can
modulate the function of autoreactive T cells (Fujinami,
2006; Liu et al., 2006).


4.3. Do other factors cause inflammation and/or
neurodegeneration?


Zinc metallothioneins are nonenzymatic proteins that
have been found to exert both anti-inflammatory and neuro-
protective activity. Zinc metallothioneins have been sug-
gested to have a role in preventing demyelination and
neurodegeneration as well as decreasing inflammation
during EAE and MS. Increased expression of metallothio-
neins I and II has been detected in microglia, macrophages
and astrocytes in both MS and EAE (Espejo et al., 2001;
Lock et al., 2002; Penkowa and Hidalgo, 2000). Treatment
of rats with zinc metallothionein II prior to or during EAE
significantly decreased the amount of demyelination and
axonal loss compared to controls (Penkowa and Hidalgo,
2003).


Phospho-Akt, Bcl-2 and Bax expression was demonstrated
to correlate with neuronal cell death in the early stages of
MOG-induced EAE. Akt is a member of a family of serine–
threonine kinases that promotes survival by negatively
regulating apoptosis signaling (Kim et al., 2001). The
neuroprotective Akt pathway was down-regulated, and the
ratio of anti-apoptotic Bcl-2 to pro-apoptotic Bax favored the
pro-apoptotic side prior to and for the first 7 days after the onset
of clinical signs. The ratio of Bcl-2 to Bax then shifted toward
the anti-apoptotic side, which correlated with apoptosis of
retinal ganglion cells (RGCs) in the early stages of MOG-
induced EAE in rats. No inflammatory cell infiltration,
antibody deposition or demyelination was detected prior to
clinical manifestation of EAE. Therefore, the authors
concluded that death of RGCs occurs at least in part
independently of inflammation (Hobom et al., 2004). The
involvement of Bcl-2 was also demonstrated through the
induction of MOG–EAE in transgenic mice over-expressing
Bcl-2 which resulted in a less severe disease course and
reduced axonal damage (Offen et al., 2000).

Influx of extracellular calcium through voltage gated ion
channels was shown to be involved in demyelination and
neurodegeneration in an adoptive transfer model of EAE.
Administration of bepridil and nitrendipine, calcium channel
inhibitors that target L-type channels, simultaneously or
subsequent to transfer of myelin basic protein (MBP)-
specific T cells reduced inflammation and axonal loss,
delayed the onset of disease and resulted in decreased neu-
rological disability. However, administration of these
calcium channel inhibitors after the onset of inflammation
had no effect on disease severity, suggesting that treatment
with calcium channel inhibitors is only efficacious very early
in the course of the disease (Brand-Schieber and Werner,
2004).


Sodium channels have been implicated in activation of
and phagocytosis by macrophages and microglia, inflam-
mation and neurodegeneration. Expression of the sodium
channel Nav16 is upregulated on activated microglia and
macrophages in EAE and MS. Microglia from knock-out
mice deficient in Nav16 had attenuated phagocytic function
(Craner et al., 2005). Persistent activation of sodium
channels has been demonstrated to trigger axonal injury
(Craner et al., 2004). In addition, treatment of mice and rats
with sodium channel inhibitors reduced inflammation and
prevented axonal degeneration in EAE (Bechtold et al.,
2004; Craner et al., 2005; Lo et al., 2003).


4.4. Do inflammation and neurodegeneration cause and/or
augment one another?


It is typically thought that demyelination precedes axonal
loss; however, evidence from our group and others suggests
that in some instances axonal loss precedes demyelination
(Tsunoda et al., 2003; Tsunoda and Fujinami, 2002). We
have proposed a model for the relationship between inflam-
mation, demyelination and neurodegeneration with regard to
axonal loss in which damage can be initiated either from the
inside–out or the outside–in. In the inside–out model, the
axon is injured by viral infection, direct attack by auto-
reactive T or B cells, and/or glutamate toxicity, etc., which
can lead to the spread of axonal damage through Wallerian
degeneration or disruption of the cross-talk between
oligodendrocytes and axons. Microglia become activated,
and the damage can spread to oligodendrocytes either
through disruption of cross-talk, viral spread or induction of
apoptosis potentially resulting in demyelination. Damaged
myelin, oligodendrocytes and axons are then phagocytosed
and both viral and neural antigens can be presented to T and
B cells triggering an autoimmune response against myelin,
axons or oligodendrocytes inducing demyelination which
can lead to secondary axonal damage. Thus axonal damage
has come full circle and the cycle can begin again. Alter-
natively, in the outside–in model demyelination occurs first
and leads to secondary axonal injury, which can in turn cause
demyelination. Therefore a “vicious cycle” of axonal injury
and demyelination is proposed which can be triggered by







Table 1
The relationship between inflammation and neurodegeneration in MS


Hypotheses Experimental examples


(1) Inflammation
causes neurodegeneration


Adoptive transfer EAE


(2) Neurodegeneration
causes inflammation


TMEV


(3) Inflammation and
neurodegeneration participate
in a cycle where they augment
one another


TMEV
MOG35–55-induced EAE


(4) Inflammation protects
against neurodegeneration


Adoptive transfer or overexpression of
MBP-specific T cells in nerve crush
injury; natural antibodies in EAE and
TMEV


MS – multiple sclerosis; EAE – experimental autoimmune encephalomy-
elitis; TMEV – Theiler's murine encephalomyelitis virus; MOG – myelin
oligodendrocyte glycoprotein; MBP – myelin basic protein.
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either axonal injury or demyelination depending on the cir-
cumstance (Tsunoda and Fujinami, 2002).


4.5. Can inflammation protect against neurodegeneration?


The term “protective autoimmunity” was originally
coined to describe the protective effect of MBP-specific T
cells on injured RGCs in a rat optical nerve crush model
(Moalem et al., 1999). It was also found that adoptive
transfer of the same MBP-specific T cells into rats with
spinal cord contusion injuries improved the recovery of hind
limb motor activity (Hauben et al., 2000). In addition,
overexpression of an MBP-specific T cell receptor in mice
subjected to optical nerve crush was found to be neuropro-
tective (Yoles et al., 2001). T cells specific for MBP have
been detected in rats with spinal cord injuries and transfer of
these cells into naïve rats induced monophasic EAE
(Popovich et al., 1997, 1998). Therefore, the autoimmune
response to MBP as well as other myelin antigens is complex
and caution should be used in designing therapeutic
treatments which induce autoimmunity.


Protective autoimmunity induced by antibodies has also
been reported. Passive transfer of anti-spinal cord homog-
enate serum, anti-MBP serum, MBP-specific antibodies and
an oligodendrocyte reactive natural antibody have been re-
ported to promote remyelination in the TMEV model; how-
ever, the effect on neurodegeneration was not investigated
(Miller et al., 1996; Miller and Rodriguez, 1995; Rodriguez
et al., 1987, 1996; Rodriguez and Lennon, 1990). Poly-
reactive natural antibodies purified from intravenous immu-
noglobulins (IVIg) have been demonstrated to decrease the
inflammatory response as well as disease severity in rats with
MBP-induced EAE (Bruley-Rosset et al., 2003). Interest-
ingly, MS patients have been found to have higher levels of
natural autoantibodies in their CSF compared to both healthy
controls and patients with other neurological diseases
(Matsiota et al., 1988). We have produced two MOG92–106


reactive natural antibodies from an A.SW mouse with

progressive-EAE that also recognize gangliosides GM1,
GM3 and GD1b by enzyme-linked immunosorbent assay
(ELISA), which suggests that antibodies against myelin may
be capable of exerting a more direct effect in neuroprotection
or neurodegeneration (Peterson et al., in press). The cause of
neurodegeneration is largely unknown. One candidate
molecule that could cause neurodegeneration is antibody.
In a subtype of MS, Devic's neuromyelitis optica, the
pathology is often described as neurodegenerative rather
than inflammatory, and antibody plays a critical role
(Lucchinetti et al., 2002). Therefore, although particular
myelin antibodies may have a beneficial role in neuroprotec-
tion, it is generally accepted that myelin antibodies are
involved in demyelination and disease pathogenesis in MS.
This should be considered in designing therapies involving
antibodies specific for myelin antigens.


5. Animal model for investigating the relationship
between inflammation and neurodegeneration


Several hypotheses exist to explain the relationship be-
tween inflammation and neurodegeneration in MS. One
theory is that the pathogenesis of MS occurs in two distinct
phases, an initial inflammatory autoimmune phase with a RR
disease course followed by a progressive neurodegenerative
phase in which axonal loss and permanent neurological
disability occur (Steinman, 2001). Another hypothesis is that
the different forms of MS represent different types of
pathology with RR disease classified as an inflammatory
demyelinating disease and PP disease as a neurodegenerative
demyelinating disease.


We have developed an experimental animal model in
which RR– and PP–EAE can be induced in two strains of
mice using a single encephalitogenic peptide from MOG.
SJL/J mice sensitized with MOG92–106 developed a RR
disease course with perivascular cuffing and small demye-
linated areas around the cuffs in the brain. Large subpial and
perivenular demyelinating lesions accompanied by menin-
gitis, but not cuffing, were detected in the spinal cord of
SJL/J mice with RR–EAE. The infiltrates were predomi-
nantly mononuclear cells; however, a few neutrophils were
also detected in the lesions. In contrast, A.SW mice
sensitized with MOG92–106 developed a PP disease course
with large plaque-like demyelinating lesions in both the
brain and spinal cord accompanied by mild meningitis and
very few lymphocytic infiltrates or perivascular cuffs. Large
numbers of neutrophils and macrophages and immunoglob-
ulin deposition were detected in the areas of demyelination
(Tsunoda et al., 2000). Axonal degeneration was detected in
both mouse strains during the chronic stage of disease
(unpublished data). This model could prove useful in
investigating the hypotheses explaining the relationship
between inflammation and neurodegeneration in EAE and
MS, since different patterns of inflammation, demyelination
and axonal loss can be induced using a single encephali-
togenic peptide.
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6. Conclusions and future directions


Several hypotheses exist to explain the relationship be-
tween inflammation and neurodegeneration in MS. Exam-
ples exist in which inflammation causes neurodegeneration,
neurodegeneration causes inflammation, inflammation and
neurodegeneration appear to occur independently of one
another and in which inflammation protects against neuro-
degeneration (Table 1). Further studies need to focus on the
relevance of these hypotheses to MS in general, or with
respect to different disease courses in MS, as well as whether
the hypotheses are mutually exclusive or interdependent.


Differences in whether pathogenesis is initiated by axonal
loss or demyelination and in the ratios of inflammation,
demyelination, remyelination and neurodegeneration in
individual patients could explain the different disease
courses observed. Future development of treatments for
MS should focus on strategies for ending/breaking the cycle
of demyelination and neurodegeneration, and it is likely that
successful treatments will include a combination of agents
that prevent further demyelination and axonal loss.
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Abstract
Background: Extrasynaptic NMDA receptors couple to a CREB shut-off pathway and cause cell
death, whereas synaptic NMDA receptors and nuclear calcium signaling promote CREB-mediated
transcription and neuronal survival. The distribution of NMDA receptors (synaptic versus
extrasynaptic) may be an important parameter that determines the susceptuibility of neurons to
toxic insults. Changes in receptor surface expression towards more extrasynaptic NMDA
receptors may lead to neurodegeneration, whereas a reduction of extrasynaptic NMDA receptors
may render neurons more resistant to death. A quantitative assessment of extrasynaptic NMDA
receptors in individual neurons is needed in order to investigate the role of NMDA receptor
distribution in neuronal survival and death.


Results: Here we refined and verified a protocol previously used to isolate the effects of
extrasynaptic NMDA receptors using the NMDA receptor open channel blocker, MK-801. Using
this method we investigated the possibility that the known neuroprotective shield built up in
hippocampal neurons after a period of action potential bursting and stimulation of synaptic NMDA
receptors is due to signal-induced trafficking of extrasynaptic NMDA receptors or a reduction in
extrasynaptic NMDA receptor function. We found that extrasynaptic NMDA receptor-mediated
calcium responses and whole cell currents recorded under voltage clamp were surprisingly
invariable and did not change even after prolonged (16 to 24 hours) periods of bursting and synaptic
NMDA receptor activation. Averaging a large number of calcium imaging traces yielded a small (6%)
reduction of extrasynaptic NMDA receptor-mediated responses in hippocampal neurons that
were pretreated with prolonged bursting.


Conclusion: The slight reduction in extrasynaptic NMDA receptor function following action
potential bursting and synaptic NMDA receptor stimulation could contribute to but is unlikely to
fully account for activity-dependent neuroprotection. Other factors, in particular calcium signaling
to the nucleus and the induction of survival promoting genes are more likely to mediate acquired
neuroprotection.


Published: 24 January 2008


BMC Neuroscience 2008, 9:11 doi:10.1186/1471-2202-9-11


Received: 24 August 2007
Accepted: 24 January 2008


This article is available from: http://www.biomedcentral.com/1471-2202/9/11


© 2008 Bengtson et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Page 1 of 15
(page number not for citation purposes)



http://www.biomedcentral.com/1471-2202/9/11

http://creativecommons.org/licenses/by/2.0

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18218077

http://www.biomedcentral.com/

http://www.biomedcentral.com/info/about/charter/





BMC Neuroscience 2008, 9:11 http://www.biomedcentral.com/1471-2202/9/11

Background
Synaptic and extrasynaptic NMDA receptors are, respec-
tively, coupled to survival and cell death pathways, which
involves their opposing effects on the cAMP response ele-
ment binding protein (CREB) [1-6] and their regulation
of overlapping but distinct genomic programs recently
revealed by a whole genome transcriptome analysis [7].
The differential role of NMDA receptors provides a new
concept explaining how the same receptor, dependent on
its location, can couple to both survival and death. This
concept represents an alternative to the "Ca2+ load"
hypothesis, which attempts to assign a toxic threshold to
Ca2+ influx associated with NMDA receptor activation
[8,9]. Precisely how NMDA receptors differentially regu-
late the activity of CREB or signaling molecules such as the
extracellular signal-regulated kinases 1 and 2 (ERK1/2) is
unknown, but differences in the NMDA receptor subunit
composition and/or differences in signaling complexes
associated with synaptic versus extrasynaptic NMDA
receptors may be important [5,10-13].


The toxic effects of extrasynaptic NMDA receptor activa-
tion can be counteracted to some extent by prior activa-
tion of synaptic NMDA receptors. For example, prolonged
periods action potential (AP) bursting-induced with the
GABAA receptor antagonist, bicuculline in cultured hip-
pocampal networks robustly activates synaptic NMDA
receptors, which protects against subsequent NMDA-
induced excitotoxicity [14] as well as against pro-apop-
totic stimuli such as serum deprivation [6] or stau-
rosporine treatment [4]. Similarly, minor ischemic events
or preconditioning systemic doses of NMDA are neuro-
protective [15-19]. The neuroprotective effects of precon-
ditioning neurons with low concentrations of NMDA are
mediated, at least in cultured hippocampal networks, via
AP-induced stimulation of synaptic NMDA receptors [20].
The molecules responsible for synaptic NMDA receptor-
induced survival represent potential clinical targets to
reduce neuron loss associated with pathological condi-
tions including stroke and neurodegenerative diseases in
which NMDA receptor-mediated excitotoxicity has been
implicated [21-27].


NMDA receptor-mediated neuroprotection appears to
involve multiple players including nuclear Ca2+ signaling,
CREB, nuclear factor kappa B, ERK1/2, Akt1, phosphati-
dylinositol 3-kinase, protein kinase C epsilon, and brain-
derived neurotrophic factor [6,15-17,19,28,29]. Given the
central role of extrasynaptic NMDA receptors in cell death,
it is also conceivable that signal-induced changes in sur-
face expression or function of this pool of receptors could
profoundly affect the susceptibility of neurons to toxic
insults. The surface expression of NMDA receptors (pre-
sumably both synaptic and extrasynaptic receptors) is
dynamic, whereby receptor endocytosis, exocytosis, and


lateral movement are strongly regulated by activity [30-
33]. The first step in determining whether changes in the
relative distribution of NMDA receptors (synaptic versus
extrasynaptic) are associated with and responsible for
activity and NMDA receptor-induced neuronal survival,
requires a method that allows the precise quantitative
assessment of extrasynaptic NMDA receptor function in
individual neurons.


Techniques for the identification of the extrasynaptic
NMDA receptor pool in brain slices are emerging [34,35].
However, considerable advances have been made in iso-
lating extrasynaptic NMDA receptor function in cultured
neurons. Such studies have employed a protocol, which
specifically blocks synaptic NMDA receptors with MK-
801. MK-801 is a use-dependent open channel NMDA
receptor blocker, which enters the channel only after its
activation but then becomes trapped inside the pore to
"irreversibly" block the receptor as long as the receptor is
not re-activated to release the blocker [36,37]. Extrasynap-
tic NMDA receptor-mediated currents have been meas-
ured in single neurons isolated in micro-island cultures
after blocking autaptic synapses with MK-801 during syn-
aptic stimulation [38]. Techniques for quantifying extras-
ynaptic NMDA receptor-mediated currents in cultures of
neuronal networks have also been developed but the
parameters necessary for use-dependent blockade of
NMDA receptors require refinement. Mass activation of
synaptic NMDA receptors in neuronal networks of hip-
pocampal cultures can be achieved using the GABAA
receptor antagonist, bicuculline, which initiates recurrent
synchronous bursting [4,5,39]. MK-801 application dur-
ing bicuculline-induced bursting in hippocampal cultures
provides a use-dependent blockade of synaptic NMDA
receptors allowing the extrasynaptic NMDA receptor pop-
ulation to be subsequently activated with bath applied
NMDA [13,40].


The aim of this study was to investigate the possibility that
the known neuroprotection afforded by synaptic NMDA
receptor activation is mediated by changes in the surface
expression and/or function of extrasynaptically localized
NMDA receptors. A method based on previously used
protocols was refined and verified in order to isolate extra-
synaptic NMDA receptors and quantify their function in
individual neurons that are part of a complex neuronal
network. We found a surprisingly small neuron-to-neuron
variation in extrasynaptic NMDA receptor function. Over-
night network bursting, stimulating synaptic NMDA
receptors, led to a measurable but very small loss of extra-
synaptic NMDA receptor function, which seemed dwarfed
by the dramatic neuroprotective effect of this treatment.
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Results
MK-801 treatment in bursting networks effectively isolates 
the extrasynaptic pool of NMDA receptors
To establish the necessary parameters to isolate extrasyn-
aptic NMDA receptors in hippocampal cultures, we first
examined the blockade of synaptic NMDA receptor
evoked EPSCs by MK-801 during bicuculline-induced
bursts of APs. The protocol is described in the methods
section and schematically represented in Figure 1A. Both
before and after the MK-801 blocking protocol EPSCs
were measured at +40 mV in the presence of 1 mM Mg2+


as well as GABAA and AMPA receptor antagonists. These
recordings were not feasible at negative holding potentials
in the absence of Mg2+ due to the appearance of multiple
NMDA receptor-mediated EPSCs evoked by single stimuli
(data not shown). Although NMDA and AMPA compo-
nents of EPSCs can be differentiated from each other, the
continuous barrage of EPSCs in AP bursting cultures
necessitated the blockade of AMPA receptors. CNQX
always blocked all burst activity (Figure 1B) and was
applied during the MK-801 washout period to ensure that
synaptic NMDA receptors remained blocked. Under these
conditions, MK-801 (10 μM) application for 2 to 6 min
encompassing 4 to 8 bursts was sufficient to reduce
NMDA receptor-mediated evoked EPSCs to 19.9 ± 8.2%
of their control amplitude (n = 5, Figure 1C,D). Although
such evoked EPSCs probably do not reflect the response of
all NMDA receptor containing synapses in each cell, they
represent a random subset of such synapses, most of
which were blocked by brief MK-801 treatment during
bicuculline induced bursting.


Having established the parameters necessary to selectively
block synaptic NMDA receptors, we utilized this protocol
to functionally quantify the entire extrasynaptic NMDA
receptor pool in single neurons using simultaneous volt-
age clamp electrophysiology and fluorescent Ca2+ imag-
ing. Synaptic NMDA receptors were blocked by MK-801
during bicuculline induced AP bursting in current clamp
mode (Figure 2A,B). MK-801 was washed out of the bath
in the absence of glycine as in the EPSC protocol however
CNQX was replaced with TTX to block all AP-induced
neurotransmitter release in pre-synaptic cells. Current and
Ca2+ responses to a 30 s rapid bath perfusion (6 ml/min)
of 100 μM NMDA were then measured at a holding poten-
tial of -71 mV (including a -11 mV correction for junction
potential) in 10 μM glycine and in the absence of Mg2+ (n
= 19, Figure 2C,D). The extrasynaptic NMDA receptor
pool was measured in this manner in one cell per cover-
slip.


Protective effects of AP bursting against NMDA toxicity
As a first step towards analyzing a possible mechanistic
link between extrasynaptic NMDA receptor function and
acquired neuroprotection, we established conditions that


promote neuronal survival. Hippocampal neurons were
treated overnight with bicuculline, which induced recur-
rent bursts of APs that are associated with synaptic NMDA
receptor-dependent Ca2+-transients throughout the neu-
ron [3]. Neurons were subsequently challenged with
NMDA (20 μM) for 10 min, which triggers excitotoxic cell
death. In untreated cultures, 9 ± 2% of cells showed con-
densed nuclei indicative of cell death; NMDA treatment
increased this cell death to 47 ± 2%. In cultures that were
pre-treated with AP bursting for 16 h before NMDA appli-
cation, only 14 ± 1% of the neurons showed condensed
nuclei and were counted as dead. AP bursting for 16 h
without subsequent NMDA treatment had no significant
effect on cell death (8 ± 1% of cells were dead) (all exper-
iments at 37°C, 3 coverslips per group repeated in 5 inde-
pendent experiments, Figure 3). These results
demonstrate that recurrent network AP bursting protects
neurons from subsequent NMDA-induced cell death.


Ca2+ responses to toxic NMDA treatment
Since Ca2+ overload has been suggested as a trigger for cell
death in ischemia and NMDA receptor activation
[8,41,42], we measured the Ca2+ load at the soma acti-
vated by this toxic 10 min treatment with 20 μM NMDA
at 37°C (Figure 4A) and compared it with hippocampal
neurons that had been treated overnight (16–24 h) with
bicuculline 50 μM (to induce AP bursting) or 0.05%
DMSO (vehicle) at 37°C. Ca2+ levels at the NMDA
response peak and at a time point 10 min after NMDA
washout were slightly higher in spontaneously bursting
and bicuculline-treated cultures when compared to the
control group (control: n = 250 cells on 5 coverslips,
spontaneously bursting: n = 128 cells on 2 coverslips;
bicuculline: n = 316 cells on 6 coverslips, Figure 4B). This
indicates that prolonged synaptic activity resulting from
AP bursting slightly increases the NMDA-induced Ca2+


entry and/or Ca2+ release from intracellular stores, which
could be due to preloading of the endoplasmic reticulum
and/or a reduced sequestration and removal of Ca2+ from
the cytoplasm. Thus the mechanism of protection
afforded by AP bursting does not involve a reduction in
the Ca2+ load during this toxic NMDA insult or the initial
recovery period thereafter.


Isolated extrasynaptic NMDA receptor-mediated currents 
and Ca2+ signals are not affected by overnight AP bursting
Extrasynaptic NMDA receptors are coupled to a CREB
shut-off mechanism and cell death pathways [4]. We rea-
soned that a specific reduction in extrasynaptic NMDA
receptor numbers or function could underlie the AP burst-
ing-induced protective effects. NMDA receptors are
known to be endocytosed from extrasynaptic sites adja-
cent to post synaptic densities in mature dendritic spines
[33,43,44]. In our cultures at the time point of recordings
(11–12 DIV) spines are present (see Additional file 1). To
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MK-801 effectively blocks synaptic NMDA receptors during bicuculline induced burstingFigure 1
MK-801 effectively blocks synaptic NMDA receptors during bicuculline induced bursting. (A) The MK-801 proto-
col used to selectively block synaptic NMDA receptors is shown schematically (see Methods). NMDA receptor-mediated 
EPSCs were evoked by single stimuli (arrows) and measured in voltage clamp mode (VC) at +40 mV in the presence of 10 μM 
CNQX, 50 μM bicuculline (bic) and 10 μM glycine (gly). Following CNQX washout, bursting returned as was recorded in cur-
rent clamp mode (IC) before 10 μM MK801 was applied for 4 to 8 bursts (42 to 188 spikes, 2.2 to 6.2 min) to selectively block 
synaptic NMDA receptors (synaptic blockade). Bursting was then silenced in CNQX in the absence of glycine to prevent 
unblocking of NMDA receptors. EPSCs were recorded under the same stimulation parameters. (B) Representative recording 
from the IC component of the protocol. (C) NMDA receptor-mediated EPSCs recorded before (black trace) and after (grey 
trace) the MK801 protocol recording shown in B. (D) Cumulative data from 5 neurons showing the EPSC amplitude before 
(control) and after the MK-801 protocol (MK-801). Bars represent the mean and whiskers the SEM.
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Ca2+ and current responses of the total extrasynaptic NMDA receptor pool in single hippocampal neuronsFigure 2
Ca2+ and current responses of the total extrasynaptic NMDA receptor pool in single hippocampal neurons. (A) 
The protocol used to isolate and measure extrasynaptic NMDA receptor responses is shown schematically. Application of 50 
μM bicuculline in the presence of 10 μM glycine initiates recurrent AP bursting as recorded in current clamp (IC). 10 μM MK-
801 is then applied for 4 to 20 bursts (48 to 163 action potentials, 2 to 10 min) to block synaptic NMDA receptors (synaptic 
blockade) before halting synaptic activity with TTX in the absence of glycine. In voltage clamp (VC, Vhold = -71 mV) the extra-
synaptic pool of receptors is then activated with a 30 s application of 100 μM NMDA in the absence of Mg2+ and the presence 
of 10 μM glycine. Spontaneous activity of all cells was measured in cell attached mode before commencing experiments. (B-D) 
Example recordings from the same cell are shown for the (B) IC and (C, D) VC components of the recording. Ca2+ recordings 
in C show the isolated extrasynaptic NMDA receptor response measured in the nucleus (light grey), soma (grey) and a den-
dritic region 50 μm from the soma (black) measured with cell impermeant bis-FURA2.
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AP bursting protects against NMDA-induced cell deathFigure 3
AP bursting protects against NMDA-induced cell death. (A) Hippocampal neurons with (+) or without (-) 16 h bicucul-
line pretreatment (Bic) were incubated with (+) or without (-) 20 μM NMDA for 10 min. Five hours after NMDA washout the 
cells were fixed and stained with Hoechst 33258. Arrowheads indicate dead cells. Scale bar is equal to 10 μm. (B) Evaluation of 
neuronal cultures following treatment with bicuculline and NMDA showed the protective effect of bicuculline pretreatment on 
NMDA induced cell death. The graph represents the mean and SEM of five independent experiments. *** p < 0.001 independ-
ent samples t-test.
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investigate whether such changes occur after prolonged
AP bursting, extrasynaptic NMDA receptor-mediated
whole cell currents and Ca2+ responses were measured at
room temperature in single cells (see Figure 2 and text
above) from overnight vehicle and AP bursting-treated
neurons. All handling and medium change was per-
formed in parallel to equalize non-specific effects. Activity
of patched cells was assessed in cell-attached mode and in
current clamp mode immediately after break-in (data not


shown). All neurons in the bicuculline-induced AP burst-
ing group showed regular bursts of APs in cell-attached
and/or current clamp mode as well as bursting synaptic
input (bursts of spontaneous EPSCs) in voltage clamp
mode. 10 to 20% of cells in the vehicle-treated group
showed evidence of weak but regular bursting and were
discarded from the analysis.


A number of parameters were quantified from the current
and Ca2+ responses to extrasynaptic NMDA receptor stim-
ulation (see Table 1 and Figure 5). No significant differ-
ence was seen between the AP bursting and vehicle
treatment groups in any parameter including amplitude,
area and half widths of either current or Ca2+ response
(current: n = 9 control and 10 bicuculline treated; Ca2+: n
= 5 control and 6 bicuculline treated).


Comparison of AP bursting during MK-801 exposure in 
EPSC and bath NMDA experiments
MK-801 is an open channel blocker requiring synchro-
nous presynaptic glutamate release and postsynaptic
depolarization to block NMDA receptors in a progressive
manner over multiple synaptic activations. Although we
cannot precisely quantify the number of synaptic activa-
tions in the presence of MK-801 in our recordings, we can
estimate this from the number of bursts and APs occurring
postsynaptically. Patch clamp and microelectrode array
recordings have shown that bicuculline-induced bursts
involve significant prolonged depolarization and is
tightly synchronized across broad regions of the hippoc-
ampal culture [39] implying that the activity of a presyn-
aptic and postsynaptic pair of cells is correlated and
synchronized as is necessary for NMDA receptor activa-
tion. Indeed, our recordings of evoked EPSCs presented
here show that synaptic NMDA receptors are rapidly
blocked by our MK-801 protocol. In our recordings of
bath NMDA responses we assumed that synaptic EPSCs
were blocked to a similar extent to that shown in our EPSC
experiments because bursting activity during MK-801
exposure was roughly equivalent to that for EPSC experi-
ments as quantified in terms of several parameters (Table
2).


Large scale analysis of extrasynaptic NMDA receptor-
mediated Ca2+ responses
Having seen no difference in extrasynaptic NMDA recep-
tor function between vehicle and AP bursting pretreat-
ment groups under patch clamp analysis from single cells,
we wished to reinvestigate this result using larger numbers
of cells. For this we used a purely imaging based assay of
Ca2+ responses to extrasynaptic NMDA receptor activation
in multiple cells (typically 50) in a single imaging field
using a 20× objective. Cells were not voltage clamped. To
counteract the effects of strong depolarization-induced
activation of voltage-operated Ca2+ channels (VOCCs)


Imaging of Ca2+ responses to excitotoxic NMDA receptor activationFigure 4
Imaging of Ca2+ responses to excitotoxic NMDA 
receptor activation. (A) Shown are representative Ca2+ 


responses to 20 μM NMDA at 37°C from a representative 
overnight vehicle treated culture. Grey traces show the 
results recorded simultaneously from the soma (including 
nucleus) of multiple cells in the same field of view and black 
traces show the average of these cells. (B) Cumulative data 
measured at the peak of the response during NMDA applica-
tion and at a point 10 min after washout of NMDA are 
shown from vehicle treated (Con, n = 250 cells on 5 cover-
slips) spontaneously bursting (Spon Burst, n = 128 cells on 2 
coverslips) and bicuculline-treated coverslips (Bic, n = 316 
cells on 6 coverslips). Peak NMDA responses and Ca2+ levels 
10 min after NMDA washout in the bicuculline and spontane-
ously bursting groups were larger than those of the control 
groups (p < 0.01, ANOVA, Tukey's posthoc tests).
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Cumulative data indicate no significant difference in extrasynaptic NMDA receptor-mediated current or Ca2+ responses between bicuculline and vehicle treated groupsFigure 5
Cumulative data indicate no significant difference in extrasynaptic NMDA receptor-mediated current or Ca2+ 


responses between bicuculline and vehicle treated groups. Shown are various (A) current and (B, C) Ca2+ measure-
ment parameters from responses of neurons to bath NMDA (100 μM) application following the synaptic blockade with MK-
801 following overnight vehicle (black) and AP bursting (grey) treatment. All histograms show the mean and SEM. Electrophys-
iological measurements come from 9 vehicle and 10 AP bursting treated cells. Ca2+ imaging came from 5 vehicle and 6 AP 
bursting treated cells. No values were significantly different between treatment groups. (A) Peak current density was measured 
from the maximum macroscopic current amplitude divided by the whole cell capacitance. Charge transfer was measured from 
the integral of the current response with respect to baseline between response onset and return to baseline. (B) Ca2+ response 
amplitudes were measured with respect to baseline levels. Ca2+ response half width was calculated for the whole cell current 
measured from the left (on) and right (off) half of the response waveform with respect to the time point of the response peak 
at a level half way between baseline and response peak. (C) Nuclear and somatic Ca2+ concentrations at baseline and the 
NMDA response peak are shown for individual cells whereby each line connects values measured from the same cell.
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and AP-induced neurotransmitter release during NMDA
exposure, we included the L-type VOCC blocker, nifed-
ipine (10 μM), and the Na+ channel blocker, tetrodotoxin
(1 μM) in our solutions. As with previous experiments,
MK-801 (10 μM) was applied to cells once synchronized
bursting was induced with bicuculline, as seen by the reg-
ular synchronized Ca2+ oscillations in all cells (Figure
6A,B). Between 8 and 12 bursts were allowed to occur in
the presence of MK-801 to ensure synaptic blockade. MK-
801 was then washed out in the presence of TTX and the
absence of glycine before Mg2+-free solutions were applied
followed by NMDA (100 μM) for 1 min. Due to the
absence of Mg2+, this protocol induced much stronger
Ca2+ responses than 10 min of 20 μM NMDA application
(see Figure 4) despite the blockade of VOCCs and APs.
The responses were marginally smaller in bicuculline-
treated and spontaneously bursting hippocampal neurons
in comparison to the control group (control: n = 261 cells
on 5 coverslips, spontaneous bursting: n = 225 cells on 4
coverslips, bicuculline: n = 258 cells on 5 coverslips, p <
0.0001, Figure 6C). This result using hundreds of cells
exposed a slight difference in extrasynaptic NMDA recep-


tor function between treatment groups which was too
small to detect with our voltage clamp analysis.


Discussion
Validation of the bicuculline + MK-801 protocol to isolate 
extrasynaptic NMDA receptor function
In the presence of MK-801, NMDA receptors show a step-
wise blockade in response to repeated synaptic activation.
More than 90% blockade of synaptic receptors has been
demonstrated in autaptic cultures after as few as 15 stim-
ulations in 20 μM MK-801 [38] or 60 stimuli in 5 μM MK-
801 [45] and similar blockade is seen in cortical brain
slices after 30 stimulations in 40 μM MK-801 [46]. The
rate of blockade will depend on the probability of trans-
mitter release, the postsynaptic membrane potential, the
concentrations of MK-801 and glycine and the rate of
insertion of any new NMDA receptors into the synapses.


Our recordings of evoked synaptic NMDA EPSCs showed
an 80% blockade after 4 min of MK-801 exposure during
which 5 to 6 network bursts occurred. A similar degree of
blockade after 2 min of the MK-801 protocol has been


Table 1: Current and Ca2+ responses in the vehicle and AP bursting groups were equivalent.


vehicle AP bursting p value


Current peak current pA 607 ± 110 585 ± 82 0.83
peak current density pA/pS 8.49 ± 1.08 9.41 ± 1.00 0.54
charge transfer nC 31.67 ± 6.60 25.95 ± 4.77 0.49
τ on s 7.60 ± 1.14 8.21 ± 1.24 0.72
τ off s 19.64 ± 3.49 16.92 ± 2.76 0.54
left half width s 31.79 ± 3.73 39.27 ± 3.47 0.16
right half width s 78.72 ± 13.94 77.15 ± 10.73 0.93


Ca2+ peak Ca2+ nM 600 ± 133 540 ± 121 0.75
Ca2+ 10 min later nM 270 ± 179 149 ± 51 0.46
Ca2+ AUC nM.s 211 ± 79 152 ± 38 0.46
left half width s 147 ± 101 105 ± 55 0.70
right half width s 287 ± 150 159 ± 34 0.34


Charge transfer and area under the curve (AUC) were calculated from the integral of the trace between the current response onset and return to 
baseline and between the Ca2+ response onset and a point 10 min later. Current data comes from 9 vehicle and 10 AP bursting neurons of which 
Ca2+ data was recorded in 5 vehicle and 6 AP bursting cells. All Ca2+ analysis was performed from a somatic region of interest.


Table 2: Comparison of burst properties during MK-801 exposure in experiments measuring NMDA receptor-mediated EPSCs 
(EPSC) and those measuring whole cell current responses to bath NMDA after EPSC blockade (Extrasynaptic).


Experiment Type EPSC Extrasynaptic


n 5 19
incubation time min 4.5 ± 0.7 4.9 ± 0.5
number of bursts 6.6 ± 1.4 6.2 ± 1.2
number of spikes 106 ± 34 97 ± 13
RMP mV -60.9 ± 4.7 -58.2 ± 1.7
Vm during bursts mV -50.0 ± 2.0 -53.7 ± 2.0
depolarisation V.s 202.4 ± 73.6 187.6 ± 34.6


Average membrane potential (Vm) during bursts was calculated from the burst onset till the return to the baseline resting membrane potential 
(RMP). Depolarization was calculated from the integral of the membrane potential above RMP over this same period summed across all bursts for 
each cell.
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Imaging of Ca2+ responses to whole cell extrasynaptic NMDA receptor activationFigure 6
Imaging of Ca2+ responses to whole cell extrasynaptic NMDA receptor activation. Ca2+ responses were measured 
in cells loaded with X-Rhod 1-AM using the same protocol shown in Figure 2A except 10 μM nifedipine (nif) was included in 
the TTX containing solution. (A) Representative recording from a coverslip following overnight vehicle treatment. (B) Repre-
sentative recording from a coverslip following overnight AP bursting. Grey traces show the results recorded simultaneously 
from the soma (including nucleus) of multiple cells in the same field of view and black traces show the average of these cells. 
(C) Cumulative data are shown from vehicle treated non bursting coverslips (Con, n = 261 cells on 5 coverslips), vehicle 
treated coverslips showing spontaneous bursting events (Spon Burst, n = 225 cells on 4 coverslips) and bicuculline-treated cov-
erslips, all of which showed synchronous rhythmic AP bursting (Bic, n = 258 cells on 5 coverslips). The peak of the NMDA 
response is normalized to the response to ionomycin (Fmax) in the same cell. Bars represent the mean and whiskers the SEM. 
The vehicle treated group was significantly different from the other two groups (* p < 0.0001, ANOVA, Tukey's posthoc tests).
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previously reported [13]. While further bursting may have
produced a more complete blockade of synaptic NMDA
receptors, it is necessary to limit the period of MK-801
application due to the presumed ongoing exchange of
synaptic and extrasynaptic NMDA receptors through lat-
eral movement [38]. Such exchange is likely to add
blocked receptors to the extrasynaptic receptor popula-
tion and may prevent complete blockade of synaptic
responses due to the continuous immigration of
unblocked NMDA receptors into the synapse. The use of
4-aminopyridine to enhance bursting [40] could poten-
tially avoid this problem by accelerating synaptic block-
ade. Higher concentrations of MK-801 are not
recommended as they sometimes block burst activity in
our cultures just as NMDA receptor antagonists can shut
off rhythmic bursting in slices [47] and reduce synapti-
cally-activated spikes in the hippocampus in vivo [for
example [48]]. Alternatively, it remains possible that the
residual 20% of EPSCs not blocked by the MK-801 and
bicuculline protocol represent NMDA receptor-contain-
ing synapses which were not activated by bicuculline-
induced AP bursting. A similar percentage of neurons in
bicuculline-treated cultures did not show bursting in cell-
attached and whole cell current clamp modes. Note that
residual unblocked synaptic receptors will contribute to
our estimates of the extrasynaptic pool of NMDA recep-
tors. Considering that the synaptic pool represents about
50% of the total NMDA receptor pool based on estimates
from similar hippocampal cultures [13], this implies that
17% of our estimate of extrasynaptic function may be gen-
erated by synaptic receptors. Our protocol effectively iso-
lates the extrasynaptic NMDA receptor function in
standard hippocampal neuronal cultures and is a robust
method to selectively activate or quantify this receptor
population. This can serve as a valuable tool to study
extrasynaptic NMDA receptor function in vitro as we have
done here to explore the involvement of trafficking in the
protective effects of synaptic activity.


Overnight recurrent AP bursting only marginally alters 
extrasynaptic NMDA receptor function
The only significant difference found in extrasynaptic
NMDA receptor function between vehicle and overnight
bursting treatment groups was a slightly smaller Ca2+


response in the latter. The 6% difference between these
groups was highly significant but seems unlikely to
account for the dramatic reduction in cell death afforded
by pretreating cells with overnight bursting. However, we
cannot rule out the possibility that a critical threshold for
toxicity exists and that this 6% difference in extrasynaptic
receptor function straddles this threshold to produce a
dramatic difference in cell death between control and AP
bursting groups. However, it seems more likely that mech-
anisms other than reduced extrasynaptic NMDA receptor
function – such as Ca2+ regulation of survival-promoting


genes [7] – are primarily responsible for the protective
effects of synaptic NMDA receptor stimulation with over-
night AP bursting treatment. Our observation that extras-
ynaptic NMDA receptor numbers are only marginally
affected by prolonged increases in synaptic activity paral-
lel reports showing that extrasynaptic NMDA receptors in
contrast to synaptic receptors are unaffected by prolonged
depression of synaptic activity with ethanol [49].


Other potential mechanisms for activity-induced neuro-
protection include an enhanced ability of pre-treated neu-
rons to cope with a normally toxic Ca2+ load during
NMDA treatment. Regular transient Ca2+ influx associated
with AP bursting for an extended period might be
expected to foster improved Ca2+ buffering, sequestration,
or extrusion mechanisms in neurons. To the contrary,
however, the normally toxic 10 min NMDA application
produced a slightly higher average Ca2+ response in hip-
pocampal neurons treated with overnight AP bursting (see
Figure 4B). Thus prolonged AP bursting does not seem to
promote neuroprotection by improving the dissipation of
a toxic Ca2+ load.


It is possible that the relative contribution of synaptic and
extrasynaptic NMDA receptors to the Ca2+ load activated
by an NMDA insult determines its toxicity and that the rel-
ative contribution of these two receptor populations is
altered by activity. The Ca2+ response to bath applied
NMDA arises from a mixed source including both synap-
tic and extrasynaptic NMDA receptor populations and
VOCCs, which differentially couple to CREB function and
mitochondrial membrane potential breakdown [4,20].
The larger Ca2+ transients in cells pretreated with AP burst-
ing (see Figure 4B) may result from an enhanced survival-
promoting synaptic NMDA receptor component, which
more than compensates for the observed slightly reduced
extrasynaptic NMDA receptor function in this group.
NMDA receptor exocytosis and synaptic function can be
up-regulated by synaptic activity leading to long-term
potentiation [50,51]. AP bursting in hippocampal cul-
tures also potentiates synaptic transmission [39]. Any
enhancement of synaptic NMDA receptor number or
function should promote the protective effect of this
receptor population.


It remains possible that overnight bursting accelerates the
development of spines and synapses containing NMDA
receptors thus increasing the synaptic NMDA receptor
pool in a given neuron. Ca2+ signaling from synaptic
NMDA receptors is known to enhance dendritic out-
growth [52] and synaptic delivery of NMDA receptors
occurs within hours of synaptic activation [53-55]. This
scenario predicts an increase in the total (synaptic plus
extrasynaptic) NMDA receptor pool consistent with the
slightly higher Ca2+ response to bath applied NMDA in
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cultures exposed to overnight AP bursting (see Figure 4B).
The sprouting and/or growth of new NMDA receptor-con-
taining synapses would also strengthen the relative contri-
bution of synaptic receptors to the response to bath
applied NMDA. This would help counteract the extrasyn-
aptic NMDA receptor-mediated toxic effects and facilitate
neuroprotection in cultures treated with overnight AP
bursting. Regardless of any (minor) alteration in surface
expression or distribution of NMDA receptors, the oppo-
sition of synaptic activity to NMDA receptor-mediated
death converges at a level downstream of the receptor,
through opposing effects on CREB function and target
gene activation [2,4,7].


Conclusion
We have developed and validated a technique for the iso-
lation and quantitative functional assessment of the extra-
synaptic NMDA receptor pool in cultured hippocampal
neurons participating in neuronal networks. With this
method we have shown that prolonged periods of AP
bursting, which protects neurons from subsequent toxic
insults, causes little change in the function of the extrasy-
naptic NMDA receptor pool, a receptor population linked
to neuron death.


Methods
Hippocampal Cell Culture
Hippocampal neurons from new-born Sprague Dawley
rats were prepared as described [56] except that growth
media was supplemented with B27 (Gibco/BRL or Invit-
rogen, San Diego, CA) 3% rat serum and 1 mM glutamine.
Neurons were plated onto 12 mm glass coverslips or plas-
tic 4-well dishes at a density between 400 and 600 cells
per mm2. All stimulations and recordings were done after
a culturing period of 10 to 12 days during which hippoc-
ampal neurons develop a rich network of processes,
express functional NMDA-type and AMPA/kainate-type
glutamate receptors, and form synaptic contacts [3,4,57].


The induction of network bursting and the cell death assay
Bursts of AP firing throughout the neuronal network was
induced by treatment of the neurons with 50 μM bicucul-
line [3,39]. Bicuculline was dissolved in DMSO which did
not exceed a final concentration of 0.05%. Cells with or
without 16 h bicuculline pretreatment were subjected to
20 μM NMDA for 10 min at 37°C to induce cell death.
After washout of NMDA cells were incubated for a further
5 h at 37°C before fixation with paraformaldehyde (4%)
and stained with Hoechst 33528. Cell death was evalu-
ated at a light microscope (Leica DM IRBE) with 40× mag-
nification by counting condensed nuclei in 20 fields of
view for every condition in each experiment. Pictures of
representative areas were taken with a CCD camera (Spot
Insight2; Visitron Systems, Puchheim, Germany).


Patch clamp recordings
Whole-cell patch clamp recordings were made from cul-
tured hippocampal neurons plated on coverslips secured
with a platinum ring in a recording chamber (PM-1,
Warner Instruments, Hamden, CT, USA) mounted on a
fixed-stage upright microscope (BX51WI, Olympus, Ham-
burg, Germany). Differential interference contrast optics,
infrared illumination and a CCD camera (Photometrics
Coolsnap HQ, Visitron Systems, Puchheim, Germany)
were used to view neurons on a computer monitor using
a software interface (Metamorph, Universal Imaging Sys-
tems, Downington PA, USA).


The standard extracellular solution contained (in mM)
NaCl 140, KCl 5.3, MgCl2 1, CaCl2 2, HEPES 10, glycine
0.01, glucose 30, Na-pyruvate 0.5. Patch electrodes (3–4
MΩ) were made from borosilicate glass (1.5 mm, WPI,
Sarasota, FL, USA) and filled with a potassium methylsul-
phate based intracellular solution (containing in mM:
KCH3SO4, 135; NaCl, 8; KCl, 12; HEPES, 10; K2-phospho-
creatine, 10; Mg2-ATP, 4; Na3-GTP, 0.3; pH 7.35 with
KOH). Recordings were made with a Multiclamp 700B
amplifier, digitized through a Digidata 1322A A/D con-
verter, acquired and analysed using pClamp software
(Axon Instruments, Union City, CA, USA). Access (range:
10 – 28 MΩ) was monitored regularly during voltage
clamp recordings and data was rejected if changes greater
than 20% occurred. All membrane potentials have been
corrected for the calculated junction potential of -11 mV
(JPCalc program by Dr. Peter H. Barry).


Measurement of NMDA receptor-mediated eEPSCs
Synaptic NMDA receptor-mediated currents were
recorded at a holding potential of +40 mV in the presence
of 10 μM glycine, 1 mM extracellular Mg2+, -(-)bicuculline
(50 μM, Sigma), and 6-cyano-7-nitroquinoxaline-2, 3-
dione (CNQX, 10 μM, Tocris). In some recordings, extra-
cellular Ca2+ concentration was reduced to 0.2 mM to
reduce Ca2+ mediated inactivation of the NMDA receptor
[58]. Evoked excitatory post-synaptic currents (eEPSCs)
were recorded in response to single 100 μs long constant
current pulse stimuli (80 to 200 μA) from an A365 stimu-
lus isolator using either a tungsten stereotrode (World
Presicion Instuments, Sarasota, FL, USA) or 2 glass elec-
trodes whose tips were positioned in contact with the tis-
sue matrix on the surface of the coverslip, on either side of
the recorded cell and at a separation of 100 to 200 μm.


MK-801 protocol to isolate extrasynaptic NMDA 
receptors
Extrasynaptic NMDA receptor-mediated currents were
recorded following blockade of synaptic NMDA receptors
using MK-801 application during recurrent network burst-
ing activity. 10 μM glycine was used in all our measure-
ments of extrasynaptic NMDA receptor function to
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minimize glycine dependent NMDA receptor desensitiza-
tion [59] and does not prime cells for NMDA receptor
internalization [60]. Patched neurons were held in current
clamp mode and bicuculline was applied. Once regular
bursting was established (2–4 min), MK-801 (10 μM, Toc-
ris Cookson Ltd, Bristol, UK) was added for a further 3–10
min of bursting activity. The MK-801/bicuculline solution
was then washed out for 4–6 min with a solution contain-
ing no glycine and 1 μM TTX (Tocris) to halt all action
potentials and NMDA receptor activation thus preventing
unblocking. The cell was then voltage clamped at -71 mV
and a zero Mg2+ solution containing glycine (10 μM, 2
mins, 6 ml/min) was washed on for 2 min before bath
application of NMDA (100 μM, 30 s, 6 ml/min). Current
and calcium responses were used to quantify the total
functional pool of extrasynaptic NMDA receptors for each
cell. NMDA current responses typically showed an initial
peak followed by decay which did not reach steady state
within this application period. Ca2+ responses did not
reach a peak or steady state plateau within this period.


Alternatively, to test for the blockade of NMDA-receptor-
mediated EPSCs following the MK-801/bicuculline proto-
col, bicuculline was not removed during the MK-801
washout period and CNQX (10 μM) was added instead of
TTX. CNQX was just as rapid and effective as TTX in block-
ing all burst activity.


Calcium Imaging
Bis-FURA2 (125 μM, Biotium, Hayward, CA, USA) was
included in the recording pipette solution where indi-
cated and allowed to perfuse the neuron intracellularly for
at least 20 min before calcium measurements began. Exci-
tation at 340 and 380 nm (bandwidth 10 and 20 nm
respectively) was generated by a monochromator coupled
to a light source with a 75W Xenon arc lamp (Optoscan
and Optosource, Cairn, Faversham, UK). Emission was fil-
tered (D510/80, Chroma technologies). Calibration was
performed according to the recommendations of Wil-
liams and Fay [61] and Grynkiewicz [62] using the formu-
las:


where R represents the ratio of background (Bkg) sub-
tracted emission (Em) evoked by excitation at 340 and
380 nm, kd represents the empirical estimate of the kd for
bis-FURA2 using the intracellular solution (see above)
with added mixtures of Ca2+/EGTA to give theoretical Ca2+


concentrations calculated according to Portzehl et al [63],
Rmax represents the ratio value achieved following per-


fusion with 10 μM ionomycin and 10 mM Ca2+, Rmin rep-
resents the ratio following subsequent perfusion with 10
mM EGTA in nominally Ca2+-free solution, Sf2 and SB2
represent the denominators used to calculate Rmax and
Rmin, respectively. Regions of interest used for analysis of
nuclear and non-nuclear somatic compartments were set
as small regions well within and without the presumed
nuclear boundary respectively. The nucleus was roughly
identified by its much brighter labeling with bis-FURA2 as
seen in single wavelength images. For multi-cellular Ca2+


imaging experiments, cells were loaded at room tempera-
ture with membrane permeable X-Rhod1-AM (0.3 μM,
dissolved in pluronic acid and DMSO, final concentration
0.1% DMSO) for 40 min followed by at least 20 min after
washout to allow complete de-esterification of the dye.
Overnight bicuculline treated cells were maintained in
bicuculline during any loading and transfer procedure.
Excitation light of 574 nm with a bandwidth of 20 nm was
passed through a clean-up filter (560–580 nm, Chroma
Technologies) and emission light was filtered through a
590–650 nm filter (Chroma Technologies). Somatic Ca2+
levels were quantified as:


Where F represents the average fluorescence intensity in a
somatic ROI, Fmax represents the maximal F after incuba-
tion in ionomycin (50 μM), Fmin represents the minimal F
after subsequent application of EGTA (30 mM) or a satu-
rated manganese solution (1:200). NMDA responses were
normalized to Fmax (i.e. FNMDA/Fmax). All data are
expressed as mean ± standard error of the mean.
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Additional file 1
Image of a dendrite with dendritic spines from a cultured hippocampal 
neuron. Confocal image (collapsed from 8 optical sections of 0.5 μm 
thickness) of GFP in the dendrite of a cultured hippocampal neuron at 
DIV 12. The cultures were prepared and treated identically to those used 
for the other experiments in this study except that they were transfected at 
DIV 8 with an expression vector for eGFP. Note the abundance of spines 
although many show an immature morphology. The scale bar is 10 μm.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2202-9-11-S1.pdf]
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Abstract
α-Synuclein is a small protein that has special relevance for understanding Parkinson disease and
related disorders. Not only is α-synuclein found in Lewy bodies characteristic of Parkinson disease,
but also mutations in the gene for α-synuclein can cause an inherited form of Parkinson disease and
expression of normal α-synuclein can increase the risk of developing Parkinson disease in sporadic,
or non-familial, cases. Both sporadic and familial Parkinson disease are characterized by substantial
loss of several groups of neurons, including the dopaminergic cells of the substantia nigra that are
the target of most current symptomatic therapies. Therefore, it is predicted that α-synuclein,
especially in its mutant forms or under conditions where its expression levels are increased, is a
toxic protein in the sense that it is associated with an increased rate of neuronal cell death. This
review will discuss the experimental contexts in which α-synuclein has been demonstrated to be
toxic. I will also outline what is known about the mechanisms by which α-synuclein triggers
neuronal damage, and identify some of the current gaps in our knowledge about this subject. Finally,
the therapeutic implications of toxicity of α-synuclein will be discussed.


All neurodegenerative diseases share the common phe-
nomenon that neurons, usually relatively specific groups,
are lost progressively as the disease develops. In some
cases, we can provide partial relief for patients by treating
some of their symptoms. However, because we don't
understand the underling mechanisms of why neurons
die, degeneration continues inexorably and old symp-
toms often become unresponsive while new ones arrive.
At the end of the disease process, we are left with only a
few clues about what might have happened based on what
we can glean from the pathology of the disease using post
mortem samples. In general, the root cause of neurodegen-
eration remains obscure although rare genetic variants are
helpful in that we can be certain that an inherited muta-
tion acts as the trigger for disease in that specific family.


Here, I will discuss cell loss related to Parkinson disease
(PD) in the context of one protein, α-synuclein, that has
several links to the disorder. In doing so, I will outline
what we know about the ways in which a protein can lead
to cell death. Before doing so, it is worth discussing what
PD is, and what it isn't.


Cell death in PD
It is very commonly said that PD is the second most com-
mon neurodegenerative disease and results from a loss of
dopamine neurons. The first fact is dull and the second
tells only part of the story. It is true that PD patients have
a substantial loss of dopamine in the striatum resulting
from a relatively selective loss of dopaminergic projection
neurons in the substantia nigra pars compacta. Both bio-
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chemical measures and imaging modalities suggest that at
least a 70% decrease in striatal dopamine occurs before
the onset of clinical parkinsonism and progresses over
time [1]. These estimates of the extent of striatal
dopamine depletion, combined with the observation that
the majority of dopaminergic neurons are lost by the end
of the disease process, imply that there is substantial cell
death throughout the PD disease process. It is not possible
to show this directly, but measurements of nigral cell
numbers in neurologically normal people and in non-
human primates reveal a slow progressive loss of
dopamine neurons with age [2]. In this view, parkinson-
ism is an accelerated, but still slow, cell death phenotype
that would normally be seen with aging [3].


However, while there is relative vulnerability of dopamin-
ergic neurons in the substantia nigra [4], not all dopamine
cells are affected in PD. For example, although dopamin-
ergic neurons in the ventral tegmental area that project to
the nucleus accumbens do degenerate [5], compared to
the dopaminergic neurons in the substantia nigra pars
compacta these cells are relatively spared [6,7].


Furthermore, not all affected neurons in PD are dopamin-
ergic. Non-motor symptoms are a serious problem for
many PD patients and are often untreated by replacement
therapy with L-DOPA (3,4-dihydroxy-L-phenylalanine)
[8]. A good example of non-dopaminergic cells that
degenerate in PD is the cholinergic neurons in the dorsal
vagal nucleus [9]. It has been suggested that involvement
of non-nigral regions underlies the complex clinical pic-
ture in PD [10]. Therefore, although there is some specifi-
city to cell death in PD, there is no absolute selectivity for
any specific neurotransmitter group or anatomic region. It
is also important to note that loss of nigral neurons occurs
in diverse pathological situations [4] and that on its own,
nigral cell loss defines the clinical term parkinsonism, not
Parkinson disease.


This distinction is also important when discussing the
other major pathological event in PD that appears along-
side cell death, the formation of Lewy bodies and Lewy
neurites. Lewy bodies are intracellular deposits of proteins
and lipids [11] that were traditionally stained with eosin
but now are more sensitively recognized by antibodies to
specific marker proteins [12]. Using electron microscopy,
Lewy bodies are fibrillar structures with a recognizable
core and halo [13]. The range of Lewy pathology is now
recognized as encompassing many regions of the diseased
brain [14] including, for example, the olfactory bulb,
raphe nucleus, locus coeruleus and the basal nucleus of
Meynert. Additionally, some reports suggest that the nigra
is not the first place where Lewy bodies form [15]. How
this relates to the extent of cell loss in each region is not
well defined. Lewy bodies are also seen in dementia with


Lewy bodies (DLB, also known as Diffuse Lewy body Dis-
ease or DLBD), suggesting that PD and DLBD are related
to one another by shared pathology and maybe by shared
etiology.


Therefore, PD is a disease where substantial cell loss in the
nigra occurs alongside the formation of Lewy bodies. Nei-
ther cell loss nor Lewy bodies is absolutely specific for PD
but both are required for a diagnosis of PD under current
definitions [16]. This review will focus on cell death, but
it is important to understand a little more about the most
commonly used marker for Lewy bodies; α-synuclein.


α-Synuclein is a marker of the PD process
The first member of the family of proteins for which α-
synuclein is named was cloned from the neuromuscular
junction of the electric eel [17]. Antibodies against that
protein labeled both synapses and nuclei, leading to the
naming of synuclein. A related protein was cloned from
zebra finch as a protein upregulated during the process of
song learning, a period of enormous synaptic plasticity
[18]. In humans, there are three synuclein family mem-
bers (α-,β-,γ-) and all synuclein genes are relatively well
conserved both within and between species [19]. The
synuclein genes are specific to the vertebrate lineage in
that neither single cell organisms (including yeast) nor
invertebrates (Drosophila melanogaster, Caenorhabditis ele-
gans) have any apparent synuclein homologue. Addition-
ally, primate α-synuclein sequences differ from other
vertebrate synucleins by a substitution of Alanine for a
Threonine at position 53 [20]. These two interesting facts
about the evolutionary relationships in the synuclein fam-
ily are important for understanding some of the experi-
mental systems where synuclein has been explored.


The normal function of α-synuclein is poorly understood.
Although it is expressed at high levels in the brain, rela-
tively specifically within neurons, it is also found in other
tissues, e.g., hematopoietic cells [21,22]. α-Synuclein can
bind to lipids [23] and, in neurons, is associated with pre-
synaptic vesicles [24,25] and the plasma membrane, pos-
sibly via lipid rafts [26]. The association of α-synuclein
with vesicles is modulated by synaptic activity where the
protein dissociates from vesicles after electrical stimula-
tion of the neuron and only slowly re-associates [27].
However, α-synuclein knockout mice show only subtle
abnormalities in neurotransmission [28-30], suggesting
that α-synuclein plays a non-essential function at the syn-
apse. There is some evidence that such a modulatory role
may be more important under conditions where reactive
oxygen species or nitric oxide are present [31,32],
although the mechanism(s) are not yet fully defined.


In the normal brain, α-synuclein immunostaining reveals
a diffuse pattern of reactivity throughout the neuropil that
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would be consistent with a predominantly synaptic local-
ization [25]. However, in PD brains, α-synuclein antibod-
ies strongly stain Lewy bodies [33] and Lewy neurites [34].
Because of this sensitivity, α-synuclein staining is now
more commonly used than eosin or ubiquitin staining for
these structures. Biochemical analyses have shown that α-
synuclein is a major protein component of Lewy bodies
and may be part of the fibrillar structure of these structures
[35]. The deposited, pathological forms of α-synuclein are
aggregated and show lower solubility than the normal
protein [36] and may be modified post-translationally by
truncation, nitration, ubiquitylation and phosphoryla-
tion [37-40].


Therefore, α-synuclein protein deposition into Lewy bod-
ies is a marker of the PD disease state. However, because
we require Lewy bodies for a PD diagnosis this isn't an
especially strong argument for involvement of α-synu-
clein in the disease process. It is also important to note
that, although we cannot determine if Lewy bodies previ-
ously formed in the cells that eventually died, the individ-
ual neurons where Lewy bodies are found are the ones
that have survived the disease process (though they still
may be dysfunctional). Very recently, it has been shown
that Lewy bodies form in functional dopaminergic neu-
rons grafted in to brains of people with PD as a therapeu-
tic intervention [41,42], although this is not always seen
[43]. These were embryonic cells that remained appar-
ently healthy and were functional after grafting, which
suggests that there is the environment of the PD brain pre-
disposes even young cells to form Lewy bodies.


In summary, the available evidence identifies α-synuclein
as a marker of the PD/DLB process but do not prove that
it has a causal role. The evidence that it does comes from
a variety of human genetic studies.


α-Synuclein can cause PD
A key discovery in understanding PD was the report that
an A53T mutation in the α-synuclein gene was causal for
dominantly inherited disease [44]. This was the first clear
report that a Mendelian gene could be a cause of PD,
which to that point had been thought of as a non-genetic
disease. It is interesting that the first mutation found was
A53T, i.e. a reversion of the human Alanine to the ances-
tral Threonine found in rodents and many other species.
Since then, two other point mutations, A30P [45] and
E46K [46], have been reported in different families. It is
also important that while many cases are reported to have
a phenotype of 'PD', in fact several patients in the A53T
and E46K [46] families have a more diffuse involvement
of synuclein deposition [47,48] and clinical features that
presumably result from this degree of involvement of
non-dopaminergic systems [49].


A second group of important cases have multiplications of
the normal wild type allele of SNCA, the gene that


encodes for the α-synuclein protein. Cases with SNCA
duplication have a brainstem-predominant PD pheno-
type [50], while cases with a triplication have a Lewy body
disease that again involves several brain regions [51,52].
Measurements of protein levels in triplication show the
predicted doubling of α-synuclein in blood as well as
increased levels and deposition of the protein in the cere-
bral cortex where Lewy bodies are found [21]. Therefore,
even without sequence variants, α-synuclein dosage can
be causal for Lewy body disease.


A third piece of genetic evidence comes from the reports
common variants around the α-synuclein gene are associ-
ated with lifetime risk of sporadic PD. Both the promoter
region, specifically the Rep1 polymorphic repeat [53], and
polymorphisms towards the 3' end of the gene are associ-
ated with PD [54]. Although it is not known specifically
how these risk variants influence lifetime incidence of PD,
it seems likely that they increase α-synuclein protein levels
in the brain.


Collectively, the human genetic data strongly support a
causal role for α-synuclein in PD/DLBD. Whether Lewy
bodies are causal or consequential is less clear, but they do
support the idea that α-synuclein represents an important
link between sporadic and inherited PD. The various lines
of evidence identify α-synuclein as a potentially toxic pro-
tein, fulfilling the requirements of a causative agent in PD
[55]. The question now is how, and in what context, is α-
synuclein toxic, and can we do anything about it?


Where and when is α-synuclein toxic?
Given that cell loss is a major event in human PD, com-
bined with the evidence that α-synuclein plays a causal
role in disease, it is reasonable to infer that α-synuclein is
toxic to human neurons. The time course is likely to be
protracted, with the most likely explanation that there is
asynchronous cell death that results in a slow depletion of
the populations of relatively vulnerable neurons. How-
ever, it is not possible to watch cells die in the human
brain and so we have to turn to experimental models to
confirm or refute the idea that α-synuclein is toxic.


Yeast models are probably the simplest system used to
show that expression of human α-synuclein evokes toxic
events. In growing and stationary phase cultures,
increased expression of α-synuclein limits cell growth [56-
65]. These experiments are extraordinarily useful in defin-
ing pathways that underpin the toxic effects of the protein.
α-Synuclein toxicity has also been demonstrated in Dro-
sophila, where dopaminergic neuron cell loss has been
reported [66-73], although this result is a little controver-
sial [74] and the effects are modest. The worm C. elegans
can also be used to show that α-synuclein can damage
dopamine neurons in an intact, in vivo, setting [75-80].
What links these three model systems is that they all show
a detrimental effect of expression of α-synuclein in organ-
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isms where the protein is not normally present. One read-
ing of this data is that, at least in terms of toxicity
occurring over days to weeks, the normal function of the
protein is probably not relevant.


A situation where α-synuclein is normally present is in
mammalian cell culture models. Two commonly used sys-
tems are primary neurons, including dopaminergic cul-
tures of the ventral midbrain, or neuroblastoma derived
cell lines. Experiments showing the most substantial
effects of α-synuclein include those where the protein is
transiently expressed, e.g. from viral vectors [81-86], or
expression is controlled from an inducible promoter sys-
tem [87-89], although some authors have reported a lack
of toxicity in similar circumstances [90]. In midbrain cul-
tures, toxicity is higher for dopamine neurons than other
cells [81], which may be relevant to the relative vulnera-
bility of nigral neurons in PD. Some experiments show
nicely that the difference between wild type and mutant
protein is really a matter of dose and that at increasing
expression levels, the normal protein becomes as toxic as
the dominant mutants [89].


Although potentially useful in for understanding mecha-
nisms, these cell-based models are taken out of their in
vivo context and tend to show cell loss over a few days,
compared to the predicted years of progress in the disease.
A more intact approach is to express α-synuclein using
transgenic technology in various parts of the mouse CNS.
Some of these models show toxicity, particularly in the
spinal cord, but nigral cell loss is absent or modest [91-
97]. Several models do show accumulation and insolubil-
ity of α-synuclein [e.g., [36,91,93,98]], although whether
true Lewy bodies are formed is uncertain. Therefore, most
mouse models reported to date are better for understand-
ing α-synuclein deposition than frank cellular toxicity.
Why this is the case is unclear, but it is interesting that
crossing transgenic models with mouse α-synuclein
knockouts exacerbates phenotypes [99-101], suggesting
that the presence of the murine protein limits damage in
some undefined way. The lack of an ideal PD mouse
model that more completely captures the human pheno-
type limits our current studies of α-synuclein toxicity.
Though a goal worth pursuing, creation of such an ideal
mouse model may be very challenging given the limita-
tions of mouse lifespan and differences in physiology
between mice and humans.


An alternate approach to traditional transgenics is to use
viral vectors to deliver α-synuclein directly to the substan-
tia nigra in mice [102], rats [103-106] or non-human pri-
mates [107-109]. In these approaches, a significant cell
loss is noted along with deposition of α-synuclein pro-
tein. The extent of cell loss is less dramatic than in human
PD and behavioral effects are similarly modest. However,


the critical observation here is that α-synuclein can induce
toxicity in vivo using vertebrate organisms, with a time
course of several weeks, allowing for some dissection of
mechanism.


Taken together, all of this evidence suggests that α-synu-
clein can induce toxicity in a variety of contexts, from sim-
ple organisms to dopamine neurons in the primate
substantia nigra. It is less clear whether all of these situa-
tions are directly relevant to the human disease, where cell
loss is probably more protracted, but as a practical matter
such models at least afford an opportunity to examine
mechanism(s) by which α-synuclein triggers neuronal
death.


Why is α-synuclein toxic?
Some of the above model systems have been used to
probe the mechanism(s) by which α-synuclein causes cell
death. These can generally be sorted into aspects of the
protein itself effects of the protein to the biological system
(see figure 1). Appendix 1 highlights some of the key
observations related to this critical question.


Aspects of protein chemistry of -synuclein and toxicity
α-Synuclein has a strong tendency to self-associate in vitro
[110,111], and so a prime candidate for the underlying
driving force for toxicity is the formation of aggregated
species. One of the important questions about this idea is
which species are present in cells/tissues. Oligomeric spe-
cies can be isolated from cells [112-114] and from human
[21] and mouse (both wild type and α-synuclein trans-
genic) brain [115]. In both cells and brain, oligomers are
particularly found in membrane-enriched fractions
[112,115], suggesting a possible influence of the lipid
environment on oligomer formation. Higher molecular
weight forms have also been found in some models [116],
especially after oxidative stress [117] or exposure to
inflammatory triggers in mice [100]. Deposited α-synu-
clein immunoreactivity has been seen in transgenic [91-
97] or viral models [102-109]. However, the observation
of aggregated α-synuclein by and of itself does not prove
that aggregation is important; as discussed for Lewy bod-
ies, all this proves is that deposition occurs, not that it is
causal.


Some recent studies have attempted to answer this ques-
tion, mainly using cell-based approaches. For example,
some oligomeric forms of α-synuclein trigger calcium
entry and toxicity in SY5Y cells [118]. Interestingly, differ-
ent species show differential toxicity, suggesting that not
all oligomers are created equal. However, the nature of
this experiment is to add α-synuclein to the outside of the
cell, which may or may not be relevant to the pathophys-
iological situation. As α-synuclein is intracellular, it seems
more likely that the protein would form aggregate inside
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Events in α-synuclein toxicityFigure 1
Events in α-synuclein toxicity. The central panel shows the major pathway for protein aggregation. Monomeric α-synuclein 
is natively unfolded in solution but can also bind to membranes in an α-helical form. It seems likely that these two species exist 
in equilibrium within the cell, although this is unproven. From in vitro work, it is clear that unfolded monomer can aggregate 
first into small oligomeric species that can be stabilized by β-sheet-like interactions and then into higher molecular weight 
insoluble fibrils. In a cellular context, there is some evidence that the presence of lipids can promote oligomer formation: α-
synuclein can also form annular, pore-like structures that interact with membranes. The deposition of α-synuclein into patho-
logical structures such as Lewy bodies is probably a late event that occurs in some neurons. On the left hand side are some of 
the known modifiers of this process. Electrical activity in neurons changes the association of α-synuclein with vesicles and may 
also stimulate polo-like kinase 2 (PLK2), which has been shown to phosphorylate α-synuclein at Ser129. Other kinases have 
also been proposed to be involved. As well as phosphorylation, truncation through proteases such as calpains, and nitration, 
probably through nitric oxide (NO) or other reactive nitrogen species that are present during inflammation, all modify synu-
clein such that it has a higher tendency to aggregate. The addition of ubiquitin (shown as a black spot) to Lewy bodies is prob-
ably a secondary process to deposition. On the right are some of the proposed cellular targets for α-synuclein mediated 
toxicity, which include (from top to bottom) ER-golgi transport, synaptic vesicles, mitochondria and lysosomes and other pro-
teolytic machinery. In each of these cases, it is proposed that α-synuclein has detrimental effects, listed below each arrow, 
although at this time it is not clear if any of these are either necessary or sufficient for toxicity in neurons.
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cells. The presence of fibrils in Lewy bodies would support
this contention. However, α-synuclein can end up in the
extracellular media [119] and it is possible that the condi-
tions for aggregation might be more suitable in a milieu
free of cells. The relevance of extracellular α-synuclein is
an important question, raised also by the observation of
Lewy bodies in grafted neurons [41,42] and the attendant
hypothesis of 'host to graft transmission'.


Some studies have attempted to address whether intracel-
lular aggregates of α-synuclein contribute to toxicity. For
example, several imaging techniques shown that, in the
context of a living cell, α-synuclein can form small oli-
gomers, likely in an antiparallel configuration [114,120]
and such oligomers can be associated with cell toxicity.


These approaches have been used to show that overex-
pression of heat shock proteins (Hsps) can mitigate both
oligomer formation and toxicity [114,120,121]. In vivo,
Hsps can prevent toxic effects of α-synuclein in yeast [59]
and in flies [67]. Whether these studies constitute formal
proof that aggregation is required for toxicity is unclear as
there are other theoretical interpretations of the data. For
example, a formal possibility is that monomeric α-synu-
clein is toxic and, thus, any protein binding the protein
directly could limit toxicity. It should be stated that the
mechanism(s) by which monomers of α-synuclein could
be toxic are relatively unexplored but, equally, there is an
absence of proof that aggregation is absolutely required
for toxicity. Alternatively, Hsps could be limiting a detri-
mental event downstream of the initial aggregation and
thus may neither represent evidence for or against the role
of aggregation in α-synuclein toxicity. Interestingly, Hsp
expression in the fly model decreases neuronal toxicity
without any change in the number of α-synuclein positive
inclusions [67].


Overall, these considerations show that α-synuclein is
capable of protein aggregation and can be deposited into
inclusion bodies of various forms in vivo, but that there is
insufficient evidence that aggregation or deposition is
either necessary or sufficient for toxicity. In fact, several
lines of evidence show that toxicity can be dissociated
from deposition, including; the observation in cells of
toxicity without deposition in some models [81]; differen-
tial effects on toxicity and inclusions of various manipula-
tions of α-synuclein in fly models [66,67]; and deposition
of α-synuclein without clear toxic effects in some mouse
models [e.g., [36]]. A key challenge for the field, therefore,
is to understand whether protein aggregation is at all rele-
vant for the toxic effects of α-synuclein. One way to poten-
tially address this is to isolate various aggregated species of
the protein and to express them within a neuron. This
might be extraordinarily difficult from a technical stand-
point and there is always possibility that the small aggre-


gates would seed larger ones may confound
interpretation. Another potential approach would be to
develop reagents that limit the biological availability of
specific aggregated species and use these to probe which
agents are toxic in intact cells. As an example, recom-
binant single chain Fv antibody fragments against aggre-
gated α-synuclein have been described [122,123] that
might be helpful.


α-Synuclein has many additional properties as well as the
tendency to aggregate. Some of the post-translational
modifications that have been reported have also been
explored as possible mediators of toxicity. For example,
antibodies against α-synuclein phosphorylated at Ser129
are very good at identifying Lewy pathology in the human
brain [38], suggesting either that Ser129 phosphorylation
is a causal event for deposition or represents a common
modification of the protein after it is deposited. Several
groups have therefore made versions of α-synuclein that
cannot be modified at this residue (S129A) or pseudo-
phosphorylation mimics (S129D, S129E) and deter-
mined the toxic effects of expression. In Drosophila mod-
els, S129A is less toxic but has an increased tendency to
form inclusion bodies compared to wild type protein
[66]. The S129D phosphomimic has the opposite effect,
i.e. increased toxicity but fewer inclusions. In contrast,
similar experiments using viral overexpression in rats
show the opposite result, namely that S129A greatly
increases the toxic effects of expression [124]. In mamma-
lian cell culture, S129A has a diminished tendency to
form inclusion bodies [125].


At first glance, these results seem to suggest that the behav-
ior of α-synuclein as it relates to toxicity is opposite in
mammals compared to invertebrates where, it is impor-
tant to note, the protein is not normally present. However,
interpretation is complicated by several considerations.
First, the expression levels of α-synuclein are critical for
toxicity, which is shown by the human case where a differ-
ence in protein levels is 2-fold in the triplication cases and
1.5-fold in the duplication cases. Second, recent data sug-
gests that the phosphomimic S129D/E α-synuclein vari-
ants have different biophysical properties compared to
authentically phosphorylated wild type protein [126].
Overall, these considerations raise some important caveats
about comparison of properties of α-synuclein in terms of
concentration-dependent behaviors of the protein such as
aggregation and toxicity.


One alternate approach to understand α-synuclein phos-
phorylation is to identify the kinase that mediates the
phosphotransfer event. Casein kinase II and GRK2/5 have
been shown to phosphorylate α-synuclein in vitro or in
cells and work in yeast [64] and flies [66] respectively
shows that they are at least active in vivo. More recently,
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the polo-like kinase family, specifically PLK2, have been
shown to be active both in vitro and in vivo in generating
pS129 α-synuclein [127]. What is interesting about PLK2
is that it is known to respond to neuronal activity [128],
suggesting a possible link between neuronal phenotype
and α-synuclein toxicity. However, it is not yet known in
PLK2 inhibitors or gene knockout will limit the toxic
effects of α-synuclein in vivo. Such experiments are feasi-
ble in several species as PLK2 homologues are present in
mice and flies, and there is at least one polo kinase in
yeast.


There are a number of other modifications of α-synuclein
that have been reported and some of these are found more
often in pathological circumstances than under normal
conditions, such as nitration or truncation. Truncation of
α-synuclein is associated with a higher tendency for aggre-
gation [129-131]. Transgenic mice expressing truncated α-
synuclein have substantial cell loss [101] although in at
least one line, this is a developmental and not degenera-
tive phenotype [132]. Again, because the window for tox-
icity is quite narrow, comparison between different lines
is difficult. One question that arises for truncation is
where such species are generated. α-Synuclein is predom-
inantly degraded by lysosomal pathways [133,134],
including chaperone-mediated autophagy [135], and the
lysosomal cathepsins are important in proteolysis. There-
fore, some truncated species are found in the lysosomes
and it seems unlikely that they would cause damage to the
cell. However, α-synuclein is also a substrate for cytoplas-
mic calpains [136-139], which are therefore more likely to
generate cytoplasmic toxic truncated species. Some detail
is therefore needed to prove which truncated species
mediate toxicity, if any of them in fact do.


Oxidative stress, including the neurotransmitter
dopamine, has been linked to increased α-synuclein
aggregation [89,140]. Dopamine itself may contribute to
the toxic effects of α-synuclein in vitro [89], although such
a mechanism cannot explain why non-dopaminergic neu-
rons die early in the disease process. α-Synuclein expres-
sion can enhance sensitivity to oxidative and nitrative
stressors [141,142], although it can also be protective in
some situations [143]. In most of these situations, the role
of aggregation is unclear.


In summary, α-synuclein has properties, including the
potential for aggregation and post-translational modifica-
tions, which may influence its toxic effects. Whether these
are required for toxicity is unclear, and some results still
need to be resolved, for example for the work on S129
phosphorylation. However, there is a larger question,
which is: what effects synuclein has on neurons that are
responsible for its toxic effects?


Mediators of -synuclein toxicity in biological systems
Some of the relevant data from cellular systems has been
reviewed previously [144] and will be discussed here in
the context of examples across multiple models.


Presumably, α-synuclein might interact with other bio-
molecules to mediate toxicity. Because α-synuclein can
associate with lipids, membranes are one possible target.
In vitro, α-synuclein can form pore-like structures
[145,146], and annular rings of synuclein have been iso-
lated from the brains of patients with multiple system
atrophy, a synucleinopathy [147]. Cells expressing α-
synuclein have increased cation permeability [148] and
vesicles prepared from cultured cells or isolated from the
adrenal medulla show leakage of catecholamines [149].
These events may be consistent with the formation of
non-specific pores or similar structures at the plasma
membrane or at a vesicle surface.


Because α-synuclein binds synaptic vesicles, it is possible
that synaptic transmission would be directly or indirectly
a target of synuclein toxicity. One example of this comes
from work showing that A30P α-synuclein alters exocyto-
sis of catecholamine containing vesicles in primary cells
and in chromaffin cells [150]. The effect here is probably
at a late stage of the exocytosis, before vesicle membrane
fusion [150].


Further evidence for an effect of α-synuclein on vesicle
function that may mediate toxicity comes from suppressor
screens in yeast [63]. In the same organism, such defects
can be localized to a block in endoplasmic reticulum
(ER)-golgi vesicular trafficking [151]. Supporting this
idea, there is evidence of ER stress [87] and golgi fragmen-
tation [152] in mammalian cell systems.


Overexpression of Rab1, a GTPase that influences vesicle
dynamics, was able to at least partially rescue the toxic
effects of α-synuclein in yeast, worms and in mammalian
cells [151]. Therefore, some of the toxic effects of α-synu-
clein that are conserved across species involve damage to
vesicular transport, which might express itself as damage
to presynaptic vesicle release in a neuron.


There are also suggestions that other membranous
organelles are affected by α-synuclein, including mito-
chondria [87,88,153]. Recent data suggests that a portion
of α-synuclein can localize to mitochondria, at least under
some conditions [154-157]. Supporting this are observa-
tions that α-synuclein expression increases cellular organ-
ismal sensitivity to rotenone, a mitochondrial complex I
inhibitor [78,158]. Furthermore, intact mitochondrial
function is required for a-synuclein toxicity in a yeast
model, although it should also be noted that removal of
mitochondria is also quite damaging in the same context
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[57]. The mechanism by which α-synuclein interacts with
and causes damage to mitochondria is not fully resolved
and, given the central role of mitochondria in apoptotic
pathways, perhaps such effects are secondary to the induc-
tion of apoptosis. Increased levels of α-synuclein are
reported to trigger apoptosis in various cell types [159-
161]. Several apoptotic markers are also seen in yeast
models of synuclein toxicity [59]. α-Synuclein toxicity can
be rescued by caspase inhibitors or knock down of cas-
pase-12 [87]. Activation of caspase-3 has been reported in
transgenic mice [162] caspase-9 has been reported in viral
models in mice [102] and rats [106]. However, these stud-
ies show only a few caspase positive cells, and so whether
apoptosis is the only way in which cells expressing α-
synuclein die remains unclear.


α-Synuclein can bind to the membranes of lysosomes
[135] and inhibit lysosomal function [163] and chaper-
one-mediated autophagy [135]. Recent results suggest
that CMA is implicated in the regulation of the transcrip-
tion factor MEF2D and that this can be disrupted by
expression of α-synuclein, leading to neuronal death
[164]. As another example of misregulated protein turno-
ver, α-synuclein (and specifically α-synuclein oligomers)
can also inhibit the proteasome [81,88,163,165-167],
although it is not clear if the predicted altered turnover of
proteasome substrates occurs in vivo [168].


The general principle is that multiple systems can be
affected by α-synuclein expression and that if there is a
common theme between them, it is likely to be that α-
synuclein can binds lipids. Several lines of evidence sug-
gest that lipid binding can promote the formation of oli-
gomers [115,145,169]. Therefore, this interpretation links
a primary protein abnormality to cellular targets of the
protein. As discussed elsewhere [144], determining which
events are truly primary and which are secondary remains
a challenge. Although this distinction is an intellectual
problem, it may also be relevant for deciding which
aspects of cell death to target if we want to limit the dis-
ease process in PD.


Potential therapeutic approaches related to α-
synuclein toxicity
One of the key questions here is to decide whether to try
and target the protein or the process that mediates cellular
damage. Both are attractive for different reasons, although
both are also difficult (see figure 1 for where these might
be utilized and Appendix 2 for the critical next steps).


If there were a pathogenic aggregated form of α-synuclein,
then one tactic would be to target that species. If we pro-
pose that insoluble fibrils are toxic, then a 'fibril-buster'
would be the way forward [reviewed in [111]], but if sol-
uble oligomers damage cells then we would want to pre-
vent their formation or encourage their turnover. As


discussed above, both fibrils and oligomers can be found
in different models and either alone, or both, could be
toxic. For oligomers, the situation is more complicated if
different oligomeric forms have different toxic properties
[118], suggesting that we may need to be careful about
which oligomers we target.


Alternatively, we could be agnostic about which species
are important and try and decrease all α-synuclein expres-
sion. There are reports that increasing autophagy can help
clear aggregation-prone proteins, including α-synuclein
[170]. Antisense approaches might also be helpful, and
have been reported to work in the rat [171] and mouse
[172] brain. This approach is predicated on the idea that
α-synuclein really is dispensable for CNS function in
humans, as it appears to be in the mouse [28,30], but per-
haps even a modest decrease in protein levels would be
enough to decrease PD progression.


We might also try to change the modifications of α-synu-
clein, especially if these are specific for pathogenic forms.
For example, example of PLK2 as a kinase for Ser129 [127]
may provide a way to test the idea that phosphorylation at
this residue is key for pathogenesis, if sufficiently specific
kinase inhibitors can be developed. Again, assuming spe-
cificity can be achieved, it might be interesting to block
other modifications such as truncation or nitrosylation –
the latter might be part of the general rubric of anti-
inflammatory approaches. However, such approaches
would only be helpful if the modification is truly specific
for the pathogenic form and makes an active contribution
to cellular toxicity, ie is not a bystander in the process.


Finally, we may target one or more of the cellular effects
of α-synuclein that are associated with toxicity. This might
have the advantage of leaving the protein alone, which
may be useful if it turns out that α-synuclein has a specific
function in the human brain. The difficulty, of course, is
in understanding why the protein is toxic, although the
work with Rab1 [151,173] suggests that this is a tractable
problem, at least in principle.


Conclusion
Cell death is a significant part of the pathology of PD.
Although the process is a mysterious, the prime suspect
for a toxic protein is α-synuclein. Assuming toxicity does
indeed result from aberrant forms of the protein, includ-
ing increased expression of the normal gene, there are two
major aspects that might be targeted therapeutically. First,
the protein is prone to aggregate and anti-aggregative
compounds, or approaches to simply limit net expression
levels, may be helpful. Second, there are a number of
molecular events that largely revolve around membrane
or organelle interactions that may contribute to toxicity,
and these too may be targeted therapeutically. Future
work should be directed at exploring these possibilities as
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well as at developing models that have a stronger cell
death signal, to more accurately represent the substantive
loss of neurons seen in PD.


Abbreviations
DLB/DLBD: Dementia with Lewy bodies/Diffuse Lewy
Body Disease; ER: endoplasmic reticulum; L-DOPA: 3,4-
dihydroxy-L-phenylalanine; PD: Parkinson disease.
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Appendix 1: key observations
The role of α-synuclein in PD and related disease is high-
lighted by the convergence of pathological and genetic
data. Because part of the pathological phenotype of PD
involves cell death of neurons, particularly but not exclu-
sively dopamine neurons in the substantia nigra pars
compacta, this suggests that α-synuclein may be a toxic
protein. The following key observations have been made
in various experimental systems to support this conten-
tion:


- In pure in vitro assays, α-synuclein shows a lack of con-
formational restraint that tends to promote inappropriate
aggregation. This can be enhanced by mutation, increas-
ing concentration or any of several protein modifications
associated with pathological deposition of the protein in
vivo. α-Synuclein can also bind lipids and membranes in
vitro


- In a variety of species, expression of α-synuclein can pro-
mote toxic events. These include organisms such as yeast,
worms and flies, where no α-synuclein homologue is
present, suggesting that irrespective of its normal func-
tion, the protein can be toxic.


- Data in mammalian cell culture also supports a toxic
effect of α-synuclein, particularly to dopaminergic cells.
Results in intact in vivo systems are mixed, with toxicity
limited to the spinal cord in some transgenic mouse mod-
els and modest toxic effects to dopaminergic neurons
using viral mediated overexpression in rodents and non-
human primates.


- The mechanism(s) involved are currently unclear, but
binding to several cellular membranes may contribute to
toxic events.


Appendix 2: critical next steps
The following critical issues need to be addressed before
our understanding of α-synuclein pathobiology can be
applied to therapeutic development:


- We need to better understand normal function of α-
synuclein, such that we can assess both what role it might
play in toxicity in the mammalian CNS and so we can
highlight potential detrimental effects of limiting expres-
sion or function of the protein.


- We need to clearly identify which cellular pathways con-
tribute to the pathological effects of the protein. Some
great work has been performed in yeast models that high-
light interruption of vesicle transport, but it is important
now to establish what the analogous process is in neurons
and whether this is sufficient to explain α-synuclein toxic-
ity in this system.


- We need to develop models where there is a lesion that
better approximates the severity of cell loss seen in human
PD. This will allow for a more rigorous test of pathways
involved in toxicity as the disease progresses. An acceler-
ated time course would be helpful, and may be necessary,
but the pathology should be similar to human PD in that
nigral neurons should be affected at some point in the
model but not necessarily first or exclusively.
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Abstract


Background: Sub-cortical vascular ischaemia is the second most common etiology contributing to cognitive
impairment in older adults, and is frequently under-diagnosed and under-treated. Although evidence is mounting
that exercise has benefits for cognitive function among seniors, very few randomized controlled trials of exercise
have been conducted in populations at high-risk for progression to dementia. Aerobic-based exercise training may
be of specific benefit in delaying the progression of cognitive decline among seniors with vascular cognitive
impairment by reducing key vascular risk factors associated with metabolic syndrome. Thus, we aim to carry out a
proof-of-concept single-blinded randomized controlled trial primarily designed to provide preliminary evidence of
efficacy aerobic-based exercise training program on cognitive and everyday function among older adults with mild
sub-cortical ischaemic vascular cognitive impairment.


Methods/Design: A proof-of-concept single-blinded randomized trial comparing a six-month, thrice-weekly,
aerobic-based exercise training group with usual care on cognitive and everyday function. Seventy older adults
who meet the diagnostic criteria for sub-cortical ischaemic vascular cognitive impairment as outlined by Erkinjuntti
and colleagues will be recruited from a memory clinic of a metropolitan hospital. The aerobic-based exercise
training will last for 6 months. Participants will be followed for an additional six months after the cessation of
exercise training.


Discussion: This research will be an important first step in quantifying the effect of an exercise intervention on
cognitive and daily function among seniors with sub-cortical ischaemic vascular cognitive impairment, a
recognized risk state for progression to dementia. Exercise has the potential to be an effective, inexpensive, and
accessible intervention strategy with minimal adverse effects. Reducing the rate of cognitive decline among seniors
with sub-cortical ischaemic vascular cognitive impairment could preserve independent functioning and health
related quality of life in this population. This, in turn, could lead to reduced health care resource utilization costs
and avoidance of early institutional care.


Trial Registration: ClinicalTrials.gov Protocol Registration System: NCT01027858.
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Background
Cerebrovascular disease is the second most common
etiology contributing to dementia in older adults [1-4]
and may be the most under-diagnosed and yet most
treatable form of cognitive dysfunction in older adults
[5]. Vascular cognitive impairment is defined as the loss
of cognitive function resulting from ischaemic, ischae-
mic-hypoxic, or hemorrhagic brain lesions as a result of
cerebrovascular disease and cardiovascular pathologic
changes. As vascular cognitive impairment is predomi-
nantly a sub-cortical frontal form of cognitive disorder
with prominent executive dysfunction [6], it directly
impairs everyday function [7], such as managing
finances, transportation, or the telephone. Taken
together, vascular cognitive impairment has the potential
to severely impact the ability to function autonomously
within society [8].
A number of epidemiological studies suggest that


modification of vascular risk factors, such as hyperten-
sion, diabetes mellitus, and hypercholesterolemia may be
helpful in slowing down the progression of vascular cog-
nitive impairment [9-12]. Hence, one promising
approach to delay the progression of vascular cognitive
impairment is aerobic-based exercise training. Critically,
evidence is mounting that exercise has benefits for cog-
nitive function among seniors. Aerobic-based exercise
training may be of specific benefit in slowing the pro-
gression of cognitive decline among seniors with vascu-
lar cognitive impairment by reducing key vascular risk
factors associated with metabolic syndrome. Aerobic
exercise may also act specifically on disease pathophy-
siology [13], for example, by improving capillarization or
modulating brain neurotrophic factors [14-16], and may
even decrease brain amyloid load in the brain [17].
Finally, aerobic-based exercise training as an interven-
tion strategy for individuals with vascular cognitive
impairment is attractive as it could be delivered at a
population-level.
The growing consensus is that small vessel diseases


have an important role in vascular cognitive impairment
[18,19]. Small vessel disease often presents as unde-
tected “covert” strokes in the sub-cortical white matter.
Compared to other forms of vascular cognitive impair-
ment, the sub-cortical ischaemic vascular disease sub-
type is a more homogenous form of the disease with a
more predictable outcome [20]. While mild Sub-cortical
Ischaemic Vascular Cognitive Impairment (SIVCI)
describes those individuals whose symptoms are not
associated with substantial functional impairment [18],
persons with mild SIVCI have a high risk of progression
to dementia [18,21]. Seniors with mild SIVCI are also at
risk for executive dysfunction [18], and subsequently at
risk for decline in everyday function (i.e., ability to


perform instrumental activities of daily living [ADLs])
[7]. Instrumental ADLs refer to capacities that are
required for autonomous function within society [8]; the
ability to perform instrumental ADLs is a key aspect of
functional independence and health related quality of
life [8]. Thus, persons with mild SIVCI represent an
ideal target population for intervention strategies, as
preservation of their cognitive and functional status will
likely maintain and prolong their ability to live indepen-
dently and with quality. To our knowledge, no rando-
mized controlled trial has assessed the effect of aerobic-
based exercise training on cognitive and everyday func-
tion among seniors with mild SIVCI. Thus, we aim to
carry out a proof-of-concept single-blinded randomized
controlled trial primarily designed to provide prelimin-
ary evidence of efficacy of a six-month, thrice-weekly,
aerobic-based exercise training program on cognitive
and everyday function among older adults with mild
SIVCI. In addition, this proof-of-concept study will aim
to explore the effect of aerobic-based exercise training
on: 1) serum glucose, hemoglobin A1c, and lipids; 2)
inflammatory biomarkers; 3) physical function; 4) health
related quality of life; and 5) health resource utilization.
Finally, this study will demonstrate the feasibility of deli-
vering the intervention in this population, determine the
recruitment rate, determine the rate of withdrawal, and
provide estimates of the variances, co-variances and
effect sizes of the proposed outcome measures to inform
the sample size for a larger definitive trial.


Methods/Design
Design Outline
We will conduct a six-month proof-of-concept single-
blinded randomized trial and follow our study cohort
for an additional six months of follow-up (see Figure 1).


Recruitment
We will recruit seniors with mild SIVCI through the
University of British Columbia Hospital Clinic for Alz-
heimer Disease and Related Disorders (UBCH-CARD).
All individuals who receive care at the UBCH-CARD
have the option to sign a consent form providing access
to their records for research purposes and indicating
their willingness to be approached for research studies.
One trained research assistant will review the charts of
patients at the UBCH-CARD who have expressed inter-
ests to participate in research studies. Clinicians at the
UBCH-CARD will also be informed of this study and
they will assist in recruitment by flagging the charts of
their current patients who may qualify for this study to
our research assistants. Those who appear eligible based
on detailed chart review will be mailed an information
package regarding the study, including the consent form.
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For those who are interested in participating, a one
hour consent and screening session will be arranged.
Once informed consent is obtained, we will perform the
screening tests. Those who remain eligible after the
screening session and who later provide written recom-
mendation from their physician indicating their appro-
priateness to participate in an aerobic-based exercise
training program will proceed to baseline assessments.


Eligibility
We will recruit individuals who fulfill the diagnostic cri-
teria for SIVCI as outlined by Erkinjuntti and colleagues
[22], which requires the presence of both cognitive syn-
drome (as defined in Section A below) and small vessel
ischaemic disease (as defined in Section B below).
A. Cognitive Syndrome defined as:
1. Dysexecutive Syndrome: Some impairment in goal


formulation, initiation, planning, organizing, sequencing,
executing, set-shifting and maintenance, or abstracting.


2. Memory Deficit: Some impairment in recall in the
presence of relatively intact recognition and benefit
from cueing.
3. Progression: Deterioration of A1 and A2 from a pre-


vious higher level of functioning that are not per se
interfering with complex occupational and social
activities.
B. Small Vessel Ischaemic Disease defined as:
1. Evidence of relevant cerebrovascular disease by


brain imaging (in the last 12 months) defined as the
presence of both:


i. Periventricular and deep white matter lesions: Pat-
chy areas of low attenuation (intermediate density
between that of normal white matter and that of
intraventricular cerebrospinal fluid) or diffuse sym-
metrical areas of low attenuation with ill defined
margins extending to the centrum semiovale, plus at
least one lacunar infarct (correlating to the white


Figure 1 Overview of the flow of participants through the Promotion of the Mind Through Exercise (PROMoTE) Trial.
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matter grading scale greater than 3 from the Cardio-
vascular Health Study) [23,24]; and
ii. Absence of cortical and/or cortico-sub-cortical
non-lacunar territorial infarcts and watershed
infarcts, haemorrhages indicating large vessel disease,
signs of normal pressure hydrocephalus, or other
specific causes of white matter lesions (e.g., multiple
sclerosis, leukodystrophies, sarcoidosis, brain irradia-
tion, etc).


2. Presence or a history of neurological signs as evi-
dence for cerebrovascular disease such as lower facial
weakness, Babinski sign, sensory deficit, dysarthria, gait
disorder, or extrapyramidal signs consistent with sub-
cortical brain lesion(s).
In addition, individuals must meet the following inclu-


sion criteria: 1) Montreal Cognitive Assessment (MoCA)
[25] score less than 26 at screening; 2) Mini-Mental
State Examination (MMSE) [26] score of ≥ 20 at screen-
ing; 3) Community-dwelling; 4) Live in Metro Vancou-
ver; 5) Have a caregiver, family member, or friend who
interacts with him/her on a weekly basis; 6) Able to
comply with scheduled visits, treatment plan, and other
trial procedures; 7) Must be able to read, write, and
speak English in which psychometric tests are provided
with acceptable visual and auditory acuity; 8) Stable on
a fixed dose of cognitive medications (e.g., donepezil,
galantamine, rivastigmine, memantine, etc.) that is not
expected to change during the 12-month study period,
or, if they are not on any of these medications, they are
not expected to start them during the 12-month study
period; 9) Provide a personally signed and dated
informed consent document indicating that the indivi-
dual (or a legally acceptable representative) has been
informed of all pertinent aspects of the trial. In addition,
an assent form will be provided at baseline and again at
regular intervals; 10) Able to walk independently; and
11) Must be in sufficient health to participate in the
study’s aerobic-based exercise training program. This
will be based on medical history, vital signs, physical
examination by study physicians, and written recom-
mendation by family physician indicating one’s appropri-
ateness to participate in an aerobic-based exercise
training program.
The exclusion criteria are: 1) Absence of relevant


small vessel ischaemic lesions on an existing brain com-
puted tomography (CT) or magnetic resonance imaging
(MRI); 2) Diagnosed with another type of neurodegen-
erative (e.g. AD) or neurological condition (e.g., multiple
sclerosis, Parkinson’s disease, etc.) that affects cognition
and mobility; 3) At high risk for cardiac complications
during exercise and/or unable to self-regulate activity or
to understand recommended activity level (i.e., Class C
of the American Heart Risk Stratification Criteria); 4)


Have clinically significant peripheral neuropathy or
severe musculoskeletal or joint disease that impairs
mobility; 5) Taking medications that may negatively
affect cognitive function, such as anticholinergics,
including agents with pronounced anticholinergic prop-
erties (e.g., amitriptyline), major tranquilizers (typical
and atypical antipsychotics), and anticonvulsants (e.g.,
gabapentin, valproic acid, etc.); or 6) Planning to partici-
pate, or already enrolled in, a clinical drug trial concur-
rent to this study.
Ethical approval has been obtained from the Vancou-


ver Coastal Health Research Institute (V07-01160) and
the University of British Columbia’s Clinical Research
Ethics Board (H07-01160).


Sample Size
Prior to launching a definitive randomized controlled
trial, it is essential that the feasibility of conducting such
a trial be demonstrated. A sample for a definitive study
with multiple end-points and outcome variables will
require several hundred participants and warrant a
multi-site study. Given that no study has examined the
effect of exercise on cognitive function in SIVCI, we
have selected a sample size of 30 participants per group.
Studies have suggested a standard deviation of change
of 6 to 7 [27-29] in Alzheimer Disease Assessment Scale
Cognitive (ADAS-Cog) scores among individuals with
vascular cognitive impairment. We highlight that a
recent exercise trial among seniors at risk for AD with
ADAS-Cog as the primary outcome measure demon-
strated an effect size of 0.60 [30]. Thus, assuming an
alpha of 0.05, 30 participants per group will provide a
power of 0.75 to 0.80. We estimate a drop-out rate of
10% during a 12-month period. Hence, we are aiming to
recruit 35 participants per group (i.e., 70 participants in
total) which will accommodate a conservative 15% drop-
out rate.


Measurements
Baseline measurements will be obtained prior to rando-
mization. There will be three measurement sessions:
baseline, 6 months, and 12 months (Figure 1). Out-
comes will be assessed by trained assessors blinded to
group allocation.
Screening Session
For the screening session, we will administer the Physi-
cal Activity Readiness Questionnaire (PAR-Q) [31], a
screening measure of physical readiness for exercise.
Global cognitive function will be assessed using the
MMSE [26] and the MoCA [25].
Descriptors
Using a wall mounted stadiometer, standing height will
be measured as stretch stature to the 0.1 cm per stan-
dard protocol. Weight will be measured twice to the 0.1
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kg on a calibrated digital scale. General health and
socioeconomic status will be ascertained by a question-
naire. Participants will undergo a clinical assessment
with neurologist and study physicians (G-YRH and PL)
at baseline to confirm current health status and eligibil-
ity for study, including clinical impressions of overall
cognitive and functional status. The Neuropsychiatric
Inventory (NPI), an informant-rated instrument, will be
used to evaluate behavioural and neuropsychiatric symp-
toms [32].
Physical activity, not including the study-assigned


exercise classes, will be determined by the valid and reli-
able Physical Activities Scale for the Elderly (PASE)
questionnaire [33,34]. Designed for those aged 65 years
and older, participants use a 12-item scale to self-report
the average number of hours per day spent participating
in leisure, household, and occupational physical activ-
ities over the previous seven-day period. Accounting for
extracurricular physical activities throughout the rando-
mized trial is essential to ascertain the specific effects of
the delivered interventions on cognition and function.
Primary Outcomes
Cognitive Function We will assess cognitive function
using the cognitive section of the Alzheimer Disease
Assessment Scale (ADAS-Cog) [35]. The scale consists
of 11 brief cognitive tests assessing memory, language,
and praxis. Scores range from 0 to 70, with higher
scores indicating greater severity of cognitive impair-
ment. The ADAS-Cog has been a significant outcome
measure in numerous trials with AD [27,36,37] but also
with vascular dementia [29,38]. The ADAS-Cog has
marked advantages as an outcome measure, based on its
substantial data confirming both reliability and validity
and its use in measuring longitudinal change together
with sensitivity to treatment effects [39].
Global Executive Function Because executive dysfunc-
tion is common among those with SIVCI [6], we will
use the Executive Interview (EXIT-25) [40] to assess
global executive function. The EXIT 25 provides a stan-
dardized clinical assessment of executive functions. It
contains 25 items designed to elicit signs of frontal sys-
tem pathology. Performance on the EXIT25 correlates
well with standard neuropsychological tests of executive
functions. The EXIT25 scores range from 0 to 50, with
high scores indicating impaired global executive func-
tion. A cut point of 15 out of 50 is recommended [40].
Everyday FunctionBecause executive dysfunction is
associated with impaired everyday function [7], we will
use the ADCS-ADL to assess the ability to perform
everyday activities of daily living [41]. The ADCS-ADL
is a 23-item informant-rated questionnaire that mea-
sures, in a range of 0 to 78, an individual’s performance
of activities of daily living.


Secondary Outcomes
Blood Biomarkers Serum glucose, Hgb A1c, and lipid
level will be measured by conventional methods. Serum
HSC, CRP, and IL-6 will be determined by standard
ELISA methods [42].
Physical Function Physical function will be assessed
using a three-instrument performance battery that
includes:
1) Six-Minute Walk
This is a walking test of physical status to assess gen-


eral cardiovascular capacity in seniors [43]. The total
distance walked in meters in six minutes is recorded in
meters.
2) Balance and Mobility
General balance and mobility will be assessed with the


National Institute on Aging (NIA) Balance Scale [44].
For this Scale, participants are assessed on performances
of standing balance, walking, and sit-to-stand. Each
component is rated out of four points, for a maximum
of 12 points. Poor performance on this scale predicts
subsequent disability [44].
3) Physiological Falls Risk
We will use the Physiological Profile Assessment


(PPA)© [45] (Prince of Wales Medical Research Insti-
tute, Randwick, Sydney, NSW, Australia) to assess for
physiological falls risk. The PPA is a valid and reliable
tool for assessing fall risk in older people. Based on the
performance of five physiological domains (postural
sway, hand reaction time, quadriceps strength, proprio-
ception, and edge contrast sensitivity), the PPA com-
putes a fall risk score for each individual and this
measure has a 75% predictive accuracy for falls in older
people [45]. A PPA z-score of 0-1 indicates mild risk, 1-
2 indicates moderate risk, 2-3 indicates high risk, and 3
and above indicates marked risk [46].
4) Quality of Life
We will evaluate health related quality of life using the


EuroQol 5D (EQ-5D) – a preference-based generic uti-
lity instrument that provides weightings for quality
adjusted life year (QALYs). QALYs are defined as the
benefit of a health intervention in terms of time in a
series of quality-weighted health states, in which the
quality weights reflect the desirability of living in the
state, typically from “perfect” health (weighted 1.0) to
dead (weighted 0.0) [47]. QALYs are calculated based
on the quality of life of a patient (measured using health
utilities) in a given health state and the time spent in
that health state. The EQ-5D captures 243 unique
health states based on the following domains: 1) mobi-
lity; 2) self-care; 3) usual activities; 4) pain and 5) anxi-
ety or depression. We will calculate QALYs using the
health state utility values from the EQ-5D to determine
if there is a statistically significant difference in the
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incremental cost per QALY change for participants
receiving the aerobic-based training compared with
those who are not.
5) Health Resource Utilization
The health resource utilization questionnaire asks


participants to report the following visits over a speci-
fied time period: 1) health care professionals; 2) admis-
sions or visits to hospital; and 3) laboratory work. The
health resource utilization questionnaire has been pre-
viously described and supported in previous studies
[48]. We will estimate total health care related costs
over the 12 months from a Canadian health care sys-
tem perspective. Participants will be instructed to spe-
cify total health care expenditure and report the
reason for each item. Additionally, participants will be
instructed to report health care expenditure due to any
adverse events associated with the aerobic-based train-
ing program; this is not anticipated to be a major cost
driver. On a per participant basis, costs will be
assigned to health care resource utilization using a
fully allocated hospital cost model (for in-patient costs)
and the British Columbia provincial guide to medical
fees (for outpatient costs). Our base case analysis will
consider the costs of all health care resource use and
our sensitivity analyses will include only intervention
related health care resource costs and a complete case
analysis.


Treatment Allocation
Randomization
Participants will be randomly assigned (1:1) to either the
aerobic-based exercise training (AT) group or the usual
care (CON) group. The randomization sequence will be
generated by a central, web-based randomization service
http://www.randomization.net; permuted blocks of vary-
ing size will be employed to ensure balance over time.
After baseline assessment, research personnel not
involved in measurement or intervention will access the
web-based randomization service to determine the
group allocation.
Allocation Concealment
Recruitment and enrolment of participants will be man-
aged by the research coordinator who will screen for
study eligibility, obtain informed consent, and conduct
baseline assessment. Following completion of baseline
assessment, the research coordinator will access the
web-based randomization service and the participant
will be assigned a participant number and allocated to
the intervention or the control group. Research person-
nel performing the outcome assessment and data analy-
sis will be blinded to group allocation but it is not
possible to blind participants and personnel delivering
interventions to group allocation.


Experimental Groups
Aerobic-Based Training (AT) Group
All AT group classes will be led by instructors certified
to instruct seniors. Each 60-minute class will include a
10 minute warm-up, a target of 40 minutes of walking,
and a 10-minute cool down. Class attendance will be
recorded for each participant by the instructors
throughout the six-month intervention period.
Over the six month intervention period, we will use


three complimentary techniques to monitor and pro-
gress exercise intensity of the AT program. Each partici-
pant will:
1) Wear a heart rate monitor and will be asked to


work initially at approximately 40% of his/her age speci-
fic target heart rate (i.e., heart rate reserve; HRR) and
gradually progress to reach the target of 60% of HRR.
Once the target of 60% of HRR is achieved, it will be
sustained by the participant for the remainder of the
intervention period;
2) Subjectively monitor the intensity of each workout


using the Borg’s Rating of Perceived Exertion (RPE)
[49]. Participants will be gradually progressed to a target
RPE of 14 to 15; and
3) Use the simple “talk” test [50,51]. Participants will


be asked to initially walk at a pace where they can con-
verse comfortably without effort and gradually progress
to a pace where conversation requires a bit of effort.
In addition to the formal group classes, all individuals


in the AT group will be given a pedometer to serve as
both an incentive and reminder to partake in walking
on a daily basis. Participants will be asked to record the
number of steps each day. All pedometers will be
returned to the study coordinator at the 6 month assess-
ment session.
Usual Care (CON) Group
Participants in the CON group will receive educational
material about vascular cognitive impairment and about
stress management, healthful diet, and smoking. How-
ever, this group will not receive specific information
regarding physical activity. Participants in the AT group
will also be offered these educational materials.


Adverse Events Monitoring
Dr. Philip Lee, in addition to a physician and statistician
external to the research team, will review all adverse
events reported in the study on a monthly basis. They
will inform us to stop the study if the adverse events
data are of sufficient concern.


Statistical Analyses
As a primary objective of this study is to provide preli-
minary evidence of efficacy we will compare partici-
pants of the AT group who are compliant with the
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intervention (defined as attending 60% of the total exer-
cise sessions) to the CON group rather than using an
intention-to-treat analysis as would be appropriate in a
pivotal clinical trial. In addition, no adjustment for mul-
tiple endpoints will be made since in a proof-of-concept
study a Type II error is of more concern than a Type I
error [52]. For each of the three primary endpoints (i.e.,
ADAS-Cog, EXIT-25, ADCS-ADL), the change from
baseline to six months and 12 months will be assessed
using an analysis of covariance model incorporating the
baseline measurement. Observing a statistically signifi-
cant difference on any of the three primary outcomes
will be considered preliminary evidence of efficacy.
We will also report variances, co-variances, and effect


sizes, as well as sampling feasibility (i.e., ease of recruit-
ment, recruitment rate, withdrawal rate). This informa-
tion will inform sampling for future trials.


Economic Analysis
Our economic evaluation will explore incremental costs
and health benefits comparing the aerobic-based train-
ing intervention with usual care using both cost effec-
tiveness and cost utility analyses. A cost utility analysis
is a specific type of cost effectiveness analysis where
health benefits are measured using QALYs. The out-
come of our cost effectiveness analysis is the incremen-
tal cost effectiveness ratio (ICER). By definition, an
ICER is the difference between the mean costs of pro-
viding the competing interventions divided by the differ-
ence in effectiveness, where ICER = Δ Cost/Δ Effect
[53]. We will determine the incremental cost of the
aerobic-based training intervention per person experien-
cing a clinically significant improvement in cognitive
performance relative to usual care. Further, for our cost
utility analysis, we will estimate the incremental cost per
quality adjusted life year gained (QALY). We will use a
combination of imputation and bootstrapping to quan-
tify uncertainty due to missing values and the finite
study sample size60 61.


Time Frame
Recruitment will commence in December 2009. Final
follow-up assessment is expected to conclude in Febru-
ary 2012.


Discussion
Although exercise therapy holds promise for delaying
the onset and slowing down the progression of both
cognitive and functional decline, very few randomized
controlled trials of exercise have been conducted in
populations at high-risk for dementia [30]. This research
will be an important first step in quantifying the effect
of an exercise intervention on cognitive and daily func-
tion among seniors with SIVCI, as vascular cognitive


impairment is the second most common cause of
dementia in older adults [1-4]. Exercise has the potential
to be an effective, inexpensive, and accessible interven-
tion strategy with minimal adverse effects. Retarding the
rate of cognitive decline among seniors with SIVCI
could preserve independent functioning and quality of
life in this population. This, in turn, could lead to
reduced health care utilization costs and avoidance of
early institutional care. Delaying the onset or retarding
the progression of dementia by only one year would
reduce the number of clinical cases of dementia by 9.2
million by 2050 in the US alone [54].
Our interdisciplinary research team will use a multi-


pronged approach to explore the utility of aerobic-based
exercise training among seniors with mild SIVCI. The
impact of our proposed work may be significant for
seniors with mild SIVCI.
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Abstract
Inflammatory bowel disease is a chronic intestinal inflammatory condition, the pathology of which is incompletely 
understood. Gut inflammation causes significant changes in neurally controlled gut functions including cramping, 
abdominal pain, fecal urgency, and explosive diarrhea. These symptoms are caused, at least in part, by prolonged 
hyperexcitability of enteric neurons that can occur following the resolution of colitis. Mast, enterochromaffin and other 
immune cells are increased in the colonic mucosa in inflammatory bowel disease and signal the presence of 
inflammation to the enteric nervous system. Inflammatory mediators include 5-hydroxytryptamine and cytokines, as 
well as reactive oxygen species and the production of oxidative stress. This review will discuss the effects of 
inflammation on enteric neural activity and potential therapeutic strategies that target neuroinflammation in the 
enteric nervous system.


Introduction
Inflammatory bowel disease (IBD), which is comprised of
two main types, ulcerative colitis (UC) and Crohn's dis-
ease (CD), affects approximately 3.6 million people in the
United States and Europe. An alarming rise in previous
low-incidence areas, such as Asia, is currently being
observed [1]. Although considerable progress has been
made in recent years, a major gap in knowledge of the
pathogenesis of IBD remains. Without further research
on the pathogenesis of IBD, the discovery of lasting,
effective forms of treatment is impossible. Moreover, pre-
dicting disease outcome remains a challenge.


IBD is characterized by chronic or relapsing immune
activation and inflammation within the gastrointestinal
(GI) tract that markedly alters GI function [2]. In CD all
layers of the gut may be involved, and normal healthy gut
may be found between sections of diseased bowel. In con-
trast, UC causes inflammation and ulcers in the top layer
lining the large intestine. When the gut is inflamed, there
is breakdown of intestinal barrier function, abnormal
secretion, changes in the patterns of motility, and visceral
sensation, which contributes to symptom generation.
Typically, alterations in gut function that accompany GI
inflammation give rise to diarrhea, cramping, and pain,
all standard IBD symptoms.


Other chronic inflammatory diseases of the gut, includ-
ing celiac disease [3], an autoimmune reaction to gluten


found in wheat and other grains, and irritable bowel syn-
drome (IBS) [4], are characterized by abdominal pain and
GI dysfunction. There is clinical overlap between IBD
and IBS, with IBS-like symptoms frequently reported in
patients before the diagnosis of IBD, and a higher than
expected percentage reports of IBS symptoms in patients
in remission from established IBD [5]. There is growing
evidence that occult inflammation in the GI mucosa,
rather than coexistent IBS may play an important role in
IBS-like symptoms in patients with IBD who are thought
to be in clinical remission [5].


Inflammation is well known to affect gut function.
Experimental data suggest that inflammation, even if
mild, could lead to persistent changes in GI nerve and
smooth muscle function, resulting in colonic dysmotility,
hypersensitivity, and dysfunction even when the preced-
ing infection is restricted to the proximal small intestine.
Furthermore, alterations in gut function are observed
after resolution of an acute intestinal inflammation, sug-
gesting that inflammation-induced changes persist fol-
lowing recovery and play a major role in the generation of
symptoms associated with IBD [6,7].


Data obtained from biopsies from patients with IBD
and animal models of IBD have consistently suggested a
role of inflammatory effects on enteric neurons in the
generation of symptoms associated with IBD [8,9]. The
enteric nervous system (ENS), the intrinsic innervation of
the bowel, controls virtually all GI functions (e.g., motil-
ity, secretion, blood flow, mucosal growth and aspects of
the local immune system). It is presently unknown
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whether the persistent alterations in gut function
observed following inflammation are due to altered prop-
erties of enteric nerves.


This review will provide a brief overview of the current
understanding of enteric neural abnormalities evoked by
gut inflammation, particularly in IBD. Despite advances
in the understanding of the pathophysiology of IBD, ther-
apeutic options for combating functional changes that
persist following transient GI inflammation are not avail-
able. Neuroprotective agents that can curtail the effects
of inflammation on GI nerves may show potential in the
treatment of chronic inflammatory diseases of the bowel.


The enteric nervous system
The ENS is a component of the autonomic nervous sys-
tem with the unique ability to function independently of
the central nervous system (CNS) (see [10] for a review).
The ENS regulates and coordinates almost all aspects of
intestinal function including gut motility, the transport of
fluid and electrolytes, the secretion of mucins, the pro-
duction of cytokines, and the regulation of epithelial bar-
rier function. Each of the aspects of physiology are
compromised in IBD and it is therefore not surprising
that there is an increasing amount of research interest in
elucidating the role of the ENS in the pathogenesis of
IBD.


Enteric ganglia are organized into two major ganglion-
ated plexuses, the myenteric (Auerbach's) and submu-
cosal (Meissner's) plexus. They contain a variety of
functionally distinct neurons, including primary afferent
neurons, interneurons, and motor neurons, synaptically
linked to each other in microcircuits. In addition, enteric
neurons are supported by glial cells, the ENS counter-
parts of astrocytes of the CNS, that can modulate enteric
neuron function. Neurons of the ENS also exist in close
apposition to cells of the mucosal immune system and the
intestinal epithelium and bi-directional communication
is known to occur at both of these interfaces.


Enteric neurons are known to control virtually all GI
functions, including motility, secretion, blood flow,
mucosal growth and aspects of the local immune system.
Consequently, permanent or even transient structural
alterations in the ENS, as occur in IBD, disrupt normal GI
function.


Effects of inflammation on enteric neurons
Patients with IBD manifest symptoms suggestive of dis-
turbed gut function, such as sensory-motor changes and
altered secretion. These abnormalities illustrate the
impact of inflammatory signals generated within the gut
mucosa on neural signaling in the ENS.


Inflammation-related alterations in the ENS can be
divided into those that occur in the structural morphol-
ogy of the ENS and those that occur in the levels of


enteric neurotransmitters. Several studies have demon-
strated ENS structural changes in human IBD (for
review, see [9,11]). Tissue analysis of patients with CD
or UC showed the existence of ENS abnormalities
including ganglia and nerve bundles of increased size
(hypertrophy) and/or number (hyperplasia) [9,12-14], as
well as changes to glial cells (hyperplasia), including
increased expression of the major histocompatability
complex class II antigens [9].


Although changes in the morphology of the ENS are
observed in both CD and UC, structural changes are
more marked in CD than they are in UC [13]. Nerve
trunk hypertrophy and hyperplasia have been reported
mainly for the mucosa, submucosa and myenteric plexus
of the ileum and colon of patients with CD, and these
structural abnormalities are associated with the extent of
inflammatory infiltrate. Mucosal and submucosal abnor-
malities are less commonly observed in patients with UC.
In fact, based on electron microscopic examination, it has
been suggested that severe and extensive necrosis of gut
axons may differentiate CD from other inflammatory dis-
orders [14]. Recurrence of CD after ileal or colonic resec-
tion is common.


The natural history of IBD progressively leads to the
development of complications in approximately two-
thirds of CD patients and less than one-third of UC
patients [15]. In CD, the main complications are the
development of fibrotic strictures that lead to intestinal
obstruction and the development of intra-abdominal and
peri-anal fistulae and abscesses. Recently, the presence of
myenteric and submucosal plexitis were shown to be pre-
dictive of early endoscopic CD recurrence [16,17]. Thus,
structural changes in the ENS are predictive of disease
evolution suggesting that neuroprotection would
decrease disease severity and may play a role in recur-
rence in CD.


Ganglion cell and nerve process degeneration and
necrosis often accompany ENS structural changes in IBD.
These findings have been confirmed in tissues from both
CD and UC patients showing swollen, empty axons, filled
with large membrane-bound vacuoles, swollen mito-
chondria, and concentrated neurofibrils [18]. Interest-
ingly, these abnormalities in gut structure may also be
observed in affected and non-affected areas of CD.


Structural ENS abnormalities -- including axonal
hypertrophy and neuronal cell death -- have been
observed in a variety of experiment animal models of
colitis [19]. Animal models have been developed to better
understand the pathophysiology of colitis, and are fre-
quently used to evaluate new anti-inflammatory strate-
gies. However, acute animal models of colitis do not
exactly mimic human IBD since acute inflammation is a
nonspecific pathological process in IBD. Nevertheless,
there is a close relationship between inflammation and
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ENS structural changes and animal models of colitis,
which can be used to elucidate the mechanisms underly-
ing ENS dysfunction, whose understanding would be
rather difficult in human diseases.


Experimental models of colitis have reported either no
change in cell numbers or a significant loss of enteric
neurons [20]. For example, Linden et al. reported that the
number of myenteric neurons per ganglion are signifi-
cantly decreased in trinitrobenzene sulfonic acid
(TNBS)-induced colitis in guinea pigs [21]. TNBS-
induced colitis results in a Th1-dominant inflammation
with excessive production of IFN-γ, TNF-α, and IL-12.
This model presumably resembles CD because of the
mucosal inflammation mediated by a Th1 response.
TNBS colitis is generally induced by intrarectal applica-
tion of TNBS in ethanol [22].


TNBS colitis is associated with a 20% loss of myenteric
neurons, which occurs at the time neutrophils infiltrate
the ganglia. Interestingly, this neuronal loss persisted at a
56-day time-point, when inflammation had resolved [21].
The decrease in myenteric neurons was not associated
with a decrease in any particular subpopulation of neu-
rons, suggesting an indiscriminant loss of neurons that
occurs during the onset of TNBS-colitis. In addition, the
neurotoxic insult was followed by rapid regeneration of
axons from the surviving neurons. Inflammation was also
associated with a significant loss of myenteric neurons in
rats with TNBS-induced colitis [23].


Similar findings were reported in 2,4-dinitrobenzene-
sulfonic acid (DNBS)-induced colitis in rats, where there
was a 50% decrease of neuronal cells in the myenteric
plexus [24]. Histopathological observation has shown
that DNBS-induced damages resemble human UC [25].
Cell death was observed as early as 48 hours after the
induction of colitis; a reduction which persisted for the 35
days of the study [24].


Significant neuronal death was also observed in
Trichinella spiralis murine colitis and Trichinella spiralis-
induced colitis in rats [26,27]. Intracolonic administration
of Trichinella spiralis larvae in rats causes colitis with fea-
tures similar to UC, notably with inflammation predomi-
nantly limited to the colonic mucosa [26]. Interestingly, in
this animal model of colitis, there was a significant loss of
nitric oxide synthase- (NOS-) immunoreactive neurons
in the myenteric plexus of infected rats. Moreover, the
selective loss of NOS-positive neurons appears to under-
lie changes in motility.


Why there are such differences in findings regarding
alterations in numbers of nerve cells in human patients
and animal models of IBD is uncertain, but it may be due
to the duration of time over which the inflammation
develops, with the rapid onset of inflammation in models
employing chemicals such as TNBS and DNBS [28].


The mechanism of induction of neuronal cell death
remains unknown; however, the loss of neurons was asso-


ciated with the appearance of eosinophilic and neutro-
philic infiltrates into myenteric ganglia suggesting that it
may be mediated by interactions with the mucosal
immune system [24].


Myenteric ganglionitis, associated with infiltrates of
lymphocytes such as plasma cells and mast cells is fre-
quently observed in humans [29,30] and experimental
colitis, including murine Trichinella spiralis-induced
colitis [27]. Following TNBS colitis, eosinophils and T
cells are commonly found adjacent to myenteric ganglia.
This indicates a specific targeting to enteric ganglia [31].
Eosinophils are first observed adjacent to myenteric gan-
glia at six hours, and T cells are observed at twenty-four
hours. There are no eosinophils associated with myen-
teric ganglia in normal intestine, and T cells are rarely
found in the vicinity. Thus, their presence in elevated
numbers is an indication of ganglionitis and suggestive of
neuropathology. In addition to ganglia, immune cells
have also been observed in smooth muscle layers in coli-
tis [27,32].


The therapeutic efficacy of leukocyte inhibitors has
been demonstrated in murine models of colitis. In addi-
tion, in patients with IBD, the anti-inflammatory effects
of 5-aminosalicylic acid compounds [33] and corticoster-
oids [34] have been ascribed, at least in part, to their abil-
ity to inhibit the formation of and/or scavenging of
reactive oxygen metabolites from neutrophils and to
reduce neutrophil infiltration, respectively. Interestingly,
reducing neutrophil granulocyte infiltration into the
intestinal mucosa by pretreatment of mice with anti-neu-
trophil serum results in partial attenuation of myenteric
plexus cell loss following DNBS colitis [35]. Moreover,
resolution of the inflammatory process is associated with
a gradual improvement in propulsive action.


Mechanisms of cell death
Inappropriate neuronal cell death occurs in various neu-
rodegenerative and inflammatory conditions of the ner-
vous system. While the mechanisms of neuronal cell loss
have not been studied in animal models of colitis or in
patients with IBD, investigation of neurodegenerative and
inflammatory conditions of the central and peripheral
nervous systems have frequently demonstrated activation
of apoptotic pathways.


Caspase-3 is a pivotal mediator of apoptosis because of
its ability to cleave a vast array of proteins. Active cas-
pase-3 consists of 17 and 11 kDa subunits derived from a
32 kDa pro-enzyme by cleavage at multiple aspartic acid
sites. Its cleavage results in the functional loss of multiple
proteins, leading to the death of the cell.


Recently, De Giorgio et al. demonstrated neuronal
apoptosis in guinea pig myenteric plexus neuron cultures
[36]. Furthermore, this myenteric neuronal cell loss was
mediated through activation of a caspase-3-dependent
pathway. Strongly activated caspase-3 and cleaved poly







Lakhan and Kirchgessner Journal of Neuroinflammation 2010, 7:37
http://www.jneuroinflammation.com/content/7/1/37


Page 4 of 12

(ADP-ribose) polymerase immunoreactivities were evi-
dent as early as 30 minutes following instillation of dini-
trobenzene sulfonic acid (DNBS) to induce experimental
colitis. Lourenssen et al. recently demonstrated that the
caspase inhibitor zVAD, but not DEVD, significantly pre-
vents neuronal death, implying a largely caspase-3/7
independent mechanism of apoptotic death. This finding
was supported by staining for annexin V and cleaved cas-
pase-3 [37].


Transglutaminases are a large family of related and
ubiquitous enzymes which catalyze the cross linking of a
glutaminyl residue of a protein/peptide substrate to a
lysyl residue of a protein/peptide co-substrate [38]. These
enzymes are also capable of catalyzing other reactions
that are important for cell life. Recently, "tissue" transglu-
taminase (tTG) was shown to be involved in molecular
mechanisms responsible for very widespread human
pathology in celiac disease, in addition to a number of
human neurodegenerative diseases.


Experimental colitis upregulates tTG and increases its
activity in the ENS [23]. One week after TNBS-induction
of colitis in rats, myenteric neurons display increased tTG
compared to control and non-inflamed colon. Similarly,
tTG activity is significantly higher in inflamed colon. In
cultured myenteric neurons incubated with retinoic acid,
a tTG inducer, significantly increased neuronal apoptosis
suggests that tTG enhances neuronal susceptibility to
apoptosis. These data pave the way to future therapeutic
options targeting neuronal apoptosis as a pathogenic fac-
tor that could contribute to neuropathologic changes
during gut inflammation.


Neurochemical and receptor changes
Overall, a considerable body of evidence from animal
models and patients with IBD shows that dramatic altera-
tions occur in the ENS in conditions of inflammation,
and are coupled with disturbed motility that are likely to
play an important role in the pathogenesis of the disease.


Evidence in animal models of IBD shows that, in addi-
tion to gross changes in the morphology and architecture
of neural ganglia and nerve cell bodies, subtle changes in
the expression of neurotransmitters or their receptors at
synapses within the gut wall are a prevalent and impor-
tant aspect of intestinal inflammation. Inflammatory cells
in the intestine, such as dendritic cells, lymphocytes,
macrophages and mast cells, express receptors for small
molecule neurotransmitters and neuropeptides, and
enteric neurons are responsive to cytokines that inflam-
matory cells secrete.


Chemical messengers that have been implicated in IBD
include neuropeptides and small molecules such as ace-
tylcholine (ACh) and 5-hydroxytryptamine (5-HT or
serotonin) [39]. In the rodent intestine, inflammation
markedly affects the cholinergic neurons that comprise


the major excitatory phenotype of the ENS, causing
decreased release of ACh [40]. This may be derived from
changes in the expression of the synaptic vesicle proteins
that are necessary for neurotransmitter release, such as
the selective decrease of the synaptic vesicle protein neu-
ronal calcium sensory 1 during TNBS-induced colitis
[12]. 5-HT, a major gastrointestinal paracrine hormone
and enteric neurotransmitter known to be involved in the
initiation of peristaltic activity, has recently been recog-
nized to be a pro-inflammatory neurotransmitter as well,
and its secretion is increased in the enterochromaffin
cells of patients with CD [41].


Substance P (SP), which belongs to a family of structur-
ally linked peptides known as tachykinins, is an 11-amino
acid peptide secreted by nerves and inflammatory cells
such as monocytes, macrophages, eosinophils, and lym-
phocytes, and acts by binding to the neurokinin-1 (NK-1)
receptor [28]. In addition to a variety of modulatory
effects (i.e., smooth muscle contraction, vasodilation, and
epithelial ion transport), SP is a mediator of neurogenic
inflammation and plays an important role [28] in inflam-
matory diseases of the respiratory, gastrointestinal, and
musculoskeletal systems [28].


Elevated SP and upregulated NK-1 receptor expression
have been reported in the rectum and colon of patients
with IBD [42]. SP increases dramatically in the myenteric
plexus of the colon of patients with UC and involves a
shift from a mainly cholinergic to a more extensive SP
innervation [43,39]. In fact, the density of SP nerve termi-
nals in the lamina propria of UC patients correlates with
the severity of the disease. Interestingly, similar changes
in neurochemical coding were also observed in non-
inflamed areas of bowel and may constitute part of the
neuronal basis for the altered motility disturbance
observed during UC [43]. There is also an increased
expression of SP binding sites in the inflamed mucosa of
UC patients [44] as well as an increase in NK-1 receptor
mRNA [19]. As a result of these findings, tachykinin
antagonists have been proposed as potential anti-inflam-
matory compounds [45].


In support of the idea that SP is pro-inflammatory and
plays a role in the pathogenesis of IBD, specific antago-
nists for the high-affinity NK1 receptor decrease inflam-
mation and severity of DSS-induced colitis, protect from
dinitrofluorobenzene- (DNFB-) induced colitis in mice
[42] and protect SCID mice against T-cell induced
chronic colitis [46]. In addition, blocking NK1 receptors
also results in reductions in colitis in acetic acid-induced
colitis and Clostridium difficile ileitis. Neuron-derived
pro-inflammatory SP can stimulate macrophages, mast
cells, and endothelium to release cytokines, which can
contribute to and sustain an inflammatory infiltrate,
thereby causing tissue damage and neurodegeneration.
Since NK-1 promotes inflammation, NK-1 antagonists
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are candidates to be therapeutic agents for IBD. However,
whether they attenuate the effects of inflammation in the
ENS is unknown.


Considerable evidence suggests that vasoactive intesti-
nal peptide (VIP) also participates in the pathophysiology
of IBD [47]. VIP is a 28-amino-acid peptide belonging to
the pituitary adenylate cyclase-activating polypeptide
(PACAP)/glucagon superfamily based on sequence
homologies. All layers of the colon contain VIP with the
highest concentration in the myenteric plexus. Function-
ally, VIP inhibits the peristaltic reflex in the circular mus-
cle layer, controls intestinal blood flow, and modulates
the immune system by binding to two G-protein-coupled
VIP receptor -- VPAC1 and VPAC2 -- which are also
shared by PACAP. VIP is released from nerve terminals
that contain nitric oxide synthase (NOS). Together, these
two peptides are believed to be the primary components
of non-adrenergic, non-cholinergic nerve transmission in
the gut.


Several pieces of evidence indicate that VIP participates
in the pathophysiology of colitis and IBD. Treatment with
VIP after the onset of TNBS-induced colitis in mice
reduces the clinical and histopathologic severity of colitis
as well as Th1 cytokine levels [48]. In addition, glucagon-
like peptide 2 (GLP-2), an important regulator of nutri-
tional absorptive capacity with anti-inflammatory
actions, reduces intestinal mucosal inflammation in
TNBS-induced colitis in rats by activation of VIP neurons
of the submucosal plexus [49]. These findings indicate the
potential use of VIP in the therapy of CD; however, VIP
has potential side effects, including hypotension and
diarrhea, when given at high doses.


Significant increases in VIP content of colonic nerves
have been reported in biopsies from CD patients com-
pared to UC patients or controls [50]. A similar increase
in VIP concentration was also evident in rectal biopsies
from CD, but not UC, patients. Similar findings have
been reported in the myenteric plexus in guinea-pig
TNBS colitis [21]. Kishimoto et al. reported an increased
VIP immunoreactivity in neurons and nerve fibers in
both plexuses of the colon and an elevated content of VIP
in dextran sulfate sodium (DSS)-induced colitis in rats
[51]. In contrast, Mazumdar and Das found decreased
expression of VIP immunoreactivity in the colon of both
CD and UC patients, compared to controls [52], while
two other studies showed a significant decreased of rectal
and colonic VIP in UC and CD patients.


The mechanism by which inflammation selectively
alters the expression of transmitters in the ENS is cur-
rently unknown; however, a recent study of TNBS colitis
in rats identified a role for nerve growth factor and its
receptors in susceptibility to inflammation-induced neu-
ronal damage.


In addition to SP and VIP, mRNA for a number of pep-
tides is increased in colon tissues from mice undergoing
experimental colitis induced by oil of mustard (OM; allyl
isothiocyanate), a direct stimulant of small nerve fibers
and a potent, acute inflammatory irritant. OM has been
used experimentally to evoke allodynia and visceral hype-
ralgesia following intracolonic administration to mice
[53]. Intracolonic application of a 0.5% solution of OM
produces a severe, transient colitis with the greatest dam-
age within the first three days.


OM colitis has a vital neuronal component, as evi-
denced by elevated expression of mu- and delta-opioids,
and the receptors NK1, cannabinoid receptor 1 (CB1R)
and TRPA1, the receptor for OM and a member of the
transient receptor potential channel family. TRPA1 is
responsible for detecting physical signals such as noxious
cold and directly contributes to the cold hyperalgesia
present in inflammatory states. Intrathecal injection of
TRPA1 antisense oligonucleotides, reduces TRPA1
expression and attenuates visceral hyperalgesia following
TNBS-induced colitis [54].


Neuronal receptor and neuropeptide mRNA expression
are upregulated within the first two hours following OM
colitis [53]. CB1R is transiently increased, consistent with
other reports related to pathways associated with pain
sensation stimulated by colitis, and also consistent with
data demonstrating increased CB1R expression in human
IBD.


Alterations in enteric neural signaling
A number of electrophysiological studies have been per-
formed in animal models of IBD in order to elucidate the
mechanisms underlying inflammation-induced changes
in gut motility. Independent of the method used to
induce colitis, the type of enteric neuron most dramati-
cally affected by inflammation is the afterhyperpolarizing
(AH) neuron.


In the normal guinea pig intestine, the AH neuron,
named for its prolonged afterhyperpolarization, func-
tions as an intrinsic primary afferent neuron in the myen-
teric plexus and is associated with peristalsis, mucosal
secretion, and vasodilation. These neurons very rarely
receive fast synaptic inputs in normal conditions, but in
the guinea pig distal colon more AH neurons receive fast
synaptic inputs following the induction of inflammation
[55]. Similar findings have been reported for a T. spiralis
model of jejunitis. In this model, AH myenteric neurons
exhibit increased excitability, depolarized membrane
potential, and reduced AH potential amplitude and dura-
tion along with increased input resistance [56]. AH neu-
rons in the inflamed ileum also exhibit another form of
prolonged excitation, a prolonged hyperexcitability after
a brief stimulus that lasts up to three hours [57].
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AH neurons characteristically receive slow excitatory
postsynaptic potentials (EPSPs) in the normal bowel.
However, maintained excitation that lasts from 27 min-
utes up to three hours occurs in AH neurons in inflamed
bowel [57]. Such long-term hyperexcitability is not
encountered in enteric neurons of normal intestine. The
maintained excitation indicates that a brief synaptic acti-
vation can trigger a long period of hyperexcitability in AH
neurons after they have been exposed to an inflamed
environment. These findings suggest that perturbation of
the sensory component of intrinsic motor reflexes may
occur during inflammation. Maintained neuronal excita-
tion, observed only in neurons from the inflamed bowel,
may contribute to the dysmotility, pain, and discomfort
associated with intestinal inflammation and IBD in par-
ticular. The mechanisms responsible for the changes in
excitability are not yet understood, but they may involve a
persistent alteration in channel expression and/or a con-
tinuous release of inflammatory mediators due to low-
grade inflammation.


Alterations in sympathetic neural activity
IBD alters the function of the ENS and the sensory inner-
vation of the GI tract. Less is known about whether IBD
affects the sympathetic nervous system, although experi-
mental evidence of sympathetic neural dysfunction in
IBD is increasing [58]. A decrease in the release of nora-
drenaline from sympathetic varicosities in inflamed and
un-inflamed regions of the GI tract has consistently been
reported for animal models of colitis. Recent findings
suggest that the decrease in neurotransmitter release may
be due to inhibition of N-type voltage-gated Ca2 c + cur-
rent in postganglionic sympathetic neurons [59]. How an
alteration of sympathetic function contributes to the
pathogenesis of IBD has not yet been determined.


Neuroimmune factors
It has been known for some time that the ENS and
mucosal immune systems have the ability to regulate one
another's functions. Nerve cells are found in close prox-
imity to immune cells in the mucosa. The two systems
even share several chemical mediators, such as SP. Neu-
ronal activation can lead to degranulation of mast cells
and influx of neutrophils, thereby recruiting elements of
innate immunity to the area. Lymphocytes express recep-
tors for neuropeptides released by enteric nerves, and
stimulation of these cells with SP or VIP can induce their
differentiation and alter their production of immuno-
globulins.


Signaling between immune cells and enteric neurons
can also evoke alterations in gut function. Linden et al.
indicated that the hyperexcitability of intrinsic primary
afferent neurons of inflamed guinea pig colon may be sec-
ondary to activation of cyclooxygenase (COX)-2 and pro-


duction of prostaglandins (PGE2) [60]. Alterations in
electrical and synaptic properties of enteric neurons in
non-inflamed colon of guinea pigs with TNBS-induced
ileitis are accompanied by significantly increased PGE2
tissue levels, despite the lack of overt inflammation in the
colon [61]. Moreover, these increased PGE2 levels are
attenuated in the presence of COX2 inhibitors.


Ileitis also increases the number of colonic 5-HT-
immunoreactive enteroendocrine cells and release of 5-
HT, despite the absence of inflammation in the colon.
Therefore, increased prostaglandin and 5-HT levels may
underlie some of the changes in neuronal properties
observed at sites of gut inflammation. These changes can
occur in non-involved regions during episodes of intesti-
nal inflammation.


Several studies point to the involvement of kinases in
the sustained changes that occur following inflammation
[62]. In previously inflamed colon, PKA activity in nerve
terminals increases and contributes to the facilitation of
fast synaptic transmission, possibly through inhibition of
big conductance K+ channels and an increase in the
release-ready pool of synaptic vesicles. In other studies,
inflammation of the small intestine induced by
Trichinella spiralis causes increased adenylyl cyclase
activity of myenteric neurons 6-9 days after infection
[63].


Mast cells
Mast cells and their chemicals have the potential to medi-
ate the effects of inflammation on enteric nerves because
they function as intermediaries between neurons and the
inflammatory soup in their environment [64]. Both mast
cells and neurons can be increased or decreased by an
inflammatory environment and, upon activation, release
mediators that can act on the gut neuromuscular appara-
tus. Although mast cells are most widely known for their
role in allergic responses, these cells are normally present
throughout the gut and are involved in a range of physio-
logical and pathological activities including mucosal
defense mechanisms and inflammation.


Enteric mast cells are concentrated with granules that
serve as sites of storage for a wide mix of preformed
chemical mediators. Antigens stimulate the mast cells to
release mediators, which then diffuse into the extracellu-
lar space to influence other cell types. Mast cells may
release an array of inflammatory mediators, which may
stimulate the residential macrophages on the one hand
and intrinsic and extrinsic neurons, on the other hand,
which may ultimately result in GI dysfunction and symp-
toms.


Mast cell degranulation evoked by psychological stress
activates an "alarm program" in the ENS to produce
symptoms of diarrhea and abdominal distress. Mast cells
are located close to enteric nerves and provide a struc-
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tural basis for communication between the gut and the
ENS. They release mediators, which signal the ENS that
degranulation has taken place while simultaneously
attracting immune/inflammatory cells into the intestinal
wall from the mesenteric circulation. Blockade of ENS
and sensory afferents by exposure of gut to the nerve
blocker tetrodotoxin, or application of mast cell stabiliz-
ing drugs, prevents the acute inflammatory response to
Clostridium difficile toxin-A. The terminals of vagal and
spinal afferent neurons also express receptors for mast
cell mediators.


There is considerable clinical evidence for mast cell
involvement in human IBD. In the colorectal mucosa
from patients with CD and UC, the amount of mast cell
tryptase is significantly increased as is the number of
mast cells in the lamina propria and submucosa [65].
Increased numbers of mast cells found in the colonic
mucosa of IBD patients are accompanied by dramatically
increased expression of TNF-alpha, IL-16, and SP [66].
Evidence of mast cell degranulation is found in the intes-
tinal wall of IBD patients, suggesting that mast cell
degranulation is involved in the pathogenesis of IBD [66].


Infections with nematode parasites stimulate prolifera-
tion of mast cells in animals, which serve as experimental
models for the investigation of mast cell functions in
detection of and signaling the presence of sensitizing
antigens and infectious invaders that broach the mucosal
barrier.


Mast cells mediators include a number of proinflam-
matory substances (tryptase, histamine, platelet activat-
ing factor, prostaglandins, leukotrienes) and have the
capacity to produce a variety of cytokines. Mast cells
undergo degranulation during intestinal manipulation
and may be part of the mechanisms responsible for trig-
gering cellular infiltration and subsequent altered bowel
motility.


Evidence for communication between mast cells and
the ENS is derived from electrophysiological recordings
in enteric neurons in intestinal preparations from anti-
gen-sensitized animal models and recordings of the
actions of mast cell mediators on the electrical and syn-
aptic activity of ENS neurons. Several mast cell-derived
mediators have neuropharmacological actions on the
electrical and synaptic behavior of neurons in the ENS
including histamine, interleukin-6, leukotrienes, 5-HT,
platelet activating factor, mast cell proteases, adenosine,
interleukin-1β, and prostaglandins [67]. The evidence
suggests that mast cell signals trigger a neural program
for defensive intestinal behavior in response to circum-
stances within the lumen that are threatening the func-
tional integrity of the whole animal. Immunoneural
integration progresses sequentially beginning with
immune detection followed by signal transfer to the ENS,


and then by the selection of a specific neural program for
coordinated mucosal secretion and powerful propulsion
that effectively clears the antigenic threat from the intes-
tinal lumen [67].


Enterochromaffin cells
Studies show that intestinal inflammation is accompanied
by alterations in enteroendocrine cells. The 5-HT-con-
taining enterochromaffin (EC) cells are the most abun-
dant enteroendocrine cells present in the gut. They are
distributed throughout the GI tract, although the greatest
concentrations are located in the small intestine and rec-
tum. Ninety-five percent of GI tract 5-HT is found in EC
cells with the remainder within enteric neurons.


Enterochromaffin cells are interposed between gut epi-
thelial cells, where they act as sensors of the intraluminal
milieu. 5-HT release from EC cells is mediated by luminal
or neuronal stimuli that include stimuli such as mucosal
stroking, and endogenous chemical stimuli such as ade-
nosine. Following its release, 5-HT activates a variety of
receptors and participates in reflex propagation [68].
Enterochromaffin cells are influenced by GI inflamma-
tory conditions. Moreover, changes in the content,
release, and re-uptake of 5-HT have been reported in IBD
[69].


Mucosal EC cell number is increased in clinical and
experimental models of IBD [70]. Enterochromaffin cell
number is increased both in affected and non-affected
sites of the gut. A further factor that may act to increase
5-HT levels is that expression of the serotonin reuptake
transporter (SERT) is reduced.


The SERT molecule is a member of the Na+/Cl- neu-
rotransmitter transporter family and is expressed by epi-
thelial cells and neurons in the gut [68]. 5-HT is removed
from the interstitium by reuptake via SERT. These
changes are important due to the strategic location of EC
cells in the gut mucosa, making it likely that 5-HT has a
direct action on enteric neurons, regulating gut motility
and secretion [70]. Recently, Bischoff et al [71] demon-
strated that deletion of SERT increases the severity of
TNBS colitis in mice. These data suggest that 5-HT sig-
naling and its SERT-mediated termination may be
involved in the pathophysiology of IBD. There is evidence
that SERT expression is decreased in human IBD [41] as
well as in mice as a result of TNBS-induced colitis [71].


5-HT can modify gut motility/sensation is several ways.
5-HT is also present within enteric nerves [72]. It acts
upon 5-HT3 receptors of vagal afferent nerve fibers,
which in turn stimulate intestinal secretion and motor
reflexes. Furthermore, 5-HT can act on 5-HT3, 5-HT4,
and 5-HT1P receptors on enteric neurons thereby con-
tributing to peristalsis and stimulating intestinal transit
[73]. These findings implicate 5-HT signaling in the
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pathophysiology of IBD and suggest that drugs targeting
gut 5-HT receptors could benefit patients suffering from
inflammation-related gut disorders.


Other inflammatory cells in IBD
During an inflammatory flare, lymphocytes and other
inflammatory cells infiltrate the bowel wall, and both
local and circulating cytokine levels (e.g., Il1β, TNF-α, IL-
6) are elevated in patients with IBD. These cytokines,
secreted by circulating and resident inflammatory cells,
may exert direct influences on enteric nerves and are
capable of modulating its neuromuscular function.


In addition to increases in mast cells and EC cells, there
are trends for increases in CD3+ lymphocytes and the
proportion of lymphoid tissue. CD3 is a "pan T-lympho-
cyte marker" and allows one to estimate the overall num-
ber of T-lymphocytes in the lamina propria of patients
with IBD. It is possible that specific subclasses of lympho-
cytes may be altered in IBD (e.g., CD4+ T cells). Recently,
circulating and tissue B cells from CD patients were
shown to demonstrate elevated basal levels of activation
[74].


Post-inflammatory changes in gut function
There is no question that GI inflammation leads to signif-
icant changes in neuron-controlled gut functions, and
that alterations in gut function are accompanied by
changes in neurophysiological, neurochemical, and mor-
phological properties of enteric nerves. It has recently
become apparent that inflammatory changes persist fol-
lowing resolution of the initiating inflammatory event,
suggesting that prior inflammation can alter GI function
and visceral sensation.


In vivo, colitis causes impaired neurotransmitter func-
tion in both inflamed and noninflamed regions of the
bowel [75], and altered neuronal signaling can persist up
to eight weeks after the initiation of colitis, long after
inflammation is apparently resolved, according to histo-
logical examination and assay of myeloperoxidase activity
in tissue extracts [76]. Other animal models also show
that neural function can remain affected by prior damage
for extended periods of time, such as the impaired ACh
metabolism seen at least six months after Trichinella spi-
ralis-induced intestinal inflammation [77]. This implies
that the inflammation may cause a prolonged change in
the intrinsic properties of the neurons. What mediates
the persistent post-inflammatory hyperexcitability of
enteric neurons is not yet known. However, increased
numbers of immune cells in the human rectal mucosa
have been documented for at least a year after an acute
infection with Campylobacter enteritis [78].


A surge of eosinophils and T-lymphocytes associated
with the enteric ganglia occurs at 1-7 days following
TNBS colitis [31]. However, elevated immune cell num-


bers occur in the lamina propria of the mucosa until 56
days. Thus, ongoing mucosal inflammatory reaction may
contribute to the persistence of enteric neuropathy. This
makes sense, since the major neuron type in myenteric
ganglia whose properties are changed by a brief severe
inflammation are the AH neurons [55]. These neurons
have processes in the mucosa that are stimulated by local
mediators, for example 5-HT. The exposure of their nerve
terminal in the mucosa to the products of the immune
cells may contribute to the maintenance of increased
excitability of AH neurons. Questions remain as to what
genes are being activated or inactivated, and as to how
these genes might be influenced to return to normal lev-
els of activity.


Oxidative stress
It is generally hypothesized that IBD is caused by GI tract
immune dysregulation, because the disease is accompa-
nied by a considerable infiltration of inflammatory cells
in the gut mucosa [79]. However, the specific pathways
leading to cellular damage have yet to be fathomed. Oxi-
dative stress is a potential biological and/or triggering
factor for IBD, because the detrimental effects of reactive
oxygen species (ROS) are well established in the inflam-
mation process.


Oxidative stress arises when there is a marked imbal-
ance between the production of ROS and their removal
by antioxidants. In reaction to mild oxidative stress, tis-
sues often respond by producing more antioxidants; how-
ever, severe persistent oxidative stress depletes body
antioxidant resources and overtakes its ability to produce
more antioxidants, leading to lower antioxidant levels
and injury in the tissues.


For example, patients with IBD demonstrate decreased
expression of the anti-oxidant heme-oxygenase-1 (HO-1)
in the intestinal epithelium of inflamed colonic mucosa,
compared to control specimens, suggesting dysregulated
expression in inflammation [80]. HO-1 is the rate-limit-
ing enzyme in the catabolism of heme, which leads to the
generation of biliverdin, iron, and carbon monoxide and
has been shown to have important anti-inflammatory
properties. Moreover, induction of HO-1 protects neu-
rons from oxidative stress-induced cell death, possibly in
response to activation of the transcription factor Nrf2
[81].


In vivo, induction of HO-1 by the HO-1 inducer cobalt
protoporphyrin (CoPP) leads to significant down-regula-
tion of colonic inflammation in acute DSS-induced colitis
[80]. Moreover, the protective effects of HO-1 in experi-
mental colitis are replicated by administration of hemin,
which markedly reduces programmed cell death of
colonic epithelium and attenuates the production of
interleukin 17 [82]. In addition, rectal administration of
tranilast, a mast cell stabilizer, significantly increases
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expression of HO-1 in colonic epithelial cells and is
thought to mediate the anti-inflammatory effects of tra-
nilast in DSS colitis and human IBD [83].


In addition to colonic epithelial cells, HO-1 is expressed
in macrophages. In both mouse and human colon, HO-1
immunoreactivity is displayed by macrophages in close
proximity to SP-containing nerve fibers (Figure 1). Mac-
rophages have pro- and anti-inflammatory activities,
depending on their phenotype. For example, CD206+/
HO-1+ gastric macrophages protect against oxidative
stress-induced damage and are required for prevention of
diabetic gastroparesis in mice [84]. Thus, expression of
HO-1 in macrophages could constitute an important
component of the anti-inflammatory effect by increasing
antioxidant protection and decreasing the inflammatory
component of IBD lesions. Moreover, the expression of
HO-1 in macrophages close to enteric nerves could act as
a natural defense mechanism to alleviate enteric nerve
injury in the GI tract. Therefore, induction of HO-1
expression in macrophages might be a therapeutic option
to protect neurons in patients with IBD; however, this
idea remains to be tested.


The presence of reactive oxygen metabolites, or the
molecules damaged by them, has been extensively stud-
ied in patients with IBD [85]. Although some results are
conflicting, it seems that patients with IBD demonstrate
excessive oxidized molecules compared with healthy con-
trol subjects in a variety of organ systems. This seems to
be more pronounced in patients with CD. In fact, the


most commonly used drug for patients with IBD, 5-amin-
osalicylic acid, has ROS scavenging capabilities [86].


Similar results have been found in animal models of
IBD, which universally show abnormal levels of antioxi-
dants or oxidized molecules [85]. The most striking evi-
dence comes from genetic knockout mice lacking the
antioxidant enzyme of glutathione peroxidase. These ani-
mals display destructive colitis similar to UC as early as
11 days of age [87].


Activation of immune cells and the release of ROS such
as H2O2 are prominent early events in the pathogenesis of
IBD that could affect the ENS. There is a close parallel
between the loss of enteric neurons and their axons after
exposure to H2O2 observed in vitro, and the damage to
the ENS that is seen in the acute phase of initiation of
colitis in vivo, where a significant loss of neurons occurs
by 24 h [24]. The damage produced by H2O2 does not tar-
get a specific neuronal phenotype as the death of myen-
teric neurons is distributed equally among cholinergic
and nitrergic neurons. Thus, the neurotoxic events of
inflammation appear to be nonselective.


A comparison of ROS levels, using DHR fluorescence,
in preparations of myenteric plexus from 12- to 15-
month-old rats showed increased levels of free radical
generation with age, suggesting that aging correlates with
higher levels of intrinsic neuronal ROS. Interestingly, ele-
vated levels of intraneuronal ROS are correlated with
substantial neuron loss suggesting a plausible mechanism
whereby age-related neuron cell death is produced [88].


Enhanced ROS production and oxidative injury play a
cardinal role in the onset and progression of neurodegen-
erative disorders. To maintain a proper redox balance, the
CNS is equipped with an antioxidant defense mechanism
consisting of endogenous antioxidant enzymes. The
expression of most antioxidant enzymes is tightly con-
trolled by the antioxidant response element (ARE) and is
activated by Nrf2, a transcription factor that regulates an
expansive set of antioxidant genes that act in synergy to
remove ROS through sequential enzymatic reactions.
When activated, Nrf2 specifically targets genes bearing
an ARE within their promoters such as HO-1, 1-ferritin,
and glutathione peroxidase, which maintain redox
homeostasis and influence the inflammatory response.
Not surprisingly, Nrf2-deficient mice have an increased
susceptibility to DSS-induced colitis, possibly due to
reduced expression of antioxidant phase II detoxifying
enzymes with a concomitant increased induction of
proinflammatory mediators [89]


Several of the genes commonly regulated by Nrf2 have
been implicated in protection from neurodegenerative
conditions. For this reason, Nrf2 may be considered a
therapeutic target for conditions that are known to
involve free radical damage. Mitochondrial dysfunction


Figure 1 Immunoreactivity to hemeoxygenase-1 (HO-1) and sub-
stance P (SP) in a cryostat section of human colon. An HO-1-posi-
tive macrophage (orange) is seen in close proximity to a SP-containing 
nerve fiber (green) in the colonic mucosa.
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and build-up of ROS are indicative of neurodegeneration;
therefore, targeting Nrf2 may be valuable in combating
neurodegeneration in IBD.


Neuroprotection by enteric glial cells
Enteric glial cells have recently been postulated to have a
novel neuroprotective role in the ENS. Enteric glial cells
are analogous to, and share many similarities with, astro-
cytes of the CNS. Following major ablation of enteric glial
cells, there is a significant decrease in the number of
myenteric neurons compared to control [90]. Notably,
there is a loss of NOS-containing neurons in the myen-
teric plexus, which likely underlies disturbances observed
in smooth muscle relaxation and intestinal transit time.
The mechanisms responsible for neuronal cell loss
remain unknown. However, this may be due to reduced
availability of neuroprotective factors, which could lead
to an increase in susceptibility of enteric neurons to
insults such as oxidative stress, as occurs in IBD.


Enteric glial cells are known to actively participate in
inflammatory processes. They produce and respond to an
array of cytokines. They also protect neurons from oxida-
tive stress in part via reduced glutathione (GSH) [91].
GSH has been identified in the CNS as being synthesized
by astrocytes and exerting neuroprotective effects, espe-
cially during oxidative stress [92].


Conclusion
This review describes changes in the anatomical and
physiological properties of enteric neurons in response to
gut inflammation. In general, inflammation-related
changes in GI function likely involve neurodegeneration
and neuroplasticity in the ENS, as well as changes in the
structure and function of enteric glia. Although the
mechanisms involved in modulation of enteric neural
activity during inflammation are not completely under-
stood, oxidative stress appears to play an important role
in the process. Thus, it is possible that neuroprotective
agents that curtail oxidative stress in the ENS could
restore gut function and could have utility in the treat-
ment of gut dysfunction in IBD.
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CLINICAL IMPLICATIONS OF BASIC NEUROSCIENCE RESEARCH


SECTION EDITOR: HASSAN M. FATHALLAH-SHAYKH, MD


Neuronal Damage in Brain Inflammation
Orhan Aktas, MD; Oliver Ullrich, MD; Carmen Infante-Duarte, PhD; Robert Nitsch, MD; Frauke Zipp, MD


I n contrast to traditional textbook paradigms, recent studies indicate neuronal damage in
classic neuroinflammatory diseases of the brain, such as multiple sclerosis or meningitis.
In these cases, immune cells invade the central nervous system compartments, accompa-
nied by a massive breakdown of the blood-brain barrier and typical changes of the cere-


brospinal fluid. On the other hand, inflammation within the central nervous system is a common
phenomenon even in classic noninflammatory brain diseases that are characterized by degenera-
tion or trauma of neuronal structures, such as Alzheimer disease, Parkinson disease, or stroke. In
these cases, inflammation is a frequent occurrence but displays different, more subtle, patterns com-
pared with, for example, multiple sclerosis. Concepts for directly protecting neurons and axons in
neuroinflammatory diseases may improve the outcome of the patients. In parallel, epidemiologi-
cal and animal experimental evidences, as well as first clinical trials indicate the benefit of im-
munomodulatory therapies for classic noninflammatory brain diseases. We review the evidence
for inflammatory neuronal damage and its clinical impact in the context of these diseases.


Arch Neurol. 2007;64:185-189


INFLAMMATION IN THE
BRAIN—NOT EXOTIC AT ALL


In principle, inflammation is the first re-
sponse of the immune system to danger sig-
nals evoked by infection or irritation. The
ability to distinguish between self and non-
self enables the immune system to iden-
tify and defeat invading infectious agents.
The same mechanism is responsible for the
rejection of allogeneic transplants, be-
cause the immune system is able to recog-
nize distinctive molecules that allow the
identification of cells belonging to its own
organism. However, this is not true for the
central nervous system (CNS), where al-
logeneic transplants fare better than at other
sites of the body, such as the skin. More-
over, the virtual absence of major histo-
compatibility complex class II molecules in
noninflamed CNS and other specific mecha-


nisms inhibiting local immune responses
led to the perception of the brain as a site
with relative “immune privilege.”


Immune response is, however, pos-
sible and particular in the CNS. Acute neu-
roinflammation typically occurs in infec-
tious meningitis and meningoencephalitis,
where brain invasion by pathogens like vi-
ruses or bacteria triggers the breakdown of
the blood-brain barrier and the subse-
quent influx of blood-borne immune cells
into the CNS. A similar pattern is ob-
served in the course of chronic autoim-
mune disorders of the brain, such as
multiple sclerosis (MS). In this case, the im-
mune system is believed to target myelin-
related CNS structures and to maintain con-
tinuous brain inflammation. Thus, in these
classic neuroinflammatory conditions, a
specific immunological “danger signal,” be
it infectious or autoimmune, elicits an im-
mune response within the CNS.


Besides these obvious scenarios in which
inflammation is accepted as an integral part
of neuropathological features, inflamma-


Author Affiliations: Cecilie Vogt Clinic for Molecular Neurology (Drs Aktas,
Infante-Duarte, and Zipp) and Cell Biology and Neurobiology (Dr Nitsch),
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tory changes have been recently iden-
tified as a crucial player in primarily
noninflammatory CNS disorders as
well. In disorders such as Alzheimer
disease (AD), Parkinson disease (PD),
and Huntington disease (HD), or in
X-linked adrenoleukodystrophy, the
primary insult is due to degenerative
or metabolic processes, whereas a
crude breakdown of the blood-brain
barrier with massive invasion of ac-
tivated immune cells is lacking. In
contrast, these disorders display signs
of immunological activation, which
had been classified as unspecific “re-
active gliosis” in the past and were not
integrated into disease concepts.
However, recent epidemiological, ex-
perimental, and therapeutic studies
have revealed that these rather subtle
immunological alterations deserve se-
rious attention in primary neurode-
generative disorders; apparently, im-
mune mechanisms crucially control
and promote CNS degeneration in
nonneuroinflammatory diseases, like
AD and stroke. Conversely, pro-
found axonal damage and neuronal
cell death have been identified in MS
and infectious meningitis. These sur-
prising findings, which are not yet
fully understood, bring classic pri-
mary neuroinflammatory and neuro-
degenerative diseases even closer than
expected. We review recent insights
into the underlying molecular pro-
cesses in these neurological disor-
ders and discuss their relevance for fu-
ture therapy approaches.


NEURONAL DAMAGE
IN CLASSIC


NEUROINFLAMMATION


MS—More Than a
Demyelinating Disease


In patients with MS, we find early axo-
nal pathological features, correlat-
ing with the number of infiltrating im-
mune cells, and “black holes” and
focal cortical thinning seen on mag-
netic resonance imaging, indicating
complete tissue loss and death of neu-
ronal cell bodies.1,2 Evenat early stages
ofdisease, cognitive impairment is fre-
quent and has been recently linked to
magnetic resonance imaging signs of
neuronal dysfunction. Consistently,
20% to 60% of patients with MS dis-
play electroencephalographic abnor-
malities, and patients with MS show


generally an up to 10-fold higher fre-
quency of epileptic seizures com-
pared with the general population.
However, considering theevidence for
MS as an autoimmune disease di-
rected against the myelin sheath, how
does neuronal damage occur?


The Different TRAILs to
Neurodegeneration in MS


In patients with MS, investigation of
normal-appearing white matter re-
veals extensive axonal pathological
features, indicating early damage of
neuronal structures. Neuronal dys-
function or destruction and the in-
crease in atrophy and the accumu-
lation of axonal loss correlate with
disability,3,4 which explains the clini-
cal observation of long-term pro-
gression similar to that in neurode-
generative diseases. Axonal damage
can occur secondary to inflamma-
tory demyelination, because the oli-
godendrocyte provides trophic sup-
port important for axonal function
and survival.5,6 Such a mechanism
may also explain the presence of
neurons undergoing apoptosis in the
cortex of patients with MS. More-
over, activated microglial cells are
found in close vicinity to neuronal
perikarya and proximal dendrites in
those with MS, suggesting a direct
attack of destructive microglia on
neurons.1 But how are these microg-
lial cells activated in the cortex (ie,
from a considerable distance to the
typical white matter lesions)? Sub-
pial demyelination suggests the pres-
ence of a soluble-activating factor,
presumably diffusing from the sur-
rounding cerebrospinal fluid (CSF).7


Cholesterol oxides recently have
been identified as possible candi-
dates: within the white matter
plaques, the invasion of activated im-
mune cells results in an oxidative at-
tack on myelin lipids that decom-
pose into cholesterol oxides, such as
7-ketocholesterol. The latter was
found to accumulate in the CSF and
CNS tissue of patients with MS,8 and
significantly correlated with clini-
cal disability and the extent of neu-
ronal cell death in the MS animal
model, experimental autoimmune
encephalomyelitis (EAE).9 While
7-ketocholesterol lacks any direct
detrimental effects on neurons, it
promotes migration and neurotox-


icity of activated microglial cells and
macrophages by triggering the
expression of the inducible nitric
oxide synthetase. The free radical
nitric oxide, present in elevated
concentrations in MS lesions, di-
rectly causes a reversible axonal con-
duction block—which may occur
during a relapse and remission epi-
sode in MS—and irreversible degen-
erative injury, especially to electri-
cally active axons10 (Figure 1).
Thus, cholesterol oxides might drive
inflammation escalation that fi-
nally results in neuronal damage.8


Regulatory pathways are suggested
to exist in parallel and be respon-
sible for remission phases. In our
studies, we found that the endocan-
nabinoid system is highly activated
during CNS inflammation and me-
diates an intracellular negative feed-
back loop in microglial cells that
leads to suppression of inducible ni-
tric oxide synthetase induction.
Thus, endocannabinoids prevent
dangerous overactivation of microg-
lial cells and, therefore, protect neu-
rons from inflammatory damage.11


Anurgentquestiontobeanswered
inthepast fewyearshasbeenwhether
lymphocytes can actually directly at-
tackneuronsandaxons.Weandoth-
ers have shown that activated CD4�


T lymphocytes possess marked mi-
gratorycapacitieswithintheCNSand
in factdirectly interactwith the soma
and processes of neurons, partially
leading tocelldeath.12 Buthowcould
Tlymphocytesinduceneuronalapop-
tosis? Besides the excitotoxic gluta-
matepathway, acritical rolehasbeen
proposed for the death ligand, tumor
necrosis factor–related apoptosis-
inducing ligand (TRAIL): death-
mediatingTRAILreceptorsare found
on potential target brain cells, such
as neurons and oligodendrocytes;
solubleTRAILmediatesneuronalcell
death in human brain slices13; and
TRAILexpressedbyCD4� Tlympho-
cytes induces collateral death of neu-
rons and promotes EAE14 (Figure 1).
In the future, we will have to clarify
thecontributionofdifferentsubtypes
of lymphocytes to the damage pro-
cesses. In a previous report,15 there
was a predominance of either the
CD4� or the CD8� subtype of T lym-
phocytes described in the lesions of
patients with MS. Indeed, cultured
neuronsexposedtoproinflammatory
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cytokines express major histo-
compatibility complex class I mol-
ecules, so that CD8� T-lymphocyte–
mediated neuronal damage could be
possible16 (Figure 1). However, a re-
cent study17 investigating EAE in
knockoutmice lackingmatureCD8�


T lymphocytes showed an even ag-
gravateddiseasecoursewithincreased
axonaldamage,suggestingtheimpor-
tant anti-inflammatory functions of
this T-lymphocyte subset in vivo.


Neuronal Damage as an
Outcome Determiner of


Meningoencephalitis


Despite state-of-the-art antibiotic
therapy, survivors of bacterial men-
ingitis have diverse neurological
symptoms, including seizures, mo-
tor deficits, hearing loss, and cogni-
tive impairment indicative of neuro-
nal pathological features. Extensive
neuronal death has been found in the
hippocampus, an area of the brain as-
sociated with learning and memory.18


Two major pathways are thought to
be responsible for neuronal damage
in experimental models of menin-
gitis: one is triggered directly by
bacterial toxins19; and the other is in-
direct, initiated by an intense inflam-
matory response by the host (mainly
neutrophils) into the CSF and sub-
sequent neuronal death.18 This im-
mune reaction presumably contrib-
utes to an unfavorable outcome,
because adjuvant treatment with anti-
inflammatory corticosteroids, or
blocking leukocyte invasion into the
CSF, reduces inflammation and neu-
rological deficits in meningitis. More-
over, bacteria release unmethylated
CG dinucleotide motif-rich DNA,
which in turn has potent capacities
to induce microglia-mediated neu-
rotoxicity via the toll-like receptor 9.20


“SECONDARY”
NEUROINFLAMMATION


IN NEURODEGENERATIVE
DISEASES


Inflammation Promotes Stroke,
and Stroke Suppresses


Immune Defense


In stroke, the critical contribution of
inflammatoryprocesses to tissuedam-
age has been recognized (Figure2).
Several studies show that immuno-


suppression or selective targeting of
the underlying molecular players may
reduce ischemic brain damage. A
prominent role has been suggested for
interleukin (IL) 1, which mediates
neuronal damage in different rodent


models of ischemia.21 Based on itspro-
nounced neuroprotective effects, the
IL-1 receptor antagonist was re-
cently tested in a randomized, double-
blind, placebo-controlled, pilot trial22


in patients with acute stroke. Post hoc


7-KC


Microglia or
Macrophage


MHC
Class II


TCR TRAIL


TRAIL-Receptor
MHC Class I


TCR


CD4


CD8


Neurotoxicity Mediated
by Soluble Factors


“Bystander” Induction of Apoptosis Antigen-Dependent Neurotoxicity


NO
NO


NO


NO
NO


Figure 1. Neurodegeneration in multiple sclerosis (MS): in MS, neuronal damage could be induced
directly by cytotoxic CD8� T lymphocytes recognizing antigens presented by major histocompatibility
complex (MHC) class I molecules on neurons in the inflamed central nervous system (antigen-dependent
neurotoxicity). CD8� T lymphocytes might not be only responsible for injury, but may also exert
anti-inflammatory functions. On the other hand, activated CD4� T lymphocytes have the capacity to kill
neurons in a bystander way, independent of antigen presentation, using, for instance, the tumor necrosis
factor–related apoptosis-inducing ligand (TRAIL)/TRAIL-receptor system. Neuronal dysfunction and
damage also may be mediated by soluble factors, such as nitric oxide (NO) from, for example, activated
macrophages or microglia. 7-KC indicates 7-ketocholesterol; and TCR, T-lymphocyte receptor.


Microglia or Macrophage
Activation


Control of
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Stroke
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Figure 2. Inflammation in neurodegenerative diseases: primary neurodegeneration occurring in the
course of classic noninflammatory central nervous system disorders, such as stroke or Parkinson
disease (PD), might represent the first step of a subsequent inflammatory cascade initiated, for instance,
by activated microglia. Inflammation maintained by innate and adaptive immunity could, in turn, promote
further neuronal damage. In contrast, a moderate immune response might be beneficial in these
disorders by controlling inflammation and promoting neuroregeneration.
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exploratory analysis revealed a bet-
ter outcome in patients with cortical
infarcts, supporting the idea of spe-
cific neuroprotection on IL-1 block-
ade.21 After acute, persistent, vascu-
lar occlusion, necrosis of neurons is
the predominant damage mecha-
nism within the affected vascular core
territory. However, within the ische-
mic penumbra and in milder injury,
neuronal demise is mediated by apop-
tosis.23 Neuronal apoptosis may be in-
duced by metabolic factors (ie, oxy-
gen and glucose deprivation resulting
in mitochondrial triggering of cell
suicide) and by the action of death-
inducing ligands. Indeed, in a ro-
dent stroke model, the expression of
TRAIL and the CD95 ligand was
found in the apoptotic areas of the
postischemic brain. The immunosup-
pressant FK506 prevented post-
ischemic expression of these death-
inducing ligands invivoandprotected
against neurodegeneration.24 In con-
trast, neuronal damage caused by fo-
cal cerebral ischemia or epileptic sei-
zures is enhanced in the absence of
the tumor necrosis factor receptors,
indicating a more neuroprotective
function of tumor necrosis factor. In
fact, autoreactive myelin-specific T
lymphocytes can also reduce the in-
farct size,25 indicating a beneficial role
for this part of the immune re-
sponse, termed benign autoimmu-
nity. This observation parallels find-
ings of protection or repair by a mild
autoimmune reaction (Figure 2).
Conversely, stroke has an effect on the
immune system leading to a gener-
alized immunosuppressive state af-
ter the immediate insult,26 again em-
phasizing the cross talk between the
CNS and the immune system.


Inflammation as a
Pacemaker in AD


Although classic disease concepts
state that AD is the prototypical
primary neurodegenerative disease,
the plethora of recent studies dem-
onstrating the critical contribution of
the immune system in AD27 and new
immunological therapeutic ap-
proaches has prompted a radical para-
digm shift. The evidence is based on
the following factors: the detection of
potent inflammatory molecules, such
as cytokines, chemokines, and
complement factors, in the CSF, and


in plaques, from patients with AD27;
the genetic association with inflam-
matory molecules; and the reduc-
tion of disease risk by unspecific anti-
inflammatory therapy uncovered in
epidemiological studies. It is be-
lieved that discrete degenerative
processes at the beginning of AD,
such as the deposition of highly in-
soluble A� and neurofibrillary
tangles, damage neurons and pro-
vide clear inflammatory stimuli to lo-
cal microglia. While the precise im-
munological and neurodegenerative
sequence of events leading to final
neuronal loss is not yet known, the
induction of a specific immune re-
sponse by immunization with an A�
segment markedly reduced patho-
logical features in different trans-
genic animal models of AD.28 Con-
sequently, a clinical trial using a
sequence from A� (AN-1792) in con-
junction with a T-lymphocyte–
stimulatory adjuvant was initiated to
treat AD. However, the trial had to
be discontinued, because some pa-
tients developed symptoms consis-
tent with meningoencephalitis. A
postmortem histological examina-
tion of those with meningoencepha-
litis revealed reduction of cortical
plaques and deposition of antibod-
ies in 2 patients, with infiltration of
CD4� and CD8� T lymphocytes and
marked macrophage infiltration into
the cerebral white matter, indicat-
ing a T-lymphocyte–mediated ben-
eficial autoimmune phenomenon.29


Signs of Inflammation
in PD and HD


Although still under debate, PD and
HD are primarily characterized by
limited topical neurodegeneration.
Macrophages and microglia were re-
ported to be activated not only in au-
topsy results of patients with idio-
pathic PD and HD but also on
N -methy l -4 -pheny l -1 ,2 ,3 ,6 -
tetrahydropyridine (MPTP) intoxi-
cation in humans and mice with a
parkinsonian syndrome thereafter
(Figure 2). Similarly, accumulation
of reactive microglia in the direct vi-
cinity of pyramidal neurons with HD-
positive nuclear inclusions was found
at early and progressive stages in the
HD-affected brain. Recently, it has
been reported that glatiramer ac-
etate, a myelin analogue approved for


MS therapy, is effective in the experi-
mental MPTP–induced PD animal
model, because it suppresses microg-
lial activation within the substantia
nigra.30 This process was associated
with a local T-lymphocyte accumu-
lation and led to significant dopa-
minergic neuronal protection,
demonstrating that targeted immuno-
modulation is beneficial in the ani-
mal model of PD (Figure 2). On the
other hand, systemic inflammation
increases the risk of developing PD,
because anti-inflammatory treat-
ment for other reasons, such as rheu-
matoid arthritis, lowers the risk of PD.


RELEVANCE TO THE
PRACTICE OF NEUROLOGY


Practicing neurologists should con-
sider the therapeutic implications of
the inflammatory aspects of classic
neurodegenerative disorders and of
the neurodegenerative aspects of pri-
mary inflammatoryconditions. In this
context, treatment of inflammatory
disorders of the brain, such as MS,
should not only challenge inflamma-
tion but also prevent neuronal dam-
age and promote neuronal degenera-
tion.Ontheotherhand,asmentioned
previously, blockade of the inflam-
matory pathway, such as IL-1–
mediatedinflammation,seemstohave
a beneficial effect in stroke, and sys-
temicanti-inflammatorytreatmentdi-
minishes the risk of developing AD
or PD. However, it must be taken into
account that, to some extent, inflam-
mation could have a protective role
and promote regeneration of dam-
aged neurons. We do not yet know
how to achieve a “balanced” inflam-
mation. Because some novel anti-
inflammatory treatment might have
detrimental consequences, carefully
monitoring disease progress in pa-
tients treated with this category of
drugs is indispensable.


RELEVANCE TO THE STUDY
OF NEUROSCIENCES


As reviewed herein, classic neuro-
inflammatory CNS diseases are char-
acterized by substantial neuronal
damage. Surprisingly, injury to neu-
ronal structures in the CNS in the
context of noninflammatory brain
diseases brings an immune re-
sponse in its wake, and there is grow-
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ing evidence that immunomodula-
tory therapies are often beneficial for
primary neurodegenerative dis-
eases. This is most obvious in the
case of the myelin analogue glat-
iramer acetate, which seems to be
beneficial in various experimental
settings, from primary degenera-
tion to autoimmune demyelin-
ation. The explanations for these ef-
fects range from induction of
regulatory immune cells to arousal
of “benign autoimmunity.” In any
case, it is certain that the immune
response has the potential to modu-
late neurodegeneration, as indi-
cated by the pivotal vaccination trials
in AD. Concerning the other target
structure in the brain—the oligo-
dendrocytes and myelin sheaths—
dysfunction or damage can result in
inflammation. Apparently, the con-
text of the CNS insult defines the in-
terplay of the nervous and immune
systems and the final outcome. From
the data discussed herein, it may
be concluded that in a variety of
neurological diseases the initial
triggers differ significantly, while
the subsequent pathways involving
inflammatory processes and caus-
ing brain damage share certain
pathological mechanisms. Target-
ing these processes arising at
the interface of neuroimmunology
and neurobiology may help to de-
velop more selective therapies in
neurology.
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GRADING KEY FOR  
METABOLIC ASSESSMENT FORM 


 
 
 
 
 


 


Category Mild Moderate Severe 


Category I – Colon 1-6 7-14 15-30 


Category II – Hypochlorhydria 1-4 5-7 8-18 


Category III – Hyperacidity 1-4 5-9 10-21 


Category IV – Small Intestine/Pancreas 1-5 6-12 13-27 


Category V – Biliary Tract 1-6 7-14 15-30 


Category VI – Hypoglycemia 1-5 6-12 13-27 


Category VII – Insulin Resistance 1-4 5-10 11-24 


Category VIII – Adrenal Hypofunction or Fatigue 1-4 5-10 11-24 


Category IX – Adrenal Hyperfunction or Stress 1-4 5-7 8-18 


Category X – Hypothyroid 1-7 8-16 17-36 


Category XI – Thyroid Hyperfunction 1-4 5-9 10-21 


Category XII – Pituitary Hypofunction 1 2-3 4-9 


Category XIII – Pituitary Hyperfunction 1 2-3 4-9 


Category XIV – Prostate (Males) 1-3 4-6 7-15 


Category XV – Andropause (Males) 1-8 9-17 18-39 


Category XVI – Menstruating Females 1-8 9-17 18-39 


Category XVII – Menopausal Females 1-6 7-15 16-33 
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Abstract
Acetylcholine (ACh) has been shown to modulate neuronal differentiation during early
development. Both muscarinic and nicotinic acetylcholine receptors (AChRs) regulate a wide
variety of physiological responses, including apoptosis, cellular proliferation and neuronal
differentiation. However, the intracellular mechanisms underlying these effects of AChR signaling
are not fully understood. It is known that activation of AChRs increase cellular proliferation and
neurogenesis and that regulation of intracellular calcium through AChRs may underlie the many
functions of ACh. Intriguingly, activation of diverse signaling molecules such as Ras-mitogen-
activated protein kinase, phosphatidylinositol 3-kinase-Akt, protein kinase C and c-Src is modulated
by AChRs. Here we discuss the roles of ACh in neuronal differentiation, cell proliferation and
apoptosis. We also discuss the pathways involved in these processes, as well as the effects of novel
endogenous AChRs agonists and strategies to enhance neuronal-differentiation of stem and neural
progenitor cells. Further understanding of the intracellular mechanisms underlying AChR signaling
may provide insights for novel therapeutic strategies, as abnormal AChR activity is present in many
diseases.


Introduction
Acetylcholine (ACh) is an ancient signaling molecule, [1]
and is present in both prokaryotes and eukaryotes [2-4].
Although ACh has been extensively studied for its role as
a neurotransmitter, it also has autocrine functions [5] in
diverse cell types. ACh has been shown to promote
cytoskeleton organization, cellular proliferation, differen-
tiation and apoptosis [2-4,6-8] throughout development
[2,3,9]. Intriguingly nAChR signaling pathways have been
preserved throughout evolution [10], suggesting that they
have critical functions. We shall attempt to discuss the
physiology of ACh as well as ACh's relevant downstream


pathways in apoptosis, cell proliferation and neuronal
differentiation of embryonic stem cells.


Interestingly, nicotinic receptors are expressed in undiffer-
entiated and differentiating cells, [8,11-13] suggesting
that ACh-mediated signaling between neuronal and non-
neuronal cells may influence cell fate [8,11,12,14]. Sup-
porting this idea, ACh has been shown to modulate neu-
ronal cell differentiation during development [15,16].
Moreover, transfecting a non-neuronal cell line such as a
neuroblastoma with choline acetyltransferase induces
expression of neuronal markers, muscarinic receptors and
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production of ACh [14]. Lastly, ACh also regulates cell
proliferation [17] and apoptosis [18]. These and other
findings marked the beginning of a new field: the role of
nAChRs in the development and progression of cancer
and in stem cell physiology.


Nicotinic ACh receptors
ACh receptors can be nicotinic (nAChRs), which are ion
channels, or G protein-coupled (GPCR) muscarinic recep-
tors (mAChRs). In the central nervous system, nAChRs
have been shown to regulate diverse processes such as
neurotransmitter release and cellular excitability. Nico-
tinic receptors also influence physiologic processes such
as arousal, sleep, fatigue, anxiety, pain processing, hunger
and various higher cognitive functions. [19-22].


nAChRs structure and function
nAChRs are multisubunit proteins of neuromuscular and
neuronal origins. These receptors form ligand-gated ion
channels that mediate synaptic transmission both in the
neuromuscular junction and between neurons. Since var-
ious neuronal nAChR subunits exist, nAChRs can be
formed by different combinations of subunits. [23]. Nico-
tinic receptors of different compositions exhibit different
specificities for various ligands and are thereby pharmaco-
logically distinguishable. For example, the elapid alpha-
neurotoxins that block activation of nAChRs at the neu-
romuscular junction do not block activation of other neu-
ronal nAChR subtypes [24].


A functional nAChR consists of five subunits which may
be different (certain combinations of α1–9 and β1–4, γ, δ,
ε subunits) or identical (α7–9) i.e. subunits [25]. All sub-
units have a similar structure with one extended extracel-
lular domain (N-terminal), four transmembrane domains
(M1–M4), one intracellular domain of variable length
which joins M3 and M4 domains and one small extracel-
lular C-terminal domain [26]. The binding site for ACh
and other agonists is located on the N-terminal extracellu-
lar domain at the boundary between α and non-α subu-
nits. In heteromeric neuronal receptors the α and β
subunits contribute to the binding site The amino acid
sequence analysis of various subunits shows that nicotinic
receptors can be divided into three sub-classes. The first
family includes α-bungarotoxin-sensitive muscle-type
heteromeric receptors, typically found in skeletal muscle
and fish electrical organs, with (α1)2β1γδ and (α1)2β1γε
pentameric structures in fetal and adult form, respectively.
The second family includes nAChRs consisting of α-bun-
garotoxin-insensitive, heteromeric subunits. These recep-
tors have various combinations of α2, α3, α4 and α6 with
β2, β4, α5 and β3 subunits. The third family includes α-
bungarotoxin-binding nicotinic neuronal receptors con-
sisting of five identical subunits (α7, α8 or α9) [19].


Neuronal nAChRs are expressed in the autonomic nerv-
ous system ganglia, and in the CNS, in post- pre and extra
synaptic locations. The α7 nAChR subtype is highly
expressed in regions of the brain involved in learning and
memory, such as the hippocampus and the neocortex
[27]. This subtype has a particularly high permeability for
calcium ions, increases glutamatergic neurotransmission,
and modulates neuronal plasticity by influencing the
growth of axons [28].


Studies on the structure, functions and pharmacology of
nAChRs neuronal receptors are necessary because these
receptors are involved in a large number of nervous sys-
tem diseases (for review see Clementi and Adlkofer Spe-
cial Issue on "nicotinic neuronal receptors" 2000).


Muscarinic ACh receptors
mAChRs structure and function
Muscarinic receptors are members of the G Protein-cou-
pled receptors (GPCRs), and are composed of a family of
five receptor subtypes (M1, M2, M3, M4 and M5). These
receptors are widely distributed on multiple organs and
tissues and are critical to the maintenance of central and
peripheral cholinergic neurotransmission. The distribu-
tion of these receptor subtypes in the brain and other
organs has been extensively studied. M1 is the predomi-
nant subtype found in the cerebral cortex and is involved
in the control of cognitive functions. M2 is the main sub-
type in the heart and is believed to play a role in the con-
trol of heart rate. M3 is involved in gastrointestinal and
urinary tract functioning as well as sweating. M4 is present
in the brain and may have a role in locomotion. Lastly,
M5, also present in the brain, modulates certain functions
of the central nervous system associated with the
dopaminergic system, such as dopamine release in the
nucleus accumbens following mesopontine stimulation
in mice [29]. The M5 subtype is also important for brain-
stimulation reward [30], opiate reward [31], latent inhibi-
tion learning and amphetamine-induced locomotion [32-
34].


As mAChRs are involved in such a wide array of processes,
it is not surprising that muscarinic signaling has been
shown to be abnormal in many diseases, such as overac-
tive bladder [35,36], chronic obstructive pulmonary dis-
ease [36,37], neurodegenerative disease as Alzheimer's
disease [38], dementia [39], Sjogren's disease [40], vascu-
lar dementia [41] and others. Consequently, there is con-
siderable interest in finding pharmacological agents to
selectively modulate each receptor subtype. Agonists such
as muscarine and pilocarpine and antagonists such as
atropine have been known for over a century; however,
these drugs do not target specific subtypes. Unfortunately,
little progress has been made in the discovery of subtype-
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selective compounds making it challenging to study spe-
cific functions of individual receptor subtypes. The clini-
cal utility of classic muscarinic antagonists such as
atropine is limited due to the high incidence of both
peripheral and central adverse effects such as tachycardia,
blurred vision, dryness of mouth, constipation, dementia,
etc. Atropine derivatives such as ipratropium bromide are
better tolerated but most of them lack of selectivity for
specific muscarinic receptor subtypes. [42-44]. Thus, the
search for subtype selective muscarinic drugs remains an
active area of research.


Muscarinic subtypes are coupled to different GPCRs, lead-
ing to activation of distinct downstream pathways. M1,
M3 e M5 are G-protein coupled receptors (subunit α of
the Gq/11 family), while M2 and M4 subtypes are coupled
to the α subunit of Gi and Go. Consequently different sec-
ond messenger dependent-pathways being activated by
each muscarinic subtype. For example, phospholipase Cβ
(PLC) is activated by M1, M3 and M5, while adenilate
cyclase is activated by M2 and M4 subtypes [45]. Processes
modulated by pathways involving these G-proteins
include smooth muscle contraction (through M2 and M3
receptors), stimulation of glandular secretion (M3 recep-
tors) and inhibition of cardiac voltage-dependent calcium
channels (M2 subtypes) [45].


Expression and function of n- and mAChRs in 
embryonic cells
ACh [46] is present in the brain prior to axonogenesis and
synaptogenesis, suggesting that it may mediate non-classi-
cal signaling. Furthermore, muscarinic receptors are
widely expressed in embryonic cells [8,13,47-54], and
have been shown to regulate neuronal cell proliferation
and differentiation [47,50,51]. In neuronal progenitor
cells, muscarinic receptor expression also occurs prior to
the onset of synaptogenesis and neurotransmission
[9,55], indicating that ACh may act via a local autocrine
loop in the embryo. In early development, M2 receptors
are expressed in the dorsal root ganglia neurons, as well as
in non-neural cells such as Schwann cells, where they con-
trol sensory neuronal differentiation and axonal growth
[56]. Intriguingly, muscarinic receptors are also expressed
in primary and metastatic tumor cells in which ACh also
acts in an autocrine fashion [57]. As discussed above,
expression of muscarinic receptors is an embryonic trait.
The expression of these receptors in tumor cells [8,13,58-
63] likely arises from reactivation of embryonic genes dur-
ing malignant growth [52]. Proliferation due to mAChR
activation has been reported in many tumor cells. For
example, activation of muscarinic M1, M3 or M5 mus-
carinic receptors (but not M2 or M4 receptors) induces
foci of transformation in 3T3 cells [64,65]. Furthermore,
activation of the Gqα11-coupled muscarinic receptors in
various cell lines [59,66,67] or the α7 nicotinic subtype in


P19 embryonic carcinoma cells [13,68,69] induces
growth and proliferation. These effects of muscarinic
receptor activation depend on the cellular phenotype
[70,71]. Activation of M3 induces proliferation in human
colon cancer cell lines and prostate carcinoma cells [72].
In contrast, activation of endogenous M3 inhibits DNA
synthesis in several small cell lung carcinoma cell lines
[72]. These contradictory responses also occur in cells
transfected with mAChRs, as transfected M3 mAChRs has
been reported to both inhibit and stimulate proliferation
[73-75]. In cells deprived of trophic factors, muscarinic
M3 receptor activation elicits anti-proliferative signals via
activation of the small GTP-binding protein, Rac1
[72,76,77]. However, muscarinic agonists can also inhibit
apoptosis. Pretreatment of tumor cell lines with mus-
carinic agonists inhibits apoptosis induced by DNA dam-
age [78-81]. Moreover, agonists for M1, M3 and M5
subtypes showed a protective response against apoptosis
in Chinese hamster ovary cells transfected with these mus-
carinic receptors [82]. This effect occurs via a mechanism
independent of Ca2+/PLC signaling that may involve
upregulation of the anti-apoptopic protein Bcl-2 [6,83]. It
is unclear whether muscarinic receptor activation is
related to tumor growth and stem cell proliferation [8,84-
87]. In addition to morphogenesis, non-neuronal mus-
carinic receptors also control cell migration, as M3, M4
and M5 subtypes were shown to control cell migration by
facilitating fibronectin-induced movement [58,88-90].
Contraction and aggregation of cells in embryonic tissue
is also induced by muscarinic receptor activation [91]. In
this way, mAChRs could modulate cellular movement
during morphogenesis [92,93].


Apoptotic signaling pathways
Apoptotic pathways associated with mAChRs
Many G-protein-coupled receptors protect cells from
apoptosis induced by growth factors, DNA damage or cel-
lular stress. Among those receptors, mAChRs have been
shown to be protective in many cell lines and primary cell
cultures [8,78-80,94,95]. These reports raise the possibil-
ity that damage to cholinergic pathways might contribute
to the development of neurodegenerative disorders, such
as Alzheimer and Huntington. In some neurodegenerative
disorders losses of neuronal survival stimuli occur, lead-
ing to cell death. It is known that mAChRs inhibit apop-
tosis through activation of PI3-kinase
(phosphatidylinositol-3-OH kinase) and its downstream
targets, protein kinase B (PKB)/Akt and MAPK/ERK (Fig-
ure 1) [96]. These kinases activate pro-survival pathways
in diverse cell types [96], including neurons [97,98]. Pre-
vious work [77,80,99-101] has demonstrated that Akt can
be activated effectively through Gq coupled to M1 and M3,
and Gi coupled to M2. Activation of Akt occurs through βγ
complexes and the α, Gαq and Gαi subunits of Gs pro-
teins. The cell survival effects mediated by mAChRs are
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partially blocked by inhibitors of the PI3-kinase MAPK/
ERK pathways [99]. Interestingly, Lindenboim et al., [78],
have demonstrated that the protective effects of ACh in
undifferentiated and neuronal PC12 cells require M1
receptors. In this condition, expression of M2 receptors
decreases DNA synthesis, arresting the cell cycle at S and
G2/M. Furthermore, activation of M1 and M3 receptors
inhibits caspase 2 and 3, and this effect has been shown to
be independent of PI3-kinase and MAPK/ERK pathways
[77,79,102]. Previous reports have described cholinergic
signaling in progenitor and tumoral cells. Gutkind and
collaborators [73] showed how mAChRs exert oncogenic
control in neuronal cell growth by regulating signaling of
extracellular-1/2/MAP. Similar results were also obtained
in non-neuronal cell types [103-105]. Although it is
unclear if mAChR activation is related to oncogenic pro-
gression, there are reports suggesting that inhibition of
mAChRs decrease cell proliferation [8,106]. In line with
these results, previous work showed that apoptosis can be
induced in Chinese hamster ovary cells transfected with
the M3 receptor and exposed to toxic substances [83]. This
effect might be related to caspase action, considering that
M3 receptor activation did not prevent cell death. This
process may be specific for Gq/11 coupled muscarinic sub-


types, specifically M1, M3 and M5 [79,83]. However, the
use of a version of M3 truncated at its carboxyl end
revealed that this protection is not mediated by PLC or by
phosphorylation of its receptor. Moreover, these path-
ways are not involved in activation of ERK and JNK, so
presumably, the anti-apoptotic actions of mAChRs are not
mediated by these proteins, but through its own C termi-
nal domain, which is rich in basic residues [83]. The
mechanism through which mAChRs mediate cell survival
is dependent on transcription of the anti-apoptotic pro-
tein Bcl-2, which can be induced by mAChRs [83]. This
protective feature of mAChRs may be a conserved among
other G-protein coupled receptors.


By targeting two signaling pathways, the MAPK/ERK path-
way [107,108] and the PI3-kinase signaling pathway
[109], it would be possible to gain new insights on the
intracellular signaling pathways through which mAChRs
inhibit apoptosis. It has been suggested that these path-
ways inhibit caspases [77,79,102]. To this end, it was
shown that PKB/Akt, the downstream target of PI3-kinase,
can inhibit both caspase-9, [110-112] and the pro-apop-
totic protein Bad [112-115]. However, PKB/Akt can also
be activated by other pathways. These are mediated by


Diagram depicting apoptotic pathways modulated by nAChRs and mAChRs in neuronal progenitor cellsFigure 1
Diagram depicting apoptotic pathways modulated by nAChRs and mAChRs in neuronal progenitor cells. See 
text for a better description.
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protein kinase A (PKA), calcium/calmodulin-dependent
kinase and Bad [114,116-119]. Interestingly, inhibitors of
the PI3-kinase or MAPK/ERK pathways could not sup-
press the muscarinic effect on caspases, although all were
able to inhibit the muscarinic-dependent phosphoryla-
tion of PKB/Akt and MAPK/ERK. Furthermore, previous
studies in PC12 cells have shown that these inhibitors
block survival effects and ERK and PI3-kinase signaling
[120,121]. It has been suggested that the MAPK/ERK and
PI3-kinase pathways are not essential for mediating the
muscarinic effect on caspase activity in PC12 cells [79],
but rather that this effect is mediated by an unidentified
pathway. This finding is in line with recent studies show-
ing that in some cases the survival effects of growth factors
and cytokine receptors are mediated by pathways inde-
pendent of both MAPK/ERK and PI3-kinase. For example,
neither the survival effect of nerve growth factor (NGF) on
sympathetic neurons [122] or rat-1/MycER cells trans-
fected with TrkA [123], nor that of granulocyte/macro-
phage colony-stimulating factor on MC cells, is mediated
by the PI3-kinase pathway [124]. Moreover, the MAPK/
ERK and the PI3-kinase pathways are not essential for the
survival effect of NGF on apoptosis induced by ceramide
in PC12 cells [121]. However, the PI3-K/Akt pathway has
an established role in NGF-promoted cell survival [125].
Activation of PI3-K by NGF initiates a cascade involving
Akt, which leads to the phosphorylation and inhibition of
the pro-apoptotic protein Bad and activation of the pro-
survival inhibitor κB kinase α (IKKα) [116,126]. Blockade
of the PI3-K/Akt pathway by a dominant negative Akt
mutant or treatment of cells with PI3-K inhibitors reveal
that activation of this signaling pathway is required for
NGF-promoted cell survival [127]. However, it was shown
that pertussis toxin did not inhibit Akt phosphorylation.
This finding is consistent with the previous observation of
pertussis toxin having a more profound inhibitory effect
during the early phase of NGF-induced Erk1/2 activation
[128]. Upon activation, the TrkA receptor activates the
PI3-K pathway, leading to activation of Akt in sympathetic
neurons [125]. Previous studies have shown that TrkA
forms complexes with GRK2 and GAIP/GIPC (GAIP-inter-
acting protein, C terminus) [128,129], thereby providing
a bridge to link TrkA and G protein signaling pathways.
Furthermore, there is prior evidence pointing to a func-
tional association between pertussis toxin-sensitive G pro-
teins and growth factor receptors such as the insulin
receptor tyrosine kinase [130]. In addition, some pertussis
toxin-sensitive growth factor-induced responses have
been reported. For example, insulin-like growth factor 1
has been shown to activate Gi and release Gβγ subunits
[131,132], while TrkA is able to utilize Gi/o to stimulate
Erk1/2 [128,133]. Increasing evidence shows that GPCRs
often cooperate with RTKs (receptor tyrosine kinases) in
the regulation of numerous signal transduction pathways
[134-136]. More recently, a report has demonstrated that


NGF and lysophosphatidate receptor signaling systems
can interact to promote G protein-mediated activation of
the Erk pathway [133]. These observations are consistent
with the notion that TrkA can utilize pertussis toxin-sensi-
tive Gi/o proteins to activate Akt, thereby inhibiting Bad
and stimulating the NFκB regulator, IKK, via Gαγ activa-
tion [137,138] to allow cell survival through the M3 sub-
type [83,139,140].


One candidate for mediating the muscarinic effect on cas-
pases is sphingosine-1-phosphate, which was shown to
play an important role in the survival effect of NGF on
PC12 cells [141]. Interestingly, sphingosine-1-phosphate
can be induced by the M2 muscarinic receptor [142].
Intriguingly, inhibition of the PI3-kinase pathway par-
tially attenuates the muscarinic survival effect on the via-
bility of the cells but not on caspase inhibition. One
possible explanation is that serum-deprived cells can die
via both caspase-dependent and -independent pathways,
as shown in some apoptotic paradigms such as Bax-
induced cell death in the presence of caspase inhibitors
[143-145]. Despite the fact that the caspase-dependent
pathway seems to play a major role in the death of serum-
deprived PC12 cells, it is possible that once this pathway
is inhibited, the caspase-independent pathway has a
major role. However, one cannot exclude the possibility
that there are unknown caspases which are activated and
involved in apoptosis induced by trophic-factor-depriva-
tion and that these caspases are inhibited by the mus-
carinic receptor in a different mechanism than that used
to inhibit the DEVDase caspases and caspase-2. It was
shown that NGF withdrawal from differentiated PC12
cells induces expression of FasL, which in turn may con-
tribute to the apoptotic process via activation of the CD95
receptor [146,147]. In this case, it is still possible that
muscarinic receptors will inhibit the activation of caspase-
8, the caspase which is directly activated when CD95 is
activated [80,115,148] by a PI3-kinase-dependent mecha-
nism as was shown for CD3 activation in Fas-treated Th2-
type cells [80,115]. In some systems, one signaling path-
way appears to be sufficient for mediating survival
induced by trophic agents such as NGF (PI3-kinase) and
N-acetylcysteine (ERK) [109,120]. However, in other sys-
tems, the survival effect may require the combined action
of several signaling pathways. For example, insulin-like
growth factor-1 inhibited apoptosis in differentiated
PC12 cells requires both PI3-kinase and MAPK/ERK sign-
aling pathways [127,149,150]. It has been suggested that
the muscarinic survival effect could be mediated by the
combined effect of at least two different pathways. One
pathway may lead to caspase inhibition and be independ-
ent of PI3-kinase and ERK signaling. This pathway could
be mediated by the Gi/o-coupled receptors. The other
pathway would act through Gq and may involve the PI3-
kinase pathway, and could promote survival by a mecha-
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nism that does not affect caspases and that could be medi-
ated by the Gq-coupled receptors.


Previous reports showed that muscarinic receptor stimula-
tion leads to activation of the Rho family of small G-pro-
teins [151,152]. This pathway can lead to activation of
Rho kinase [153] and is critical for the protective capacity
of muscarinic receptors. It has been demonstrated that
excitatory receptor agonist-induced Rho activation is
Ca2+-dependent [154]. The ability of mAChRs to activate
SRF-mediated gene transcription and the involvement of
G protein subunits in SRF activation were investigated in
Jurkat T cells. It has been shown that Gαq-coupled M1, but
not Gαi/o-coupled M2 receptors can activate SRF through
a RhoA-mediated pathway [73,155]. In contrast, M3
mAChR failed to activate SRF even though M1 and M3 are
thought to induce similar signaling pathways that involve
Gαq/11. Yet, Gαq coupling of both M1 and M3 remained
intact, as revealed by a robust calcium response in Jurkat
T cells. Moreover, use of the chimeric Gα protein con-
struct Gαiq5, which allowed the M2 receptor to signal
along Gαq/11-mediated pathways, restored the Ca2+


response for M2, but not SRF activation. This suggests
either that the activation of SRF through M1 involves a
Gαq/11-independent pathway or that Gαq/11 is insufficient
in Jurkat T cells. The inhibition of M1-SRF signaling by co-
transfection with the Gαq/11 suppressors, RGS2 and RGS4,
indicated that Gαq/11 did play a role in M1-SRF activation,
but it appeared to be insufficient per se. However, an
increase of M1-SRF signaling inhibition was observed
when intracellular calcium was decreased.


Apoptotic pathways associated with nAChRs
Nicotinic receptors are expressed in neural and non-neu-
ronal tissues; however, in the latter their function is not
clear. Although nAChRs are primarily known for their
action as ligand-gated ion channels transducing action
potentials across synapses, they may have other actions as
well, such as cell-to-cell communications in various non-
neuronal tissues controling important cell functions such
as proliferation, adhesion, migration, secretion, survival
and apoptosis in an autocrinal, justacrinal and paracrinal
manner [22]. Interestingly, nicotinic receptors in neurons
protect against cell death in some settings [8,12,68,81]. In
neurons, the α7 nicotinic receptor activates PI3-kinase
through a src-family kinase, activating the anti-apoptotic
kinase AKT [156]. One pathway involved in AKT signaling
involves phosphorylation of the forkhead transcription
factor FKHRL1, causing its retention in the cytoplasm
associated with 14-3-3. This in turn blocks expression of
the apoptotic protein fas [157]. The PI3-kinase/AKT path-
way protects a broad range of neurons against apoptotic
cell death and may block apoptosis triggered by beta-amy-
loid fragments, which contribute to progression of Alzhe-
imer's disease. If so, nicotinic agents may prove useful in


the treatment of this and other neurodegenerative condi-
tions. Interestingly, removal of extracellular Ca2+ sup-
pressed Akt phosphorylation induced by nicotine. It was
shown that an inhibitor of Src tyrosine kinase also
reduced Akt phosphorylation. In addition, PI3-K and Fyn
are physically associated with α7 nicotinic receptors.
Therefore, nicotinic receptor stimulation might lead to
phosphorylation of Akt through Fyn [157-159]. The α7
subtype can mobilize Ca2+ from ryanodine-sensitive intra-
cellular stores and promote cell survival [8,13]. This intra-
cellular Ca2+ mobilization can lead to BDNF-induced
Cdk5-mediated neuroprotection through increased Bcl-2
expression. (Figures 1 and 2). Nicotine has also been
shown to regulate the Bcl-2 family of proteins. For exam-
ple, nicotine induces phosphorylation of Bcl-2 leading to
protection of human small cell lung carcinoma cells
against cisplatin-induced apoptosis [160,161]. Moreover,
nAChRs heterodimers containing α3 and α4 mediate
their apoptotic activity in normal human bronchial epi-
thelial cells through Akt [162]. Lastly nicotine also phos-
phorylates downstream targets of Akt, such as mTOR,
FKHR, elf-4, GSK3b, tuberin and S6K [162].


Nicotine can also promote anti-apoptotic effects through
activation of PKC, PKA and NF-κB, and downregulation
of the tumor suppressor p53 [160,161]. Nicotine-induced
NF-κB phosphorylation promotes the phosphorylation of
the apoptotic protein Bad (Bcl-2 antagonist of cell death),
which becomes inactivated and prevents cell death. Other
pathways underlying the anti-apoptotic effects of nicotine
include the MEK and PI3K pathways [163]. It was previ-
ously shown that ERKs, AKT, and PKA could function as a
Bad Ser112, Ser136, or Ser155 kinase, respectively [164-167].
One interesting study demonstrated that nicotine-
induced Bad phosphorylation is mediated by β-adrenergic
receptors [163] (for a review see [168]), and that nicotine
can also induce phosphorylation of Bax (another Bcl-2
antagonist of cell death) through PKCζ, thereby inactivat-
ing Bax and suppressing cell death [169,170].


The protective effects of nicotine have been studied in
NSCLC and PC12 cell lines, as well as in other experimen-
tal systems [171-176]. Nicotine can protect A549 NSCLC
cells against apoptosis induced by anticancer drugs
through the upregulation of XIAP and survivin in a α3-
nAChR-dependent manner [171]. Furthermore, adminis-
tration of nicotine in the CNS can stimulate release of
neurotransmitters [177,178] and neurotrophic factors,
such as basic fibroblast growth factor (bFGF or FGF-2)
and brain-derived neurotrophic factor (BDNF)[179]. In
addition, nicotine exposure can lead to elevated cellular
cAMP levels [180]. It was demonstrated that nicotine
attenuates both arachidonic acid-induced caspase activa-
tion and apoptosis of spinal cord neurons [181]. How-
ever, controversy exists on the specific nAChR subunit
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responsible for the anti-apoptotic effects of nicotine. The
α7 and the α4β2 subtypes may play the most significant
role in the central nervous system [180,182,183]. Data
from some laboratories indicate that phosphorylation of
ERK1/2 in nicotine-treated neurons can be specifically
prevented by pre-exposure to the α7 blocker α-bugaro-
toxin, but not dihydro-β-erythroidine (an antagonist of


the β2 subunit) [172,178,181], indicating an important
role for the α7 receptor in nicotine-mediated neuropro-
tection. On the other hand, studies in tumor and tumoral
stem cells have implicated the dihydro-β-erythroidine-
sensitive α3 and α4 receptors. This finding implies that
the proliferative effects (mediated by α7 nAChR) and pro-
survival effects (mediated by α3 or α4 nAChR) of nicotine


Diagram depicting proliferative and survival signaling pathways in cellsFigure 2
Diagram depicting proliferative and survival signaling pathways in cells. In vitro, the homomeric and heteromeric 
nAChRs jointly stimulate the indicated signaling cascades. Yellow arrows indicate proliferative pathways triggered by nAChRs. 
This activation triggers the MAP kinase pathway, leading to DNA synthesis. Sustained mitogenic signaling induces to S-phase 
entry. Black arrows indicate nAChR survival and proliferation pathways triggered by intracellular calcium increases involving 
indirect activation of β-adrenergic receptor signaling, which in turn, induces activation of epidermal growth factor (EGF) recep-
tor leading to the cascade indicated by blue arrows. α7 nAChR and heteromeric α-βnAChRs are activated by their agonists. 
Influx of Ca2+ and other cations through the nAChRs and voltage-gated Ca2+ channels trigger the release of adrenaline and 
noradrenalin. Adenylyl cyclase activation downstream of β-adrenergic receptors induce the cyclic AMP-protein kinase A 
(PKA)-CREB (cAMP response element-binding protein) pathway, transactivates epidermal growth factor receptor (EGFR) and 
induces the release of EGF, and perhaps another growth factors. The responsiveness of this pathway is enhanced by α7 
nAChR-mediated activation of Ras through β-arrestin-dependent SRC signaling. In turn, the EGFR activates the Akt pathway 
and its downstream effectors, X-linked inhibitor of apoptosis protein (XIAP)-survivin and nuclear factor-κB (NF-κB).
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are mediated by two distinct classes of receptors
[8,13,162,171]. These data demonstrate that during dif-
ferentiation there are changes in nAChR activity and func-
tion. This could be due to β-adrenergic receptor activation
through α7 nAChR, which has been found to mediate the
anti-apoptotic effects of nicotine in some cell lines [184-
186] (for a more detailed discussion see [168]). Such dis-
crepancies can be partially explained by the pleiotropic
nature of nAChR subunit inhibitors. It is also possible that
the anti-apoptotic effects of nicotine are mediated by dif-
ferent nAChR subunits in a tissue-specific manner. These
possibilities underscore the need for further studies to
identify the nAChR subunits responsible for the anti-
apoptotic effects of nicotine.


It is known that ERK1/2 signaling can participate in the
neuroprotective effects of nicotine through a variety of dif-
ferent mechanisms. Previous reports showed that ERK2
can increase expression of bcl-2 and inhibit apoptosis
[187]. In addition, the neuroprotective effects of ERK1
and ERK2 may be related to activation of a variety of tran-
scription factors, which in turn can regulate transcription
of neurotrophic factors, leading to overexpression of "sur-
vival" genes and enhanced neuronal viability. Among the
transcription factors that are involved in the ERK-medi-
ated cellular survival are Elk1, nuclear factor-κB (NF-κB),
and cAMP response element (CRE)-binding factor (CREB)
[188-190]. A role for NF-κB in neuronal survival has been
suggested [191]. In addition, recent evidence indicates
that CREB has a crucial role in regulation of cell viability
[192], as it is required to induce transcription of BDNF
[193]. Elk1 functions as a nuclear transcriptional activator
through the interaction with the serum response element
(SRE), which is present in the promoter of many immedi-
ate early genes [194]. Among others, Elk1 is involved in
regulation of expression of FGF-2 [195,196].


Signaling pathways of mAChRs involved in 
proliferation and neuronal differentiation
Previous studies have demonstrated that proliferation and
differentiation of neuronal precursor cells can be modu-
lated by mAChR signaling [8,13,197,198]. The mecha-
nism involved initially amplifies mAChR and nAChR
signals, inducing calcium influx, which in turn activates
MAPK-dependent pathways [8,13,199]. Transient calcium
increases induced by ACh independently of MAPk activa-
tion has been shown to be necessary for differentiation
and proliferation, as muscarinic antagonists and calcium
chelating agents block these effects (Figures 3 and 4)
[8,13].


Activation of M2 and M3 receptors has been shown to
increase proliferation of tumoral cells in a dose-depend-
ent manner. Cellular proliferation induced by the M3 sub-
type is mediated by production of inositol triphosphate,
[8,66] and nitric oxide [for a review see [200]], while the


effects of the M2 subtype were dependent on concomitant
activation of M1, promoting the release of E2 prostaglan-
din and arginase catabolism. These events are related to
tumoral cell growth [66], and inhibition of caspases
[79,83].


In murine mammary adenocarcionoma cells, the M3 sub-
type is the most highly expressed muscarinic receptor.
Stimulation of M3 receptors activates adenilate cyclase,
phospholipase A2 (PLA2), IP3 and diacylglicerol (DAG)
through PLC [201]. Each of these molecules in turn acti-
vates different pathways. DAG activates protein kinase C
(PKC), while IP3 induces release of calcium from intracel-
lular stores. It is known that both pathways regulate
MAPK and ERK signaling. Free intracellular Ca2+ can mod-
ulate MAPK/ERK either through Ca2+-dependent protein
tyrosine kinase (PYK2) [202] or by Ca2+/calmodulin
kinase (Ca2+/CaM) [203]. PKC isoforms are also known to
regulate MAPK/ERK through Raf-1 [204] or through trans-
activation of the epidermal growth factor receptor (EGFR)
mediated by the Src/PYK2 complex (Figures 2 and 3)
[205].


Recent evidence suggests that activation of MAPK/ERK
through GPCRs occurs through PKC-dependent and -
independent mechanisms, depending on the receptor
activated and on the cell type [206,207]. It is known that
activation of MAPK/ERK GPCR agonists mediate cell pro-
liferation [55,208], and that pathways involving choliner-
gic receptors seem to depend on the cell growth [8,74].


Stimulation of mAChRs promotes an increase in [Ca2+]i
and induces phosphorylation of MAPK/ERK in MCF-7
human breast cancer cells [105]. Activation of this path-
way increases protein synthesis and cell proliferation
through MAPK kinase, besides inducing DNA synthesis in
neuronal progenitor cells during early neurogenesis [209].
Inhibition of PLC or incubation of cells in a calcium free
medium did not alter MAPK/ERK phosphorylation; how-
ever, this phosphorylation can also be induced through
treatment with phorbol 12-myristate acetate (PMA), a
PKC activator. Activation of MAPK/ERK was not affected
by PKC modulation or by its inhibition. Interestingly,
phosphorylation of MAPK/ERK by mAChRs could be
blocked by a PKC-ζ (a miroystoilated pseudo substrate of
PKC) inhibitor and by high doses of staurosporine (a rel-
atively non-selective protein kinase inhibitor). This path-
way involves PI3-K and tyrosine kinases, such as Src, and
Erk 1/2 [105,209]. Cells in the neuroepithelial ventricular
zone of the embryonic rat cortex also express the M2
receptor. The presence of M2 induces cell proliferation
and accelerates neuronal differentiation.


Adrenergic receptors can transform fibroblasts when
actively mutated [210]. Interestingly, transformation by
mAChRs was ligand-dependent [211]. Furthermore, some
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Muscarinic and nicotinic receptor-coupled signal transduction pathways mediating MAPK activity and proliferationFigure 3
Muscarinic and nicotinic receptor-coupled signal transduction pathways mediating MAPK activity and prolifer-
ation. Both Erk1/2 activity and cell proliferation are activated by cholinergic (ACh) stimulation of mAChRs. ACh binds to M3, 
leading to a Gq-protein-mediated activation of PLC, which hydrolyses PIP2 to IP3 and DAG, subsequently mobilizing Ca2+ from 
organellar stores, leading to activation of PKC. Both ACh-induced MAPK activity and proliferation are reduced by the PKC 
inhibitor H7, indicating that PKC activity appears to be one of the upstream events critical to MAPK activation. mAChR stimu-
lation induces increases in [Ca2+]i via both Ca2+ influx and mobilization from intracellular stores. Muscarinic stimulation of 
MAPK activity and proliferation is prevented both by BAPTA-AM and EGTA, demonstrating that elevation of [Ca2+]i is essen-
tial, and may stimulate Pyk2 phosphorylation and activate the MAPK. Muscarinic stimulation of MAPK activity is effectively elim-
inated by the MAPK kinase (MEK) inhibitor PD98059. M2 and M4 may provide parallel pathways to MAPK activation via 
pertussis toxin-sensitive Gi-proteins and βγ subunits. ERKI/II (MAPK) can serve as a convergence site for multiple extracellular 
signals known to induce plasticity in mature neurons. The best documented activation of the MAPK cascade occurs via ligand 
binding to RTK. Activation of RTK recruits the Shc-Grb2-SOS1 complex, which in turn activates Ras. Ras induces MAPK acti-
vation via an evolutionarily conserved pathway, which includes Raf, MEK (MAPKK), and ERKI/II (MAPK) (MAPK cascade). ERKI/
II is known to have both cytoplasmic and nuclear targets and can translocate to the nucleus to modulate transcription in neu-
rons. The block of proliferation induction by the MEK inhibitor PD98059 suggests that MAPK plays a role in the induction 
phase of proliferation. MAPK can also be activated in neural progenitor cells via nAChRs which increase [Ca2+]i, and may mod-
ulate the MAPK cascade via activation of a Ca2+-dependent tyrosine kinase (PYK2) or calmodulin (CaM).
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viruses encode constitutively active GPCRs linked to cell
proliferation (for a review see [212,213]), suggesting that
signals initiated by GPCRs can be mitogenic.


MAPKs target numerous cellular proteins and transcrip-
tion factors involved in cell growth and differentiation
[214-216]. It is known that GPCRs activate MAPK through
the small GTP-binding protein, p21Ras [217]. How
p21Ras is activated is still controversial; however, it is
likely that transactivation of EGFR upon stimulation of
GPCRs participates in p21Ras activation [218,219].
Indeed, several types of GPCRs including thrombin,
endothelin, and angiotensin II receptors have been shown
to transactivate EGFR, leading to MAPK activation
[220,221].


The vast majority of the currently described pathways
leading to ERK stimulation have been considered as lin-
ear. While GPCRs coupled with Gi-protein activate the
p21Ras-ERK pathway through the βγ subunit and PI-3
kinase, GPCRs with Gq-protein activate it in a PKC-
dependent manner [222,223]. However, Blaukat et al.
[223] recently showed that GPCRs mediate ERK activation
through cooperation of Gi and Gq, suggesting that multi-
ple G-proteins could act in concert to attain full activation
of p21Ras-ERK pathway. Muscarinic receptors in many
cells have been shown to activate ERK by carbachol, and


this is not altered by treatment with pertussis toxin, indi-
cating that Gq-, but not Gi-protein, may be involved in
ERK activation [61,224-229]. Muscarinic receptor activa-
tion by carbachol rapidly and transiently stimulates
ERK1/2 phosphorylation in many cells in a time- and
dose-dependent manner [61,226-229], as observed in var-
ious cell lines [230,231]. It was shown that the inhibition
of PLC led to a total blockade of Ca2+ mobilization
induced by AChRs agonists [13,232]. A role of Ca2+ in this
pathway is also supported by the finding that an increase
in intracellular Ca2+ caused by thapsigargin
[8,13,105,233] is sufficient to induce ERK phosphoryla-
tion up to levels similar to those induced by AChRs ago-
nists. The mechanisms by which intracellular Ca2+


stimulates the phosphorylation of ERK1/2 are complex
and appear to be dependent on the nature of mAChR sub-
type coupling to heterotrimeric G proteins. Intracellular
Ca2+ can modulate the MAPK cascade, via activation of the
monomeric G-protein p21ras [234-236], through two con-
vergent mechanisms; one through the calcium-dependent
tyrosine kinase (PYK2) and the other mediated by cal-
modulin [228,231,237]. In T84 colon epithelial cells,
which express endogenous M3 mAChR subtypes,
increases in [Ca2+]i in response to carbachol activate sign-
aling mechanisms involving calmodulin-, PYK2-, and
p60src-mediated transactivation of the EGF receptor [238].
Besides Ca2+, the other downstream pathway induced


Calcium signaling pathways in stem cells and neural progenitor cellsFigure 4
Calcium signaling pathways in stem cells and neural progenitor cells. Left panel represents a embryonic or adult 
stem cells and right panel the neuronal progenitor cells. Ca2+ signaling depends on the increase of the intracellular Ca2+ levels 
[Ca2+]i, derived from extracellular calcium (Ca2+)o sources or intracellular stores of the endoplasmic reticulum (ER Ca2+). It 
can enter through calcium channels operated by voltage (voltage-operated Ca2+ channels, VOCCs) in excitable cells such as 
neurons and muscular cells, or through calcium channels operated by receptors (receptor-operated Ca2+ channels, ROCs) in 
response to neurotransmitters. SOC's (store-operated Ca2+ channels, SOCs), open when internal Ca2+ stores are empty, and 
are generally present in non-excitable cells. Calcium from the ER is released by two types of channels, Inositol 1,4,5-trisphos-
phate (IP3) channels and ryanodine channels. The first is present in both neural progenitor and stem cells, while the latter is 
expressed only in nural progenitor cells. IP3 is generated by the action of the enzyme PLC in phosphatidylinositol 4,5-bisphos-
phate (PIP2). IP3 acts on receptors in the endoplasmic reticulum, promoting the release of Ca2+ from ER stores. IP3PIP2.
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after PLC activation is the PKC transduction cascade. It
was demonstrated that the direct activation of PKC, by the
phorbol ester PMA, was sufficient to increase the phos-
phorylation of ERK1/2 reaching levels similar to those
induced by carbachol in FRT cells [105]. However, the car-
bachol-induced ERK1/2 phosphorylation was not medi-
ated by PKC. These data indicate that the mAChR-induced
ERK phosphorylation is mediated by a Ca2+-dependent
but PKC-independent mechanism.


Although some data suggest that intracellular Ca2+ partly
mediates the activation of ERK1 and ERK2, other intracel-
lular signaling pathways may be involved in the MAPK/
ERK activation in undifferentiated cells. Activation of
MAPK by GPCRs, including mAChRs, involves phosphor-
ylation of one or more proteins, such as p125FAK, p130cas,
or paxillin [239]. Moreover, the Src family of protein tyro-
sine kinases has been implicated in mAChR-induced ERK
activation in different cell lines [240-242]. Further studies
are needed to determine the connection between activa-
tion of these protein tyrosine kinases and the downstream
effects of mAChR after G protein activation.


It has been suggested that carbachol's effects on ERK1 and
ERK2 phosphorylation were probably mediated through
the activation of protein tyrosine kinases. Furthermore, it
has been demonstrated that carbachol-induced ERK acti-
vation is dependent on the activity of cytoplasmatic Src-
like tyrosine kinase family, since pharmacological inhibi-
tion of the Src family of tyrosine kinases with specific PP2
blocks the carbachol-induced MAPK/ERK activation [55].
The Src family of tyrosine kinases has been implicated in
the ERK activation by various GPCRs agonists. Recent data
suggests that activation of Src tyrosine kinases may lead to
the phosphorylation of the adaptor protein Shc and the
recruitment of Grb/Sos complex to the plasma mem-
brane, resulting in the activation of the ERK pathway
[223,243].


Signaling pathways of nAChRs involved in 
proliferation and neuronal differentiation
Previous reports have shown that nAChRs are expressed in
non-neuronal cells within the nervous system [244,245],
embryonic stem cells [8,13], neural stem cells [197], and
embryonic tissues [246].


Microglia express α7 nAChRs [247], and stimulation of
α7 nAChRs promotes anti-inflammatory pathways and
blunts the response of migroglia to lipopolysaccaride
[247], suggesting that nAChRs may have a role in control-
ling localized brain inflammation. Nicotinic receptors are
also expressed on O2A oligodendrocyte precursors, but
are not detectable after induction of differentiation, indi-
cating that nAChR expression is developmentally control-
led in these cells [248]. Although the physiological


functions of nAChRs in O2A oligodendrocyte precursors
are not understood, data suggest that activation of
nAChRs might control migration, survival and differenti-
ation in these cells [248].


It has been found that in non-neuronal tissues nicotine
induces the secretion of growth factors like bFGF, TGF-α,
VEGF, and PDGF [249] Nicotine also upregulates expres-
sion of the calpain family of proteins [250] as well as
COX-2 and VEGFR-2 [251], activating the Raf/MAPK
kinase/ERK pathway [252]. Since nAChRs do not have
intrinsic tyrosine kinase activity [22], the molecular mech-
anisms underlying its effects on proliferation remain
unclear. It was demonstrated that nicotine-mediated
induction of cell proliferation involves recruitment of β-
arrestin, which facilitates the activation of Src. This in turn
leads to binding of Raf-1 kinase to Rb, leading to cell cycle
entry [253]. Dasgupta and coworkers demonstrated that
human non-small cell lung cancer (NSCLC) tumor tissues
had high levels of Rb-Raf-1 complexes in tumors relative
to adjacent normal lung tissue, suggesting that perhaps
the Rb-Raf-1 pathway contributes to the genesis of these
tumors. Furthermore, chromatin IP (ChIP) analysis of
human NSCLC tumor samples demonstrated increased
recruitment of E2F1 and Raf-1 to proliferative promoters
like cdc6 and cdc25A. These results suggest that binding of
β-arrestin to nAChRs is an early and critical event in the
initiation of nicotine-induced mitogenesis. The subse-
quent steps resemble growth factor-induced cell prolifera-
tion, as they include activation of Src, association of Rb to
Raf-1, inactivation of Rb, and enhanced recruitment of
E2F1 and Raf-1 to promoters of genes that induce prolif-
eration [253]. These events are likely to contribute to the
growth and progression of tumoral cells.


Therapeutic uses of cholinergic receptor 
modulators in stem cell specification
In vivo proliferation, differentiation, and genetic 
modification of neural stem cell progeny
As previously demonstrated [8,13], AChRs have different
roles on proliferation in embryonic and neural stem cells.
In embryonic cells, nAChRs decrease proliferation. Con-
versely, neural stem cells and their progeny can be
induced to proliferate in vivo by administering α7 agonists
[13]. To initiate neuronal differentiation, agonists for the
Gαi-coupled mAChRs, such as the M2 subtype, could be
used for treatment. These pharmacological agents include
any substance that acts through AChR activation or
through pathways activated by them. The examples
described here to modulate proliferation, differentiation,
and genetic modification of neural stem cells in vitro can
be adapted to in vivo techniques. Such in vivo manipula-
tion and modification of these cells allows cells lost due
to injury or disease to be endogenously replaced. This
would abolish the need for transplanting foreign cells into
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a patient. Additionally, cells can be modified or geneti-
cally engineered in vivo so that they express various bio-
logical agents useful in the treatment of neurological
disorders. However, fine control of muscarinic signaling
requires compounds that selectively modulate specific
muscarinic receptor subtypes. Unfortunately, such drugs
have not been discovered yet. M1 muscarinic agonists
such as arecoline have also been found to be weak ago-
nists of M2 and M3 subtypes, and are not very effective in
treating cognitive impairment, most likely because of
dose-limiting side effects [254,255]. Selective muscarinic
agonists for M5 and M2 subtypes could be used both as
pharmacological tools and as therapeutic agents [8], as
M5 and M2 mediate most of the muscarinic [Ca2+]i-
response and seem to control proliferation and differenti-
ation induction, respectively.


Treatment with nicotinic receptor agonists also has thera-
peutic potential, similarly to muscarinic agonists. How-
ever, nAChR agonists which bind the same site as ACh are
not a viable solution, for ACh not only activates, but also
blocks receptor activity through desensitization [256] and
uncompetitive blockade [for review see [257]]. Further-
more, prolonged activation appears to induce a long-last-
ing inactivation. Therefore, agonists of ACh may reduce or
enhance receptor activation. In nAChRs, desensitization
generally limits the duration of current during agonist
application [258]. However, positive allosteric modula-
tors can enhance the efficacy of agonists at nicotinic recep-
tors. It is believed that such compounds would be useful
for treatment of conditions associated with decreased nic-
otinic transmission. In a therapeutic setting, these com-
pounds could restore normal interneuronal
communication without affecting the temporal profile of
activation. In addition, they would not produce long-term
inactivation, contrary to prolonged application of an ago-
nist.


A naturally existing allosteric modulator of nicotinic
transmission is the CGRP (Calcitonin Gene Related Pep-
tide) neuropeptide [259,260]. Previous reports show that
CGRP blocks nAChRs competitively. It is noteworthy to
point out that this effect is not mediated by conventional
G-protein-coupling [261], as it was demonstrated that this
peptide's activity is contained within the 1–7 N-terminal
fragment. Similarly to the native CGRP, CGRP 1–7 shows
a rapidly developing, competitive antagonism which is
readily reversible after washout [261]. Intriguingly, some
CGRP fragments quickly and reversibly enhance
responses mediated by the activation of native neuronal
nAChRs [262]. Mutant versions of the CGRP peptide frag-
ment can be used as neuronal nAChRs enhancers, as in
the absence of nAChR activation these peptides were inac-
tive [262].


The CGRP 1–6 peptide did not modify the muscle-type
nicotinic receptor responses, indicating its selectivity for
neuronal receptors. This finding suggests that certain pep-
tide derivatives shorter than CGRP 1–7 exert an unusual
action, involving an apparently competitive modulation
of the agonist-binding site. CGRP 1–6 and its derivatives
may be used for the treatment of symptoms of neurologi-
cal diseases associated with functional deficits of nAChRs
and may be used as stem cell neuronal differentiation
enhancers.


Interestingly, nicotine has been shown to protect cells
from apoptosis induced by anticancer drugs. The acquisi-
tion of drug resistance is a considerable challenge in can-
cer therapy, and nAChR antagonists could be potentially
used in combination with established chemotherapeutic
drugs to enhance the therapeutic response to chemother-
apy. The bioactivity of nAChR antagonists, however, has
yet to be tested in animal models. Carefully designed ani-
mal studies are essential to investigate the potential side
effects of nAChR antagonists on the brain, central nervous
system, immune cells and muscle cells, all of which
express high levels of nicotinic receptors.


The study of the roles of nAChRs in development and pro-
gression of cancer and stem cells differentiation provides
novel opportunities for the prevention and therapy of
cancer and degenerative disorders. However, it is impor-
tant to consider that vital cell and organ functions are reg-
ulated by these receptors. Antagonists for α7 nAChR may
successfully block cancer cells and promote proliferation
of stem cells without cytotoxicity to normal control cells
in vitro, but in vivo it would induce adverse effects on the
control of inflammatory reactions and the regulation of
respiratory and cardiovascular functions, and may also
lead to psychiatric symptoms [22,168,263].


Blockers of Ca2+ channels are known for their anti-prolif-
erative properties and might be an alternative because
they can desensitize the hyperactive α7 nAChR (Figure 1).
However, experimental findings appear to be divergent
and depend on the cell type and mode of administration
used. Among the calcium channel inhibitors, L- and T-
type calcium blockers, were reported to inhibit neuronal
differentiation [12,264-266], but have limited effect on
other cell types. Mibefradil, a selective blocker of T-type
channels, has significant anti-proliferative action in vari-
ous cell types in vitro as well as in vivo [267,268]. The non-
selective calcium blocker amlodipine is also a very effec-
tive protector of neuronal cells [269-271]. Calcium chan-
nel blockers induce a rapid decrease in intracellular Ca2+,
even in cells lacking depolarization-induced calcium flux
[272,273]. These observations suggest that amlodipine
inhibits cell proliferation through intracellular signaling
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pathways rather than through inhibition of Ca2+ entry
channels.


Another possible pharmacological treatment is the use of
SluRP1, a drug that reduces the responsiveness of
α7nAChR to agonists. SluRP1 may have an effect similar
to that of voltage-gated Ca2+ channels blockers [274].
However, any attempt to prevent or treat cancer by target-
ing nAChRs must be based on the identification of molec-
ular markers. The goal of this strategy is the restoration of
balance between stimulatory and inhibitory signaling and
not complete blockade of a given pathway.


Nicotinic signaling in non-neuronal cells has huge impli-
cations for cell fate and survival. Research in nAChR sign-
aling networks will be especially relevant to stem cell
production in a large scale and cancer treatment. Future
studies will need to define both the function of different
nAChR subtypes in non-neuronal cells and the down-
stream signaling pathways that underlie the proliferative
and anti-apoptotic activities of nicotine.


Similarly to nicotinic signaling, the mechanisms that
underlie the pro-mitogenic effects of muscarinic receptor
stimulation have not yet been studied in detail. However,
several intracellular signaling pathways that regulate the
synergistic mitogenic interaction of other GPCR agonists
with growth factors in neural progenitor cells have been
identified (Figures 1 and 3). These pathways are not the
same for every GPCR agonist The GPCRs M1 and M3
increase EGF-induced proliferation through a pathway
involving Gβγ, phosphatidylinositol-3-kinase, Akt and
PKC [105,238]. Muscarinic stimulation of MAPK activity
and proliferation is prevented both by the intracellular
Ca2+ chelator BAPTA-AM and by a reduction in extracellu-
lar Ca2+ with EGTA. This suggests that increases in intrac-
ellular calcium are essential, and may stimulate Pyk2
phosphorylation and then activate the MAPK signaling
pathway [238]. PKC also regulates p42/p44 MAP kinase
activation by muscarinic receptor agonists in neuronal
progenitor cells [55].


Concluding remarks
There is a growing body of evidence indicating that nico-
tinic and muscarinic receptors play important roles in
stem cell differentiation and physiology. The disruption
of developmental patterns and of normal function is often
correlated with pathological conditions. Therefore, the
controlled manipulation of ACh function may lead to
novel therapies. Strikingly, studies have revealed that
drugs currently used to treat disorders such as Alzheimer's
disease and depression, increase adult neurogenesis,
which may be the mechanism mediating the activity of
these drugs. However, some of these studies are controver-
sial, and remain to be confirmed. Hence, the role of neu-


rogenesis in treating central nervous system disorders, as
well as the effects of drugs on embryonic and adult stem
cells' neuronal differentiation remain areas of active
research. Discriminating specific contributions of nAChR
and mAChR signaling for the control of phenotypic fea-
tures as specialized structural and functional behaviors is
a great challenge and has undeniable potential regarding
future applications.
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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of unknown cause,
characterized by the selective and progressive death of both upper and lower motoneurons,
leading to a progressive paralysis. Experimental animal models of the disease may provide
knowledge of the pathophysiological mechanisms and allow the design and testing of therapeutic
strategies, provided that they mimic as close as possible the symptoms and temporal progression
of the human disease. The principal hypotheses proposed to explain the mechanisms of
motoneuron degeneration have been studied mostly in models in vitro, such as primary cultures of
fetal motoneurons, organotypic cultures of spinal cord sections from postnatal rodents and the
motoneuron-like hybridoma cell line NSC-34. However, these models are flawed in the sense that
they do not allow a direct correlation between motoneuron death and its physical consequences
like paralysis. In vivo, the most widely used model is the transgenic mouse that bears a human
mutant superoxide dismutase 1, the only known cause of ALS. The major disadvantage of this
model is that it represents about 2%–3% of human ALS. In addition, there is a growing concern on
the accuracy of these transgenic models and the extrapolations of the findings made in these
animals to the clinics. Models of spontaneous motoneuron disease, like the wobbler and pmn mice,
have been used aiming to understand the basic cellular mechanisms of motoneuron diseases, but
these abnormalities are probably different from those occurring in ALS. Therefore, the design and
testing of in vivo models of sporadic ALS, which accounts for >90% of the disease, is necessary. The
main models of this type are based on the excitotoxic death of spinal motoneurons and might be
useful even when there is no definitive demonstration that excitotoxicity is a cause of human ALS.
Despite their difficulties, these models offer the best possibility to establish valid correlations
between cellular alterations and motor behavior, although improvements are still necessary in
order to produce a reliable and integrative model that accurately reproduces the cellular
mechanisms of motoneuron degeneration in ALS.


Introduction
Effective treatments for practically all diseases can only
result from the knowledge of their cellular and molecular
pathophysiological mechanisms. This is particularly evi-


dent in the case of diseases whose cause is still unknown
in spite of the remarkable progress of biomedicine in the
recent decades, such as devastating neurodegenerative dis-
eases, including Alzheimer's disease and amyotrophic lat-
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eral sclerosis (ALS). For the purpose of gaining insights
into such mechanisms, the design and use of experimen-
tal models is essential. In general, such studies are carried
out in vitro, in cell cultures, slices or organotypic cultures,
and in vivo. Whereas the former can give very useful infor-
mation regarding cellular and molecular mechanisms, the
experiments in whole living animal models obviously
reflect more closely the human disease, provided that the
symptoms and their development during time mimics as
close as possible those of the human disease. In this
framework, the purpose of the present article is to review
the available experimental animal models of ALS.


Amyotrophic lateral sclerosis, described in 1869 by the
French neurologist Jean-Martin Charcot, is a fatal adult-
onset neurodegenerative disease characterized by the
selective and progressive death of both upper and lower
motoneurons, leading to a progressive paralysis, respira-
tory depression and death usually within 2–5 years after
onset. Based on which type of motoneurons are primarily
affected, whether lower motoneurons, located in the ven-
tral horns of the spinal cord, or upper motoneurons,
located in the brainstem and the cerebral motor cortex,
ALS can be classified in two forms: spinal onset (~75% of
cases), characterized by muscle weakness and atrophy,
cramps, fasciculations, spasticity and paralysis, and bul-
bar-onset (~25% of cases), characterized by progressive
dysphagia and dysarthria, spasticity and hyperreflexia [1].
Because the neuronal loss in ALS is selective, the disease
generally does not cause major cognitive impairments
such as those occurring in other neurodegenerative dis-
eases like Alzheimer's and Huntington's. However, some
ALS patients may present changes in personality, irritabil-
ity, obsessions, poor insight and deficits in frontal execu-
tive tests [2]. In the majority of ALS patients, death is due
to respiratory failure caused by the denervation of the res-
piratory muscles and diaphragm. The prevalence of ALS is
about 2–6 cases/100,000 and the median age of onset is
55 years, although it can start at younger ages [3].


The disease occurs in sporadic and familial forms with
very similar clinical courses and common pathological
features, such as the presence of abnormal accumulations
of neurofilaments in degenerating motoneurons [4]. The
familial form of ALS (FALS) accounts for 5–10% of cases
and has an autosomal dominant pattern of inheritance,
whereas the sporadic form (SALS) accounts for the major-
ity of ALS cases (~90%). Among the FALS cases, about
20% are caused by missense mutations in the SOD1 gene
that codes for the enzyme Cu2+Zn2+ superoxide dismutase
1 (SOD1) [5]. However, the cause of most ALS cases is still
unknown and several hypotheses have been proposed to
account for the selective death of upper and lower
motoneurons. These include oxidative damage, axonal
strangulation and transport impairment, disorganization
of neurofilaments, protein misfolding and toxicity from


intracellular aggregates, mitochondrial dysfunction,
inflammation, apoptosis, and excitotoxic death arising
from the mishandling of glutamate [4,6-10]. Because the
clinical course of the disease is highly variable, the mech-
anism of motoneuron death may arise from the unfortu-
nate convergence of multiple factors rather than from a
single alternative.


The pathogenesis of ALS has been studied in autopsy sam-
ples, but this has not yielded reliable information in terms
of the pathophysiological mechanisms of motoneuron
degeneration during the progressive clinical stage, from
disease onset to the death of the patients. The pathological
hallmarks that have been found in the spinal cord of
autopsied ALS patients include the atrophy of dying
motoneurons with notable swelling of the perikarya and
proximal axons, intracytoplasmic neurofilament abnor-
malities, and the presence of Bunina bodies, spheroids
and strands of ubiquitinated material in degenerating
axons and in cell somas; this motoneuron pathology is
often accompanied by reactive gliosis [11].


Under these circumstances, experimental in vitro and in
vivo models have been developed to improve our under-
standing of the disease and have allowed the testing of
possible therapeutic strategies. However, these models
have many limitations and have not succeeded in design-
ing effective treatments to stop the course of the disease.
Therefore, an integrative model that reproduces the
chronic progressive motoneuron death and the main
characteristics of the disease is still needed.


Based on the multiple events considered to contribute to
the selective loss of motoneurons as targets for therapy,
many different drugs have been tested on their capacity to
alleviate or retard the symptoms of ALS patients and to
prolong their survival, but none has proved to be effective.
The only currently used compound that slightly slows dis-
ease progression and prolongs the survival of ALS
patients, with no improvement in muscle function, is rilu-
zole. This drug limits glutamate release from nerve end-
ings possibly by stabilizing the inactive state of voltage-
dependent sodium channels and by a G protein-coupled
intracellular pathway [12-16].


Mutations in superoxide dismutase 1 as cause of 
one form of familial ALS
Cu2+/Zn2+ superoxide dismutase 1 (SOD1) is an ubiqui-
tously expressed cytoplasmic enzyme that catalyzes the
dismutation of the superoxide radical (O2 


-) into hydro-
gen peroxide and molecular oxygen and is an important
free radical scavenging enzyme that protects cells against
oxidative stress. The copper atom is alternately reduced
and oxidized by superoxide, providing a reactive center
for its dismutation, while the zinc atom gives structural
stability to the protein; both cations are buried at the bot-
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tom of an active site channel [17-19]. The disease-causing
SOD1 mutations are scattered throughout the primary
structure of the protein. More than 100 mutations have
been found [20-22], and all but one, SOD1D90A [23,24],
cause the dominantly inherited disease. Superoxide radi-
cal is a very reactive intermediate formed by the reduction
of O2 in the respiratory chain and is a powerful oxidant; it
is normally converted to hydrogen peroxide before it can
undergo other free-radical reactions. Hydrogen peroxide
is converted to water by catalase or glutathione peroxi-
dase, but it can also be decomposed to hydroxyl radical in
the presence of iron; this radical is highly reactive and can
damage lipids, proteins or nucleic acids.


It has been demonstrated that SOD1-mediated toxicity in
ALS is not due to the loss of its catalytic activity but instead
to a gain of function which confers one or more toxic
properties that are independent of the levels of dismutase
activity [25]. The main arguments against the importance
of loss of dismutase function are that SOD1 knockout
mice do not develop motoneuron disease [26] and that
levels of SOD1 activity do not correlate with disease in
mice or humans. In fact, some mutant enzymes retain full
dismutase activity [27,28], and chronic increase in the lev-
els of wild-type SOD1 (and dismutase activity) has no
effect on the disease [29] or even accelerates it [30]. The
acquired toxic property likely disrupts several basic cellu-
lar functions in neurons, including protein breakdown by
the ubiquitin-proteasome system, slow anterograde trans-
port, fast retrograde axonal transport, calcium homeosta-
sis, mitochondrial function, and maintenance of the
cytoskeletal architecture [7]. The toxicity can arise either
through aberrant chemistry, mediated by the misfolded
aggregated mutants, which can disregulate the redox equi-
librium [31] or produce loss or sequestration of essential
cellular components, for example by saturating the pro-
tein-folding chaperones and/or the protein-degradation
machinery [7,8,31]. This includes endoplasmic reticulum
stress and accumulation of the mutant SOD1 in micro-
somes [32,33]. The discovery of prominent cytoplasmic
inclusions in motoneurons and, in some cases, within the
astrocytes surrounding them in the SOD1 ALS mouse
model [29,30,34] and in autopsy samples from patients
with SALS and FALS [35-37] led to the hypothesis of toxic
protein aggregation. These inclusions are commonly
detergent-insoluble elements dispersed in the cytosol,
which have been characterized by ubiquitin and SOD1
staining [38,39]. The toxicity to motoneurons generated
by SOD1 mutants seems to be non-cell autonomous,
since mutant damage occurs not just within motoneurons
but also in non-neuronal cells, suggesting that neuronal
death depends, at least in part, on a contribution
from surrounding astrocytes and possibly other cell types
[40-42].


Other mutations as cause of familial ALS
A series of other mutant genes have been reported to cause
ALS in both familial and sporadic cases (see [43,44] for
comprehensive reviews), but the number of patients har-
boring these mutations is substantially low, and therefore
these mutations are not commonly used for modeling
ALS, although there are few exceptions such as alsin.


Alsin, the product of the ALS2 gene coded in chromosome
2q33 [45], is a protein with three putative guanine nucle-
otide exchange factor domains that has been found
altered in some FALS cases [46,47], with a higher preva-
lence in Tunisian and Pakistani populations [45,48]. Most
ALS2 mutations are deletions caused by abnormal stop
codons that produce a truncated dysfunctional protein
[49]. Homozygous expression of mutant alsin is responsi-
ble for early onset FALS, also known as juvenile ALS or
ALS2; this form progresses slower than the adult onset
forms [50]. Since juvenile ALS is inherited in a recessive
manner it is assumed that the proper function of alsin is
an elemental component of motoneuron physiology.
Unlike SOD1 mutations that cause a rather homogeneous
phenotype independently from the amino acid substitu-
tion, although subtle differences exist, ALS2 truncated
products cause a diversity of clinical outcomes depending
on the form generated by the specific mutation. Further-
more, mutations in alsin are not only responsible for pro-
voking ALS but for at least two other types of motoneuron
disease: primary lateral sclerosis and hereditary spastic
paraplegia (reviewed in [51]).


Recently, it was reported that mutations in the RNA/DNA
binding protein TDP-43 cause classical ALS with an auto-
somal recessive inheritance pattern (see [52] for review),
and shortly after this discovery another nucleic acid bind-
ing protein was found to be mutated in a British family
with FALS [53,54]. The discovery of these mutations may
allow the development of new experimental models for
ALS, although as we shall discuss later, such models might
be limited to reproduce the causes of motoneuron death
related to those specific mutations.


Glutamate-mediated excitotoxicity as a causal 
factor of ALS
Glutamate-mediated excitotoxicity generated by an exces-
sive glutamatergic synaptic transmission is considered a
probable mechanism leading to motoneuron degenera-
tion in both SALS and FALS. Excitotoxicity involves a mas-
sive influx of Ca2+ through glutamate receptors, triggering
the uncontrolled activation of deleterious processes that
eventually produce neuronal death [55,56]. Motoneurons
are highly vulnerable to intracellular calcium overload
due to their low calcium buffering capacity [57-60].
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In spinal motoneurons, calcium entry is likely to occur
through calcium-permeable AMPA (α-amino-3-hydroxy-
5-methylisoxazole-4-propionate)-type receptors. Func-
tional AMPA receptors are composed of four subunits,
GluR1-GluR4, in various combinations [61]. Subunit
GluR2 determines the calcium permeability because the
presence of at least one GluR2 in the receptor structure
makes it impermeable to the cation [62,63]. In addition,
the posttranscriptional modifications that edit the Q/R
site of the GluR2 impede the calcium flux through the
pore [64]. Therefore, activation of AMPA receptors lacking
the GluR2 subunit or without its posttranscriptional edi-
tion may have significant pathophysiologic consequences
that could be involved in ALS. In fact, spinal motoneurons
are particularly vulnerable to agonists of the AMPA-type
receptors probably because of a large calcium influx, both
in vitro [56,65,67-72] and in vivo [73,74].


Glutamatergic synaptic transmission is rapidly terminated
by the neurotransmitter uptake from the synaptic cleft
into neurons and glia, a process carried out by high affin-
ity glutamate transporters. Five of these transporters have
been identified and cloned, and their location in the cen-
tral nervous system has been determined. Excitatory
amino acid transporter 2 (EAAT2), also called glutamate
transporter 1 (GLT1) in rodents, is the most abundant and
is present almost exclusively in astrocytes [75]. In ALS
patients, post-mortem analysis of the motor cortex and
the spinal cord revealed a reduction in the content of
EAAT2 [69,76,77]. These findings led to the hypotheses
that malfunction of EAAT2 might be an important cause
of motoneuron death in ALS, but it is still unknown if the
loss of glutamate transporters in the tissue of ALS patients
is a cause or a consequence of neuronal loss [78]. In addi-
tion, even when increased levels of glutamate in the cere-
brospinal fluid and plasma of SALS patients have been
described [79,80], this increase occurs in only ~40% of
patients [81,82], suggesting that elevated glutamate does
not seem to be the triggering factor for motoneuron death
in SALS. Furthermore, recent findings from our laboratory
do not support this hypothesis, because the acute [73] and
chronic [83] pharmacological blockade of glutamate
transport in the rat spinal cord in vivo, which results in
increased concentrations of extracellular glutamate, failed
to cause motoneuron death or motor deficits. Also, no
neuronal damage was observed in the hippocampus and
motor cortex of transgenic FALS mice in which extracellu-
lar glutamate was elevated by transport blockade [84].


Oxidative stress in ALS
There are many data supporting the involvement of oxida-
tive stress in ALS pathogenesis. Analysis of post mortem
tissue from ALS patients has revealed an increased oxida-
tive damage of cell components as compared to controls,
like oxidized DNA [85,86] and formation of carbonyl
[85,87] and nitrotyrosine [88-90] derivatives in proteins.


Furthermore, lipid peroxidation and protein glycoxida-
tion were found increased in spinal cord motoneurons
and glial cells [91]. Markers of oxidative damage have also
been analyzed in cerebrospinal fluid and plasma from liv-
ing ALS patients during the course of the disease, showing
enhanced DNA oxidative damage [92,93], lipid peroxida-
tion [94-97] and elevation of nitrotyrosine [98], although
the latter result is controversial [99]. Increased oxidative
damage in macromolecules has also been demonstrated
in the transgenic mutant SOD1 mouse, [100-104] suggest-
ing that oxidative stress could be involved in FALS patho-
genesis. In models in vitro, spinal motoneurons exposed
to an excitotoxic insult by stimulation of AMPA receptors
produced a mitochondrial calcium overload that triggered
mitochondrial depolarization and generation of ROS
[105].


All these data support the hypothesis of oxidative stress as
a mechanism that contributes to motoneuron injury in
ALS, but it is still unclear whether oxidative stress is a
cause or a consequence of the disease, since it may result
from other cellular processes like excitotoxicity, mito-
chondrial dysfunction or protein aggregation.


Protein aggregation in ALS
The aggregation of misfolded proteins leads to cellular
degenerative processes that ultimately cause neuronal
death. This kind of disturbances is well characterized for
neurodegenerative diseases like Alzheimer's, Parkinson's
and Huntington's diseases, whereas in ALS, besides the
previously discussed aggregation of mutant SOD1 in
FALS, some toxic intracellular inclusions have been
described in both SALS and FALS. The best described are
changes in neurofilament composition that generate alter-
ations in perykaria and proximal axons of motoneurons,
a pathogenic characteristic of ALS described several years
ago [106]. In some cases mutations were found in the
heavy subunit of neurofilaments [107-109], and trans-
genic mice harboring mutant or overexpressed neurofila-
ment subunits H and L show a motoneuron pathology
reminiscent of that occurring in ALS [110,111].


Experimental models for the study of ALS
The rationale of the foregoing review on the advances in
the knowledge of the mechanisms of motoneuron death
and the hypotheses on the pathophysiology of ALS is to
provide a framework for analyzing the experimental
approaches that have been developed when attempting to
create valid experimental models of the disease. These
include experiments in vitro using diverse spinal cord
preparations, and whole animal experiments, which
include animals with spontaneous motoneuron degener-
ation, transgenic rodents, and animals in which spinal
motoneuron death was produced with pharmacological
tools.
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In vitro models
Spinal cord cultures
Primary spinal cord cultures have been established and
used to study the morphological, biochemical and elec-
trophysiological characteristics of motoneurons for many
years [112]. Generally, the tissue for cellular culture is
taken from 12–14 days-old rodent embryos or 6–7 days-
old chicken embryos, the spinal cord is dissociated by
mechanical and enzymatic procedures and then plated on
matrix-coated dishes. Motoneurons are relatively easy to
identify in culture due to their large size (25 to 30 μm of
diameter), but because they are present in very small
quantities in the spinal cord (in a transversal section at the
lumbar segment of the rat spinal cord there are less than
25 motoneurons in each side), motoneuron enriched cul-
tures are often used instead of mixed primary cultures.
Motoneuron enrichment is achieved by several methods.
For example, the cellular suspension obtained after spinal
cord homogenization is centrifuged in a metrizamide
cushion, that separates cell bodies by cellular densities;
motoneurons have a relatively low cellular density and
the enriched fraction is identified by biochemical analyses
of acetylcholine production [113].


Further purification of the motoneuron population can be
achieved by the immuno-recognition of the nerve growth
factor receptor p75 that motoneurons express since early
embryonic stages. A specific antibody for the p75 receptor
is immobilized in a Petri dish on which a suspension of
cells is poured, and motoneurons specifically adhere to
the antibody coated surface increasing their concentration
[114]. Because motoneurons require a large variety of
trophic factors to survive, the enriched cultures are gener-
ally seeded on top of a spinal glial feeder layer, usually
obtained from the same spinal tissues that motoneurons
came from. Enriched motoneuron cultures can also be
obtained by flow cytometry. Motoneurons are labeled
with fluorescent tracers that are injected in the developing
muscle and retrogradely transported by the axons to the
neuronal somas in the spinal cord, and then the labeled
cells can be sorted [115]. Another way to obtain these cul-
tures is to express an enhanced green fluorescent protein
under a specific motoneuron promoter in embryonic
stem cells; marked cells can be sorted and then differenti-
ated into motoneurons in culture [116].


Modeling a complex disease in such a reduced and limited
system has a series of inconveniences, but still, important
information on some intracellular mechanisms can be
obtained by studying the physiology of motoneurons. For
example, using these systems it was first demonstrated
that motoneurons are particularly vulnerable to glutama-
tergic excitotoxicity trough AMPA receptors [66], that the
toxicity underlying this process is mediated by Ca2+


[71,105] and that glutamate preferentially stimulates the
production of reactive oxygen species in motoneurons in


comparison with other neuronal types of the spinal cord
[117].


A major shortcoming of these systems is that the condi-
tions in which motoneurons exist must be substantially
modified. For instance, the mentioned particular vulnera-
bility of motoneurons to AMPA in culture is only seen
when extracellular calcium concentration is raised from
physiological 2 mM to 10 mM [66,71,105]. Also, the fact
that the ratio motoneurons:glia is altered is not trivial,
since non-neuronal cell types play a fundamental role in
the pathogenesis of this disease and accumulating experi-
mental evidence indicates that ALS is a non cell-autono-
mous disease, meaning that its origin may be localized
not only in motoneurons, but in the surrounding spinal
cells as well [40,41,118-120]. Thus, although cultures of
glial cells have helped to elucidate the participation of
other cellular types in the development of ALS, like micro
and astroglia toxicity due to the expression of mutant
SOD1, the information obtained from these studies is
limited to the particular experimental conditions
employed.


NSC-34 cells
Establishing a cell line of immortalized neurons in culture
is a difficult task, mainly because of the intrinsic proper-
ties of the neuronal lineage, including their null capacity
to proliferate when they are fully differentiated. In an
attempt to circumvent this problem, a hybrid cell line
(NSC-34) of neuroblastoma (a highly proliferative neuro-
nal cell type) and spinal cord motoneurons from enriched
primary cultures, was produced by fusing the two cell
types [121]. In this hybrid line some of the motoneuron
characteristics are present, like acetylcholine synthesis,
storage and release, action potential generation, expres-
sion of neurofilament proteins and association with neu-
romuscular synapse-specific basal lamina glycoproteins.


The NSC-34 line expressing mutant SOD1 is considered a
cellular model of ALS. In these cells some features of
motoneuron alterations have been described, for exam-
ple, Golgi apparatus fragmentation [122], and mitochon-
drial dysregulation [123]. They have also been used to
study in vitro some of the mechanisms of mutant SOD1
toxicity [124-126]. Nonetheless, NSC-34 cells also retain
characteristics of the neuroblastoma linage, like an
enhanced N-myc action [121]. N-myc is an oncogene that
directs diverse cellular responses, especially those
involved in proliferation [127]. For the study of the mech-
anisms of neuronal death and its prevention by possible
therapeutic agents the effects of N-myc could obstruct the
underling mechanisms, making this model faulty.


Organotypic cultures
All neurons exist in a specific tissue context where the sur-
rounding cellular types shape the biochemical, electro-
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physiological and morphological characteristics of each
neuron. Motoneuron excitatory or inhibitory inputs and
outputs from their afferences and interneurons, as well as
trophic support from surrounding glia and its reactivity in
response to neuronal death, modulate important charac-
teristics of the cellular and molecular processes that occur
in ALS. When spinal cord is disgregated and plated on
dishes, all these important cellular interactions are lost.
One way to preserve the tissue structure for in vitro ana-
lyzes is to cultivate an entire slice of the spinal cord in an
organotypic culture. With this method, spinal cord slices
obtained from neonate pups are chopped into 400 μm
thick sections that can be cultured for as long as 3 months.
Motoneurons in this type of preparations retain their met-
abolic characteristics like choline acetyltransferase and
acetylcholinesterase activities [128].


Slow motoneuron degeneration in organotypic cultures
has been induced by the chronic exposure to the gluta-
mate transporter blocker threo-β-hydroxyaspartate (THA)
[129]. Using this system it has been reported that neuro-
trophic factors are able to protect motoneurons from exci-
totoxic death [130,131]. As with the cell cultures, a major
shortcoming of organotypic systems is that they do not
always accurately reproduce what would be happening in
an in vivo system and even less in an ALS patient. For
example, while the glutamate transport blockade is highly
toxic for motoneurons in organotypic cultures [129-131],
as already mentioned the blockade of glutamate uptake in
vivo is innocuous for motoneurons [73,83,84].


In vivo models
Spontaneous genetic defects that cause motoneuron degeneration
The oldest known model of spontaneous motoneuron
alterations is the wobbler mouse. This mouse harbors a
mutation in the wr locus that has been mapped in chro-
mosome 11 [132]. It was recently found that this gene that
codes for the vacuolar-vesicular protein sorting 54
(Vps54) has the missense mutation L967Q in the wobbler
mouse [133]. Homozygous expression of the mutant wr
gene causes the death of motoneurons in the cervical por-
tion of the spinal cord, affecting mainly the somas, and in
consequence, causing a proximal axonopathy [134]. The
pathology presented by these animals may have a glial ori-
gin, since they develop astrocytic defects and an increased
astrocyte reactivity that seems independent from motone-
uron death [135].


The mechanisms of neurodegeneration in the wobbler
mice are so far unidentified. Excitotoxic processes seem
not be involved, since glutamate transporters are
expressed normally, extracellular glutamate levels are
unchanged [136], and AMPA receptor antagonists have
no effect on motor behavior and neuronal loss [137].
Also, results of TUNEL staining of fragmented DNA [138],


and activation of caspases suggest that apoptosis is not
involved in neuronal death in these mice [139].


Another model of spontaneous motoneuron death is a
mouse that suffers a progressive motoneuronopathy
(pmn), caused by the homozygous expression of the
mutant tubulin-specific chaperone E [140,141]. These
animals develop a progressive caudo-cranial degeneration
of the motor axons and die at few weeks after birth [142].
The main pathological characteristic of the pmn mouse is
a distal axonopathy with minor alterations of neuronal
somas, an alteration different from the ALS pathology
[143]. Although the pathophysiology of motoneuron
death in these animals is not the same as in ALS, the neu-
roprotective potential of some agents, like certain trophic
factors [144,145] or anti-excitotoxic compounds [146]
have been shown to be partially effective.


The wasted mutant mouse with genotype wst/wst is
another murine model of spontaneous spinal neurode-
generation. These animals develop a hindlimb paralysis,
not necessarily due to motoneuron loss but to cell vacu-
olization [147]. There are reported cases of spontaneous
motoneuron disease in larger animals. A spontaneous dis-
ease of the horse, known as equine motoneuron disease,
is characterized by a generalized weakness, progressive
muscle atrophy and loss of motoneurons in the spinal
cord and brainstem [148]. In dogs, a condition named
hereditary canine muscular atrophy is caused by a mild
loss of motoneurons in spinal cord and brainstem and
neurofibrillary swellings in proximal axons [149]. These
animals may mimic in some way the pathology underly-
ing sporadic ALS, but their use in experimental studies is
clearly complicated.


Genetically modified models
- Alsin knock out mice
Human mutations in the alsin protein encoded by the
ALS2 gene in some FALS cases were mentioned in a previ-
ous section. ALS2 knock out mice have been developed
and shown to be deficient in motor coordination and
motor learning [150], to have abnormalities in endosome
trafficking [151,152], as well as axonal degeneration [153-
155] and increased susceptibility to oxidative stress [150].
Although no overt motoneuron degeneration is present,
these animals appear to be a good in vivo model for the
study of the alterations of motoneuron physiology that
take place before cellular death such as axonal impair-
ment, but, as in the case of mutant SOD1 transgenic mice
described next, the processes studied may mimic only
those occurring in patients with this type of genetic alter-
ations.


- Transgenic mutant SOD1 rodents
A major breakthrough in the ALS research was the discov-
ery that ~20% FALS cases were due to mutant SOD1 [5].
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Almost immediately after this finding, transgenic mice
that express mutant human SOD1 were developed. The
initial mutations produced the substitution of glycine for
alanine at position 93 (G93A), and of alanine for valine at
position 4 (A4V) [156]. Other SOD1 mutations have been
expressed in transgenic mice. The commonest, in addition
to G93A and A4V, are glutamate for arginine substitution
at positions 37 (G37R) [157] and 85 (G85R) [158]. The
phenotype expressed by these mice, regarding the age at
symptoms onset and their severity is directly proportional
to the amount of mutant protein expressed in the tissue
[159], lending further support to the hypothesis of the
acquired toxic function of mutant SOD1 mentioned
before.


The disease in transgenic mice begins with hindlimb
weakness, impaired leg extension and shortened stride
length, and continues to complete paralysis of the limbs,
principally the rear ones, within few days [156]. Cellular
alterations are mainly characterized by vacuolar degener-
ation of motoneurons and their processes at the early
stages, followed by neuronal loss and atrophy of the ven-
tral horns in the spinal cord at the late stages; the most
damaged tissue is the spinal cord, but the medulla, pons
and midbrain are affected as well [34]. In addition, mice
expressing the G85R mutation in the murine SOD1
develop paralysis due to motoneuron loss similar to that
presented by the transgenic expression of human mutant
SOD1 [160]. Transgenic rats expressing mutant human
SOD1 have also been developed and display a similar
pathology [161,162].


Since no symptomatic or pathological evident differences
exist between FALS and SALS, it has been assumed that the
mechanisms underlying both types of the disease are
shared. Therefore, transgenic SOD1 animals have been
extensively used in numerous studies related to ALS, prin-
cipally because the phenotype they display is elicited by
the only proven cause of the disease. In this FALS model
all the primary hypothesis on ALS origin have been put to
challenge, including oxidative stress [31,163,164], excito-
toxicity [84,165], apoptosis [39,166,167], protein aggre-
gation [39], axonal dysfunction [168], mitochondrial
failure [40,166,167], endoplasmic reticulum stress
[32,33,169], and practically every other suspected mecha-
nism. This model has also been the golden standard for
drugs and therapies testing at experimental stages. None-
theless, the major weakness of this FALS model is that it
reproduces the mechanism of neuronal death that occurs
in only ~2% of ALS cases. Therefore, it is not completely
accurate to extrapolate the findings made in this model to
the processes occurring in patients that do not bear muta-
tions in SOD1 [165]. In addition, a meta-analysis of a vast
number of data on the therapeutic action of many drugs
in SOD1 mutant mice revealed that most of these experi-


ments show serious methodological problems, such as a
bias for reporting beneficial effects, small number of ani-
mals, lack of randomization and blinding and the initia-
tion of the treatment prior to symptoms onset, something
that cannot be done in human ALS [170]. These problems
may be the reason for the lack of reproducibility of the
therapeutic effect of several drugs when tested in large
cohorts and in blind manner, as was described in detail in
another recent study [171]. This clearly urges the necessity
to test these potential treatments in non familial related
models of motoneuron degeneration.


Models of non-genetic spinal motoneuron degeneration
There are much less animal models for SALS than for
FALS, in spite of the fact that it accounts for >90% of the
cases. Taking advantage of the knowledge on motoneuron
death by excitotoxicity discussed above, our group has
developed some acute and chronic experimental models
that should be useful for studying the mechanisms of spi-
nal motoneuron death and for testing potential therapeu-
tic agents. The objective of the first experiments in this
effort was to test whether the excitotoxicity produced by
N-methyl-D-aspartate and AMPA/kainate receptor ago-
nists or by endogenous glutamate might induce spinal
motoneuron death and paralysis in the living rat. The
experimental procedure used was microdialysis in the
lumbar spinal cord, which permits the perfusion of drugs
and at the same time the collection of extracellular fluid
for the measurement of glutamate and other amino acids.
Using this method we found that increasing the concen-
tration of endogenous extracellular glutamate through the
inhibition of glutamate transport failed to cause motor
alterations or motoneurons loss, results that do not sup-
port the hypothesis of glutamate-mediated excitotoxicity
resulting from the loss of glutamate transporters. On the
other hand, perfusion of AMPA produced permanent
paralysis of the ipsilateral hindlimb and a remarkable loss
of spinal motoneurons, which started ~3–6 h after the
beginning of the perfusion and progressed until reaching
a maximum at 12 h, when practically all motoneurons in
the spinal segment studied were lost. All these effects were
prevented by the AMPA receptor antagonist 2,3-dihy-
droxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX)
and by an inhibitor of proteases [73,172].


The fact that the motoneuron death in our model begins
only 3–6 h after the infusion of AMPA, and becomes com-
plete at 12–24 h led to the hypothesis that the entry of cal-
cium, probably through the calcium-permeable AMPA
receptor channel, induces a delayed deleterious process
leading to motoneuron death. To test this hypothesis,
AMPA was co-applied with 1-naphthyl acetyl spermine
(NAS) a selective blocker of the AMPA receptor that lacks
the GluR2 subunit [67,173-175]. This compound signifi-
cantly prevented the selective spinal motoneuron loss and
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the subsequent paralysis [74], indicating that rat spinal
cord motoneurons possess functional calcium-permeable
AMPA receptors lacking GluR2 and suggesting that the cel-
lular process leading to motoneuron death in this model,
in vivo, is triggered by an increase of intracellular calcium
via these receptors. The hypothesis that such an increase is
responsible for the damage was confirmed by the co-per-
fusion of the intracellular calcium chelator 1,2-bis-(o-
aminophenoxy)-ethane-N,N,-N',N'-tetraacetic acid
tetraacetoxy-methyl ester (BAPTA-AM) with AMPA, which
was as effective as NAS in the prevention of the motoneu-
ron damage and the paralysis [74]. The relevance of these
findings is noteworthy because, differently from the
experiments in vitro mentioned in a previous section, the
neuronal death due to increased cytoplasmic Ca2+ occurs
under the physiological extracellular concentration of the
cation (2 mM). Altogether, these data suggest that AMPA
receptors may have an important role in the development
of ALS.


The main limitation of the model discussed above is that
the paralysis develops within a few hours, whereas
motoneuron death in ALS is a chronic process that takes
lengthened time periods. For this reason, we designed a
different experimental approach, allowing the continuous
slow infusion of AMPA in the spinal cord during several
days using osmotic minipumps. This procedure generated
a chronic model of spinal motoneuron degeneration
induced by excitotoxicity, because it produced progressive
motor impairment and motoneuron death along several
days, depending on the AMPA concentration, resembling
the characteristics of neurodegeneration and paralysis that
are present in both ALS patients and FALS rodents [176].
Interestingly, we demonstrated that the coinfusion of vas-
cular endothelial growth factor (VEGF) with AMPA
remarkably protected against the deleterious chronic
effect of the latter, indicating that this chronic model may
indeed be useful for testing therapeutic strategies for ALS
[176].


We have thus developed in vivo models of acute and
chronic spinal motoneuron degeneration, in the absence
of altered genetic components, which are useful for stud-
ying the mechanisms of this degeneration and for assay-
ing potential neuroprotective compounds. As discussed
throughout this article, this is relevant in view of the need
of experimental animal models that reproduce motoneu-
ron degeneration in processes such as sporadic ALS, which
are not related to genetic alterations and occur in the great
majority of ALS cases. The main limitation of our model
is that, although glutamate-mediated overactivation of
AMPA receptors may be a relevant mechanism of spinal
motoneuron degeneration in ALS, convincing evidence
that this occurs in the human disease has not yet been
obtained.


Conclusion
In spite of the high complexity of ALS, it is clear that great
progress has been made regarding the mechanisms of
motoneuron death. However, one of the strongest obsta-
cles is the insufficient information on the cause of the
selectivity of motoneuron degeneration, because many of
the postulated mechanisms are common for the death of
other types of neurons located in several brain regions.
This is the case, for example, of Parkinson's and Alzhe-
imer's diseases. The intracellular Ca2+-dependent neuro-
nal death via overactivation of Ca2+-permeable AMPA
receptors may be an important factor for this selectivity,
because of the abundance of this type of glutamate recep-
tors in spinal cord motoneurons.


It is also evident that valuable data have been obtained
from experimental approaches in vitro, and that the com-
bination of these results with those generated in models
in vivo may lead to a better understanding of the patho-
physiology of the disease and therefore to the design of
effective therapeutic measures. Nevertheless, it appears
that the limitations of the models in vitro are far greater
than those of in vivo models, despite the difficulties of the
experiments in vivo and their interpretation, correlations
between cellular alterations and motor behavior can only
be obtained in the whole animal.


Most of the experimental models of ALS are in fact FALS
models, because they are transgenic rodents expressing
human mutant SOD1. It is therefore very relevant to
develop in vivo models of SALS, responsible for >90% of
all ALS cases. Such models can be generated by applying
the limited knowledge on the mechanisms already availa-
ble, such as those related to excitotoxicity.
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Abstract
Since the identification of tau as the main component of neurofibrillary tangles in Alzheimer's
disease and related tauopathies, and the discovery that mutations in the tau gene cause
frontotemporal dementia, much effort has been directed towards determining how the aggregation
of tau into fibrillar inclusions causes neuronal death. As evidence emerges that tau-mediated
neuronal death can occur even in the absence of tangle formation, a growing number of studies are
focusing on understanding how abnormalities in tau (e.g. aberrant phosphorylation, glycosylation
or truncation) confer toxicity. Though data obtained from experimental models of tauopathies
strongly support the involvement of pathologically modified tau and tau aggregates in
neurodegeneration, the exact neurotoxic species remain unclear, as do the mechanism(s) by which
they cause neuronal death. Nonetheless, it is believed that tau-mediated neurodegeneration is
likely to result from a combination of toxic gains of function as well as from the loss of normal tau
function. To truly appreciate the detrimental consequences of aberrant tau function, a better
understanding of all functions carried out by tau, including but not limited to the role of tau in
microtubule assembly and stabilization, is required. This review will summarize what is currently
known regarding the involvement of tau in the initiation and development of neurodegeneration in
tauopathies, and will also highlight some of the remaining questions in need of further investigation.


Introduction
The accumulation of proteinaceous aggregates is a patho-
logical hallmark of many neurological diseases character-
ized by neuronal dysfunction and eventual cell death. In
tauopathies, as the name aptly implies, these aggregates
take the form of neurofibrillary tangles (NFT) composed
of tau. This group of diseases includes Alzheimer's disease
(AD), frontal temporal dementia with Parkinsonism
linked to chromosome 17 (FTDP-17), progressive supra-
nuclear palsy, Pick's disease and corticobasal degenera-
tion. In contrast to AD, for which the deposition of NFT
occurs only in neurons, tau-positive inclusions are
observed in glial cells in a variety of tauopathies [1]. Each
tauopathy exhibits a characteristic regional pattern of NFT


formation and the degeneration of vulnerable neuronal
networks follows a stereotypical pattern. For example,
NFT are distributed primarily to the entorhinal region,
hippocampus and cortex in AD, to the brain stem, basal
ganglia and cerebellum in progressive supranuclear palsy
and to the frontal and temporal cortex in FTDP-17.
Despite their diverse phenotype and distinct clinical pres-
entations, common to all tauopathies is the progressive
accumulation of NFT composed of insoluble, hyperphos-
phorylated tau in a filamentous form, such as twisted or
straight filaments or paired helical filaments (PHF).


Tau was first isolated in 1975 as a protein that co-purifies
with tubulin and has the ability to promote microtubule
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assembly in vitro [2,3]. As one of the principal compo-
nents of the cytoskeletal system, microtubules are
involved in the maintenance of neuronal morphology
and the formation of axonal and dendritic processes. In
addition to structural support, microtubules play a vital
role in cellular trafficking. By providing tracts for motor
proteins, like kinesins and dynein, they enable the trans-
port of cargo to specific parts of the cell. The cargo trans-
ported to and from pre- and postsynaptic sites is critical
for synaptic function and includes mitochondria, compo-
nents of synaptic vesicles and plasma membranes, ion
channels, receptors and scaffolding proteins. Synapses are
highly vulnerable to impairments in transport; therefore
perturbations in this system could cause malfunctions in
neurotransmission and signal propagation and lead to
synaptic degeneration.


The polymerization, stability and organization of micro-
tubules are regulated by microtubule-associated proteins,
such as MAP1, MAP2 and tau. Tau predominantly local-
izes to neuronal axons where it modulates the stability
and assembly of microtubules. In so doing, tau generates
a partially stable, but still dynamic, state in microtubules
important for axonal growth and effective axonal trans-
port. Tau, in a distinct phosphorylated form, is also
present in the somatodendritic compartment of neurons,
as well as in astrocytes and perineuronal glial cells [4,5].
In addition to binding microtubules, some studies [6-11],
but not all [12], provide evidence that tau can interact,
either directly or indirectly, with actin and affect actin
polymerization as well as the interaction of actin fila-
ments with microtubules. Tau may also interact with the
plasma membrane [13-15] and with several proteins
involved in signal transduction [16-22].


The tau protein is encoded by the MAPT gene located in
chromosome 17 [23]. In the adult human brain, alterna-
tive mRNA splicing of exons 2, 3 and 10 yields six tau iso-
forms (Fig. 1). The isoforms differ by the absence or
presence of one or two acidic inserts at the N-terminal,
and whether they contain three or four repeats of a con-
served tubulin binding motif at the C-terminal [24]. The
repeat region, present within the microtubule binding
domain, binds to microtubules and promotes their
assembly. Tau isoforms with four repeats (4R-tau) bind
microtubules with a greater affinity than isoforms with
three repeats (3R-tau), and can even displace the previ-
ously bound 3R-tau [25]. Phosphorylation of certain resi-
dues within the repeat region impairs the interaction
between tau and microtubules, leading to the detachment
of tau [26]. The N-terminal half of tau, known as the pro-
jection domain because it protrudes from the surface of
microtubules, includes the acidic region and a proline-
rich region. The projection domain is proposed to deter-
mine the spacing between microtubules [27], and may


play a role in the interactions between tau and other
cytoskeleton proteins, like neurofilament proteins [28].
Additionally, this domain associates with the plasma
membrane [13,14] and the PPXXP or PXXP motifs in the
proline-rich region are important for the association of
tau with certain proteins containing Src homology 3
domains (SH3).


Though the gene encoding tau is not genetically linked to
AD, mutations in MAPT cause FTDP-17 [29,30], and mis-
sense mutations have also been found in progressive
supranuclear palsy [31], corticobasal degeneration
[32,33] and in conditions that closely resemble Pick's dis-
ease [34,35], thus providing evidence that disrupting tau
homeostasis suffices to cause neurodegeneration (Fig. 1).
Tau gene polymorphisms have also been described and
two different haplotypes, H1 and H2, have been identi-
fied [36]. The H1 haplotype is a risk factor for progressive
supranuclear palsy and corticobasal degeneration, per-
haps due to increased tau expression or the imbalanced
expression of alternative tau transcripts (for review, see
[37]).


Tau mutations are known to alter the relative proportion
of various tau isoforms [29], impair the ability of tau to
bind and promote the assembly of microtubules [38-40],
or enhance the aggregation of tau into filaments [41,42].
It is therefore expected that tau-mediated neurodegenera-
tion is caused by a combination of toxic gains of function
incurred by abnormalities in tau, as well as from the
harmful consequences that result from the loss of normal
tau functions. Unfortunately, the exact mechanisms by
which abnormalities in tau initiate, or contribute, to neu-
ronal demise are not entirely understood. This review will
summarize what is currently known regarding the role of
tau in the initiation and development of neurodegenera-
tion in AD and related tauopathies, and will also highlight
some of the remaining questions in need of further inves-
tigation.


Filaments and neurotoxicity
NFT are one of the most striking pathological features in
tauopathies; therefore, much attention has focused on
understanding how the deposition of NFT cause neurode-
generation, in essence using a top-down approach to
investigating the mechanism of disease. Though the tau
hypothesis of neurodegeneration is evolving, it has long
been postulated that the aggregation of tau into filaments
and NFT results in a toxic gain of function. In AD, the
number of NFT in the neocortex positively correlates with
the severity of cognitive decline [43], and several missense
mutations in tau that cause frontotemporal dementia
accelerate tau filament assembly in vitro [42,41,44]. Thus,
it is assumed that NFT are directly able to induce neuronal
damage. Yet, given that tau is normally a highly soluble
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A schematic representation of the human tau gene, mRNA and protein isoformsFigure 1
A schematic representation of the human tau gene, mRNA and protein isoforms. The human tau gene is located 
on chromosome 17q21 and contains 16 exons (panel B). White boxes represent constitutive exons and the gray or colored 
boxes represent alternatively spliced exons. Identified mutations in exons 1–13, and intron 10, of the tau gene are shown using 
the numbering of the 441-amino acid isoform of tau (panel A). Exon -1 is part of the promoter and is transcribed but not trans-
lated, as is the case for exon 14 (panel C). Exons 4A, 6 and 8 are not transcribed in human. Exons 2, 3 and 10 are alternatively 
spliced, as demonstrated by the different lines linking these exons (panel C), generating a total of 6 different mRNAs which are 
translated into six different tau isoforms (panel D). These isoforms differ by the absence or presence of one or two N-terminal 
inserts encoded by exon 2 (orange box) and 3 (yellow box), as well as the presence of either three or four repeat regions 
coded by exons 9, 10, 11 and 12 (black boxes) in the C-terminus. The second repeat, encoded by exon 10, is highlighted in 
green. Panel E indicates sites in the acidic, proline-rich, repeat and C-terminal regions of tau reported to be phosphorylated in 
vivo or in vitro.
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protein that does not readily aggregate into filaments, this
matter has been difficult to assess in experimental models
because of the resistance of tau to aggregate within an
ideal time-frame for culture studies or within an animal's
relatively short lifespan. Further complicating matters is
evidence that mouse tau appears to prevent tau aggrega-
tion in transgenic mice overexpressing wild-type human
tau (htau) [45]. By crossing tau knockout (tau-/-) mice
with transgenic 8c mice that express all six isoforms of
htau, Andorfer et al., (2003) generated mice that exclu-
sively express htau (called htau mice) [45]. These htau
mice develop AD-like pathology, with hyperphosphor-
ylated tau accumulating as aggregated PHF. Conversely,
even though 8c mice express high levels of both htau and
mouse tau, they do not develop tau pathology. Normal
adult mouse brains contain only 4R-tau isoforms, so the
main difference between 8c and htau mice is the presence
of mouse 4R-tau. It is thus likely that mouse 4R-tau pro-
tects transgenic mice expressing non-mutant htau from
developing neurofibrillary pathology. Nonetheless, trans-
genic mice that overexpress high levels of htau isoforms
containing aggregation-promoting mutations (e.g. P301L
tau) can develop tau pathology even in the presence of
endogenous mouse tau [46-48]. To accelerate tau aggrega-
tion in vitro, polyanionic cofactors or small molecule lig-
ands are often used to facilitate tau fibrilization. For
example, in a cell culture model overexpressing full-
length tau, Congo red treatment stimulates the formation
of filamentous tau aggregates and decreases cell viability
[49]. Since tau overexpression is not toxic in the absence
of the aggregation-inducer, these results suggest that tau
aggregation causes cell death or, at least, accelerates its
onset.


Because high concentrations of tau are required to pro-
mote tau fibrilization in experimental models, it is
believed that the enhanced ability of tau to form filamen-
tous inclusions in the cytoplasm of neurons and glia in
human tauopathies may be due to pathological condi-
tions that increase the pool of tau available for aggrega-
tion. Elevated levels of free tau, not bound to
microtubules, would presumably enhance the assembly
of tau into oligomers and could increase its likelihood to
become misfolded, as well as undergo modifications or
conformational changes that promote the formation of
insoluble filamentous inclusions. Yet, while tau protein
levels are increased in the AD brain [50], it is unlikely that
the amount of tau in various tauopathies is as high as in
cell culture and animal models that artificially force tau
overexpression. It remains possible, however, that local
tau concentrations may be increased in restricted areas of
the cell during disease and this initiates the polymeriza-
tion of tau leading to NFT formation.


There are a number of ways by which NFT may damage
neurons and glial cells. For example, by acting as physical
barriers in the cytoplasm, NFT would compromise normal
cellular functions. In transgenic mice expressing mutant
(P301L) htau, the accumulation of tau filaments in the
cell body of neurons not only displaces many cytoplasmic
organelles from their usual location but also decreases the
number of normal organelles [51]. Of interest, PHF-tau,
either isolated from AD brains or generated in vitro, inhib-
its proteasome activity [52], and could therefore unfavo-
rably perturb cellular homeostasis. In a similar fashion,
the proteasome activity in HEK293 cells stably expressing
tau is decreased following tau hyperphosphorylation and
aggregation [53]. These findings are consistent with the
notion that protein aggregates are not inert end-products
but actively influence cell metabolism, like proteasomal
activity [54]. NFT may also cause neuronal toxicity by
reducing normal tau function. Since tau is redistributed to
filaments in AD [55], and since filamentous tau does not
promote microtubule assembly in vitro [56], the seques-
tration of tau to NFT may disrupt tau-mediated regulation
of microtubule dynamics. However, the reduction in
microtubule number and length observed in AD does not
correlate with the presence of PHF [57,58]. Furthermore,
whether the loss of functional tau alone is sufficient to
cause microtubule destabilization is under some debate.
Tau deficiency does delay the maturation and extension of
neurites in embryonic neuronal cultures [59,60] but no
major cytoskeletal abnormalities are observed in adult
tau-/- mice [61]. The lack of an obvious phenotype in tau-
/- mice is most probably due to a redundancy in function
among tau and other microtubule-associated proteins and
their apparent compensation for the loss of tau [62]. Nev-
ertheless, the overt breakdown of the microtubule system
may not be required to cause neuronal injury. For
instance, several mutations that cause tau dysfunction and
neuronal death in FTDP-17 alter the ratio of 4R-tau to 3R-
tau, and these isoforms differentially modulate microtu-
bule dynamics [63]. Thus, less obvious changes in the reg-
ulation of microtubules may have harmful consequences.
In any event, NFT need not alter microtubule integrity in
order to aberrantly affect one of the main functions of
microtubules, namely fast axonal transport. In a recent
study, LaPointe et al., (2008) demonstrated that filaments
formed by the longest isoform of htau impair antero-
grade, but not retrograde, transport in isolated squid axo-
plasm without producing changes in microtubule
morphology [64]. Filaments of htau appear to inhibit
anterograde transport by dissociating kinesin-1 from its
vesicular cargo and this effect is mediated by protein
phosphatase 1 (PP1) and glycogen synthase kinase-3
(GSK-3) [64]. Overall, NFT may cause toxicity by a
number of mechanisms though questions remain as to
whether NFT are the main culprit of tau-induced toxicity.
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Non-filamentous tau intermediates and neurotoxicity
The development of NFT is initiated by the formation of
pre-tangles of oligomeric tau that assemble into insoluble
filaments before aggregating to form NFT. Prior to, during
or after this process, tau undergoes numerous, and poten-
tially harmful, modifications. Therefore, though NFT may
themselves be neurotoxic, the presence of some of these
modifications may be indicative of tau-mediated damage
that arose before their deposition. Indeed, tau-mediated
neuronal death, in the absence of tau filaments, is
observed in Drosophila and some transgenic mouse mod-
els overexpressing htau [65-67]. Mice overexpressing htau
with the P301L mutation (rTg4510 mice) do develop age-
related NFT, neuronal loss and memory impairments. Yet,
the subsequent suppression of the mutant tau stabilizes
neuronal loss and improves memory function even
though NFT continue to accumulate [47]. In rTg4510, a
regional dissociation between neuronal loss and the accu-
mulation of NFT is observed; there is a loss of neurons in
the dentate gyrus before NFT lesions appear and, con-
versely, NFT appear without major cell loss in the striatum
[68]. Likewise, many of the neurons that accumulate NFT
in aged transgenic mice overexpressing normal htau seem
"healthy" in terms of nuclear morphology, while a
number of dying neurons do not appear to have a signifi-
cant load of tau filaments [69]. Furthermore, using mod-
els based on quantitative data on neuron loss and NFT
formation as a function of disease duration, it is estimated
that CA1 hippocampal neurons in AD can survive with
NFT for approximately 20 years [70]. Together, these stud-
ies suggest that tau-mediated neuronal death does not
require the formation of NFT. Rather, non-filamentous
tau, as well as abnormally modified tau intermediates,
may be neurotoxic. Indeed, tau can undergo numerous
post-translational modifications and some of these mod-
ifications, like phosphorylation and glycosylation, are
believed to occur early in the development of tau pathol-
ogy [71,72]. However, it is not yet known which tau inter-
mediates are critical for the development of the different
stages of neurodegeneration and by which mechanisms
these intermediates cause cellular injury.


Tau hyperphosphorylation
The phosphorylation of tau plays a physiological role in
regulating the affinity of tau for microtubules. Though less
well studied, phosphorylation also regulates the binding
of tau to signaling molecules and could thus influence
tau-mediated signaling [21]. Most of the phosphorylation
sites on tau are present in the proline-rich and the C-ter-
minal regions flanking the microtubule binding domains
(Fig 1); (for review, see [73]). The kinases that phosphor-
ylate tau can be divided into two major groups, according
to motif specificity: proline-directed protein kinases
(PDPK) and non-proline-directed protein kinases (non-
PDPK). The PDPK include cyclin-dependent kinase 5


(cdk5), mitogen-activated protein kinase, and several
stress-activated protein kinases. GSK3-β is often described
as a PDPK but the proline is not always required for phos-
phorylation by GSK3-β. Both cdk5 and GSK3-β co-purify
with microtubules [74,75] and phosphorylate tau within
a cellular environment [76,77]. The phosphorylation of
tau by these kinases inhibits the ability of tau to promote
microtubule assembly and facilitates the polymerization
of tau into PHF [78-81]. Among the non-PDPK are cyclic
AMP-dependent protein kinase (PKA), calcium- and cal-
modulin-dependent protein kinase II (CaMKII), and
microtubule affinity regulating kinase (MARK), the mam-
malian homologue of PAR-1. MARK targets KXGS motifs
within the microtubule binding repeat domains (serine
residues at 262, 293, 324 and 356) of tau [82]. Tau phos-
phorylation at KXGS motifs induces its dissociation from
microtubules and prevents its degradation [83]. Unbound
tau may then be hyperphosphorylated by other kinases. In
fact, the phosphorylation of tau by MARK/PAR-1 may be
a prerequisite for the action of downstream kinases,
including GSK-3β and Cdk5 [84]. There is also evidence
that tau can be phosphorylated on tyrosine residues
(Tyr18, Tyr29, Tyr197 and Tyr394) [85-89].


Tau hyperphosphorylation is an early event in the patho-
genesis of tauopathies, appearing before the development
of NFT [71]. Several missense mutations (G272V, P301L,
V337M and R406W) in FTDP-17 result in tau proteins
that are more favorable substrates to kinases in vitro [90].
In AD brains, the levels of total tau are approximately
eight-fold higher than in age-matched controls, and this
increase is due to higher levels of abnormally hyperphos-
phorylated tau, either polymerized into NFT of PHF or
straight filaments, or present as a non-fibrillized form in
the cytosol [50,91]. Elevated levels of hyperphosphor-
ylated tau are also detected in cerebral spinal fluid of AD
patients and may be predictive of neurodegeneration
[92,93]. The increase in tau protein is not likely to result
from increased transcription since several studies failed to
observe increased tau mRNA levels in AD brains com-
pared to controls [94-98], though one study did report a
relative downregulation of 3R-tau mRNA and an upregu-
lation of 4R-tau mRNA in areas heavily affected by NFT
[99]. Since these studies did not examine tau mRNA
expression at the cellular level, it remains possible that dif-
ferences in tau mRNA levels between AD and normal
cases occur in selective cell subpopulations. Interestingly,
while one study found no change in tau mRNA isoform
expression in AD, it did find that levels of mRNA for 4R-
tau isoforms were increased in the brainstem, but not the
fontal cortex or cerebellum, of patients with progressive
supranuclear palsy [98].


There is ample experimental evidence to support the view
that hyperphosphorylated tau plays a pathological role in
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tauopathies. For example, the expression of pseudophos-
phorylated tau, which mimics disease-like tau hyperphos-
phorylation, causes apoptosis in neuronal cells, an effect
not observed when cells express wild-type tau [100]. The
co-transfection of tau with GSK-3β in a cell culture model
results in more cell death compared to the expression of
tau and mutant (inactive) GSK-3β, suggesting that tau
phosphorylation by GSK3-β is toxic [101]. In a similar
fashion, the activation of cdk5 by overexpressing p25
accelerates tau phosphorylation and aggregation in mice
overexpressing mutant (P301L) tau [102]. In fact, p25
overexpression and the ensuing cdk5 activation even con-
tribute to tau pathology in mice expression only endog-
enous tau. Some studies have shown that p25 transgenic
mice show increased tau phosphorylation compared to
wild-type controls and, although NFT are not present,
cytoskeletal components are disorganized, axonal swell-
ing is observed, and the affected axoplasm is filled with
abnormally clustered mitochondria and lysosomes, fea-
tures consistent with loss of a functional microtubule net-
work [103,104]. Cruz et al., (2003) also examined cdk5
activation on tau pathology and this group used bitrans-
genic mice that inducibly overexpress human p25 in the
forebrains of mice. In these mice, a time-dependent
increase in neuronal loss and astrogliosis is observed in
the cerebral cortex between 5 and 12 weeks of cdk5 induc-
tion. Tau phosphorylation is increased in p25 transgenic
mice compared to controls but there is no marked change
in total tau protein levels. By 27 weeks of cdk5 induction,
NFT pathology is visible in the cerebral cortex and hippoc-
ampus [105]. Together, these results provide compelling
evidence that aberrant tau hyperphosphorylation can lead
to neurodegeneration, even in the absence of tau muta-
tions or forced tau overexpression. Of interest, cdk5 activ-
ity is elevated in the prefrontal cortex of AD brains, where
NFT are found, but not in the cerebellar cortex suggesting
a relationship between deregulated cdk5 activity and tau
pathology in humans [106,107].


Not only may increased kinase activity participate in tau
hyperphosphorylation, but so may decreased tau dephos-
phorylation. Tau is dephosphorylated by protein phos-
phatase 2A (PP2A) and, to a lesser extend, by PP1, PP2B
and PP5 [19,108-110]. In the human brain, PP2A, PP1,
PP5 and PP2B account for approximately 71, 11, 10 and
7%, respectively, of the total tau phosphatase activity
[110]. The mRNA and protein expression of some phos-
phatases, as well as their activities, are decreased in
affected areas of AD brain [96,110-114]. For example, in
the AD hippocampus, PP2A and PP1 mRNA levels are
decreased [111] and the protein expression level of PP2A
subunits is significantly and selectively decreased in AD-
affected brain regions and in tangle-bearing neurons
[114]. Indeed, the progressive loss of PP2A subunit
expression closely parallels the formation of tau lesions in
discrete neurons [114]. Compared to controls, phos-


phatase activity towards hyperphosphorylated tau is
lower in gray matter extracts from AD brains [112] and
PP2A activity is decreased in homogenates from the fron-
tal and temporal cortices [114]. Of interest, one study
found that the activities of PP2A and PP5 are decreased in
the AD brain but PP2B activity is increased [110]. None-
theless, the total phosphatase activity in this study was sig-
nificantly lower [110] and another study has shown PP2B
activity to be decreased in the AD brain [113]. Together,
these findings suggest that the downregulation of phos-
phatase activity, especially that of PP2A, can contribute to
increasing levels of hyperphosphorylated tau. Consistent
with this notion, PP2A inhibition by okadaic acid induces
tau hyperphosphorylation and accumulation in rat brain
slices [109] and the inhibition of PP2A and PP1 activity by
calyculin A injections into the rat hippocampus leads to
tau hyperphosphorylation and defects in spatial memory
retention [115]. Moreover, transgenic mice with reduced
neuronal PP2A activity exhibit increased tau hyperphos-
phorylation and the accumulation of tau aggregates in the
soma and dendrites of cortical pyramidal cells and cere-
bellar Purkinje cells [116].


Tau phosphorylation is also regulated by Pin1 (protein
interacting with NIMA 1), a member of the peptidyl-pro-
lyl cis-trans isomerase group of proteins involved in the
assembly, folding and transport of cellular proteins. The
interaction between tau and Pin1 depends on the phos-
phorylation state of tau; Pin1 binds tau when phosphor-
ylated at Thr231 [117] and facilitates its
dephosphorylation by PP2A [118-120]. In AD neurons,
Pin1 binds hyperphosphorylated tau in PHF, potentially
depleting soluble Pin1 levels [117,121]. Pin1 is signifi-
cantly down-regulated and oxidized in the AD hippocam-
pus [122]. Additionally, pyramidal neurons from AD
brains that have lower Pin1 levels are more prone to con-
tain tangles, whereas neurons with higher levels of Pin1
are generally tangle-free [123]. Deregulation of Pin1
expression and activity could induce an imbalance in the
phosphorylation-dephosphorylation of tau and nega-
tively impact tau regulation and function. Indeed, Pin1
restores the ability of phosphorylated tau to bind micro-
tubules and promote microtubule assembly in vitro [117].
It has been proposed that Pin1 functions as a co-chaper-
one and, together with HSP90 and other members of the
HSP90 complex, is involved in the refolding and dephos-
phorylation of aberrantly phosphorylated tau [83]. If Pin1
levels are knocked-down in Hela cells by siRNA prior to
transfecting cells with wild-type tau, tau levels are
decreased compared to Pin1-expressing cells [83]. This
suggests that when Pin1 levels are decreased, attempts to
refold/dephosphorylate tau are subverted and tau degra-
dation is favored. However, Pin1 knock-down increases
the stability of wild-type tau, as well as that of V337M and
R406W mutant tau in SH-SY5Y cells [124]. Differences in
the results among these two studies may reflect differences
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in the culture models used and experimental design. It is
also possible that, in the absence of Pin1 and its associ-
ated dephosphorylation and refolding activities, the deg-
radation machinery may become overburdened, leading
to tau accumulation. It should also be noted that, while
knocking-down Pin1 increases the stability of wild-type
tau and various mutant forms of tau in SH-SY5Y cells, it
decreases the stability of P301L- and P301S-tau [124]
indicating that the effect of Pin1 on tau is mutation-
dependent. Of interest, Pin1-/- mice develop age-depend-
ent neuropathy, characterized pathologically by tau
hyperphosphorylation, tau filament formation and neu-
ronal degeneration in the brain and spinal cord [123],
thus providing another model in which the hyperphos-
phorylation of endogenous tau correlates with neuronal
death. Conversely, Pin1 overexpression reduces tau levels
and suppresses the tauopathy phenotype in transgenic
mice expressing wild-type tau [124]. However, in keeping
with the opposing effects of Pin1 on wild-type tau and
P301L-tau in SH-SY5Y cells, Pin1 overexpression exacer-
bates the tauopathy phenotype in P301L tau transgenic
mice. Moreover, when Pin1-/- mice are crossed with trans-
genic mice overexpressing mutant (P301L) tau, P301L
mutant tau levels are decreased and the robust tauopathy
phenotype is abolished [124].


Though many questions remain regarding the cause of
aberrant tau phosphorylation in tauopathies, tau hyper-
phosphorylation is believed to play an important role in
tau-mediated toxicity. Soluble hyperphosphorylated tau
isolated from AD brains has lower microtubule-promot-
ing activity in vitro [125] and sequesters normal tau, MAP1
(A/B) and MAP2, causing the inhibition of microtubule
assembly and even the disassembly of microtubules
[126,127]. These findings suggest that hyperphosphor-
ylated tau can cause the breakdown of microtubules by
interacting with microtubule associated proteins. Conse-
quently, one could thus speculate that hyperphosphor-
ylated tau is involved in the depletion and abnormal
orientation of microtubules that is observed in the frontal
cortex layers II and III in AD brains [58]. An expected con-
sequence of disarrayed or depleted microtubules is the
impairment of microtubule-based transport, also an early
event observed in AD [128,129]. As previously men-
tioned, loss of tau function alone may be insufficient to
disrupt microtubule networks [61]. However, the com-
bined loss of tau and other microtubule-associated pro-
teins could have more detrimental consequences on
microtubule regulation. Consistent with this is the obser-
vation that mating tau-/- and MAP1B-/- mice leads to a
lethal postnatal phenotype [62].


Unlike the soluble form of hyperphosphorylated tau, the
filamentous form of tau does not bind MAPs and does not
disrupt microtubules in vitro [56]. Not only does this
imply that tau filaments would have less of an impact on


the microtubule network, the formation of filaments may,
in fact, be a mechanisms adopted by neurons to sequester
the toxic forms of hyperphosphorylated tau. However, if
NFT are detrimental to cells, and if tau hyperphosphoryla-
tion facilitates aggregation and filament formation, this
could be one more mechanism by which tau hyperphos-
phorylation contributes to neuronal death. When hyper-
phosphorylated tau isolated from the AD brain is
dephosphorylated by PP2A, the ability of tau to polymer-
ize into PHF is inhibited. Conversely, the sequential
rephosphorylation of tau by PKA, CaMKII, and GSK3-β or
cdk5, as well as by GSK3-β and cdk5, promotes the assem-
bly of tau into tangles of PHF similar to those observed in
the AD brain [130]. Yet, the in vitro phosphorylation of
recombinant tau promotes the formation of tau filaments
in some studies [130,131] but not all [132], putting into
question the role of tau phosphorylation in enhanced fil-
ament formation.


Another mechanism by which tau hyperphosphorylation
may contribute to neuronal toxicity is through its interac-
tion with actin. In Drosophila and mice, tau leads to the
accumulation of filamentous actin into structures resem-
bling the Hirano bodies observed in the brains of patients
with AD or other tauopathies, like Pick's disease [11].
Hirano bodies are intraneuronal inclusions that contain,
among other proteins, actin and tau [133,134], and may
play a causative role in AD [135,136]. The formation of
Hirano body-like structures in neurons disrupts microtu-
bules in neurites and could thus impair axonal transport
and lead to synapse loss [135]. Fulga et al., (2007) have
shown that phosphorylated tau can induce changes in the
actin cytoskeleton and lead to toxicity. The retinal expres-
sion of pseudophosphorylated tau in Drosophila induces a
striking accumulation of actin in the lamina and produces
substantial toxicity. Conversely, the expression of phos-
phorylation-incompetent tau does not lead to actin accu-
mulation and only causes mild toxicity [11]. These results
suggest that phosphorylated tau can cause neuronal death
by inducing changes in the actin cytoskeleton.


Overall, though tau hyperphosphorylation is implicated
in tau pathology, it is still not fully understood which of
the tau phosphorylation sites are critical for the develop-
ment of tauopathies, nor is it decidedly known how
hyperphosphorylated tau causes neuronal death. A better
understanding of the physiological roles of tau phospho-
rylation, as it regulates the binding of tau to microtubules
and affects other less well characterized functions of tau,
will likely shed light on the mechanisms by which tau
hyperphosphorylation contributes to cell death.


Other tau modifications
Intimately linked to tau phosphorylation is tau glycosyla-
tion. Glycosylation is characterized by the covalent attach-
ment of oligosaccharides to protein side chains.
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Glycosidic bonds are classified as either N-linked or O-
linked. In N-linked glycosylation, the sugar is linked to
the amide group of asparagine residues of proteins, while
in O-linked glycosylation, sugars are attached to a
hydroxyl group of serine or threonine residues. Hyper-
phosphorylated tau and PHF-tau purified from AD brains
are glycosylated, mainly through N-linkage [137,138].
Additionally, non-hyperphosphorylated tau isolated from
AD brains is also glycosylated, whereas no glycan is
detected in tau purified from normal control brains [137],
suggesting that aberrant glycosylation precedes abnormal
tau hyperphosphorylation. Indeed, glycosylation facili-
tates the site-specific phosphorylation of tau catalyzed by
PKA, cdk5 and GSK-3β [137,139]. Conversely, glycosyla-
tion appears to inhibit the dephosphorylation of tau by
PP2A and PP5 [140]. Tau glycosylation may also coordi-
nate with hyperphosphorylation to stabilize the filamen-
tous structure of PHF given that deglycosylation of PHF
untwists PHF into straight filaments [137]. Together,
these findings suggest that aberrant N-linked glycosyla-
tion is an early tau modification that enhances tau hyper-
phosphorylation, which may drive NFT formation, and
also help maintain and stabilize NFT structures.


In addition to N-linked glycosylation, human brain tau
can be modified by O-linked monosaccharide β-N-
acetylglucosamine (O-GlcNAc) [141]. O-GlcNAcylation
regulates tau phosphorylation in a site-specific manner in
both cultured cells overexpressing htau and in rodent
brains; at most of the phosphorylation sites examined, O-
GlcNAcylation reduces tau phosphorylation [141]. Con-
sistent with this finding, in neuroblastoma cells trans-
fected with htau, O-GlcNAc mainly modifies the less-
phosphorylated tau species, while highly phosphorylated
tau is devoid of O-GlcNAc residues [142]. In starved mice,
a model used to mimic the reduction in glucose uptake
and metabolism observed in the AD brain, O-GlcNAcyla-
tion is decreased and tau hyperphosphorylation is
increased in the brains of the mice [141]. In the AD brain,
the level of O-GlcNAcylation is lower than that in control
brains, indicating that O-GlcNAcylation is compromised
[141]. Based on these findings, it was proposed that
impaired glucose metabolism in AD may contribute to
disease pathogenesis by reducing tau O-GlcNAcylation
and, consequently, increasing tau phosphorylation [143].
Yuzwa et al., (2008) have shown that Thiamet-G, an
inhibitor of O-GlcNAcase that enhances O-GlcNAcyla-
tion, markedly reduces tau phosphorylation in PC12 cells
at pathologically relevant sites, like Thr231 and Ser396.
Moreover, Thiamet-G also efficiently reduces phosphor-
ylation of tau at Thr231, Ser396 and Ser422 in both the rat
cortex and hippocampus [144]. Together, these findings
underscore the dynamic relationship between the O-Glc-
NAcylation and phosphorylation of tau.


Besides phosphorylation and glycosylation, tau under-
goes other changes that could enhance tau self-assembly
and filament formation and may confer toxic gains or loss
of function. For instance, the proteolytic cleavage of tau
coincides with the pathogenesis of AD. Granular aggrega-
tions containing tau truncated at Glu391 are detected
within the somatodendritic compartment of AD brains
but not in age-matched non-demented controls [145],
Glu391-truncated tau is present in PHF isolated from AD
tissue [146-148] and tau-truncated at Asp421 associates
with neurofibrillary pathology in AD brains [149-151].
Tau cleaved at Glu391 and/or Asp421 is also observed in
Pick's disease, progressive supranuclear palsy and cortico-
basal degeneration [152-154].


The truncation of tau accelerates its assembly into fibrils
in vitro [149,155,156], promotes microtubule assembly in
vitro more than full-length tau [157], and increases its
association with microtubules [158]. The effect of tau
phosphorylation at Ser396/Ser404 on microtubule bind-
ing differs between full-length tau and tau truncated at
Asp421, indicating that specific tau forms (e.g. intact ver-
sus cleaved tau) respond differently to site-specific phos-
phorylation [158]. Notably, transgenic rats that
overexpress truncated tau species (aa 151–391) in the
brain and spinal cord develop neurofibrillary pathology
[157], and cultured cortical neurons derived from these
rats have fewer mitochondria in neuronal processes, dis-
play higher levels of reactive oxygen species and are more
susceptible to oxidative stress compared to cultures from
non-transgenic rats [159]. Consistent with these findings,
the expression of tau fragments cause cell death or render
cells more sensitive to insults in various culture models
[160-163].


Taken together, the above findings suggest that tau cleav-
age is neurotoxic. However, there is some debate as to
whether tau cleavage occurs before or after the aggregation
of tau into NFT. On the one hand, Guillozet-Bongaarts et
al., (2004) have shown by immunohistochemical studies
that tau truncation at Asp421 occurs only after the Alz50
conformation change in tau, the presence of which is
indicative of the appearance of filamentous tau [164]. On
the other hand, the deletion of CHIP, a tau ubiquitin
ligase, leads to the accumulation of non-aggregated,
hyperphosphorylated and caspase-cleaved tau in mice,
suggesting that tau hyperphosphorylation and caspase-3
cleavage both occur prior to aggregate formation [165].
Indeed, Rissman et al. (2004), show that in both trans-
genic mice and in AD brain, caspase-cleaved tau at Asp421
associates with early and late markers of NFT and corre-
lates with cognitive decline [150].

Page 8 of 19
(page number not for citation purposes)







Molecular Neurodegeneration 2009, 4:13 http://www.molecularneurodegeneration.com/content/4/1/13

In addition to the incorporation of truncated tau into
NFT, the PHF and NFT in AD brains are glycated [166] as
well as ubiquitinated [167,168], but these modifications
are believed to be later events in disease progression.
Nitrated tau is also detected in cytoplasmic inclusions in
AD, corticobasal degeneration, Pick's disease, progressive
supranuclear palsy and FTPD-17 [169]. Tau-nY29, an anti-
body specific for tau when nitrated at Tyr29, detects solu-
ble tau and PHF-tau from severely affected AD brains but
fails to recognize tau from normal aged brains, suggesting
that tau nitration is disease-specific [170]. The exact mech-
anisms by which nitrated tau contributes to pathology,
however, remain poorly understood. Nitration can greatly
affect protein folding and function [171,172]. Peroxyni-
trite (ONOO-), which is capable of both protein nitration
and oxidation [173], leads to tau oligomerization in vitro
and in neuroblastoma cells [174,175]. Yet, it is believed
that this effect results from the oxidative role of peroxyni-
trite and the formation of dityrosine bonds in tau [175].
The overall effect of tau nitration by peroxynitrite in vitro
is to delay the polymerization of tau into filaments
[175,176]. The toxicity of tau nitration may instead result
from the inhibitory effect of nitration on the ability of tau
to promote tubulin assembly which could compromise
microtubule function [177].


Tau mutations
Even though no mutations in tau have been identified in
AD or sporadic cases of frontotemporal dementia, under-
standing how mutations in tau confer toxicity in FTDP-17
should provide insight on the role of tau in the develop-
ment of neurodegeneration. At least 34 mutations in the
human MAPT gene, falling into two functional classes,
have been reported (Fig. 1) [178]. The first class of muta-
tions, which includes missense and deletion changes in
the coding region of MAPT, generates tau proteins with
altered function. These mutations can reduce the binding
affinity of tau for microtubules [38,39]. LeBoeuf et al.,
(2008) have shown that FTDP-17 tau mutations that map
to the repeat/inter-repeat region of tau compromise its
ability to regulated microtubule dynamics in vitro [179].
However, cells transiently expressing mutant (P301L or
R406W) or wild-type tau are indistinguishable in terms of
the co-localization of tau with microtubules and the gen-
eration of microtubule bundles [180], implying that these
tau mutations do not have an immediate impact on the
integrity of the microtubule system. In addition to
impaired microtubule binding, first class mutations
enhance the ability of tau to aggregate and form filaments
in vitro [41,42,44]. Insoluble aggregates in patients with
the P301L mutation consist largely of mutant 4R-tau, with
only small amounts of normal 4R- and 3R-tau [181]. The
selective trapping of P301L tau in the insoluble deposits is
presumably caused by the increased aggregation potential
conferred by the mutation. It is tempting to speculate that


the combined effects of altered microtubule regulation
and accelerated NFT formation caused by mutations in
tau contribute to tau-mediated toxicity or, at the very least,
render cells more vulnerable to age-related stressors.


The second class of mutations affects the alternative splic-
ing of MAPT transcripts, mainly influencing exon 10 splic-
ing and leading to a change in the ratio of tau isoforms
with three of four microtubule binding repeats. In the
normal adult brain, the ratio of 4R- to 3R-tau is approxi-
mately 1. Many of the second class mutations increase this
ratio [29], suggesting that 4R-tau is the more toxic iso-
form. However, while only 4R-tau aggregates into twisted
and straight filaments in corticobasal degeneration and
progressive supranuclear palsy, NFT in AD brains contain
both 3R- and 4R-tau, and 3R-tau inclusions are primarily
observed in Pick's disease [182-184]. Therefore, neurode-
generation may not result from one isoform being more
toxic than another, but rather from an imbalance in the
proper ratio of 3R- to 4R-tau. One hypothesis proposes
that since splicing mutations cause an excess of a specific
tau isoform and, since 3R- and 4R-tau bind microtubules
at different sites [185], a shortage of available binding
sites would occur for the overexpressed tau isoform [186].
This could lead to an excess of free tau available for fila-
ment assembly. It is also highly probable that abnormal
changes in isoform expression would adversely affect tau
function. Given that various tau isoforms are differentially
expressed during development, differentially distributed
in neuronal subpopulations and even present in distinct
localizations within neurons [187], it is likely that they
have specific functions. For example, different tau iso-
forms have dramatically different effects on the rate and
number of motors driving the cargo along microtubules
[188]. As our understanding of the functions carried out
by distinct tau isoforms grows, so will our understanding
of how alterations in their expression levels contribute to
neuronal dysfunction.


Mechanisms of tau toxicity
Impaired axonal transport and synaptic damage
It is clear that tau undergoes several abnormal modifica-
tions during the evolution of tauopathies. Different tau
intermediates are likely to play various roles in the onset
and progression of disease and several modifications of
tau may have converging mechanisms of toxicity. While
many questions remain, a better understanding of the
early events in tau-mediated toxicity is especially impor-
tant as it may lead to the development of therapeutic strat-
egies that prevent the pathological events that initiate
neuronal dysfunction. Synaptic damage is an early event
in AD [189] and synapse loss correlates with cognitive def-
icits even more strongly than the number of NFT
[190,191]. In addition to AD, synapse loss is reported in
other tauopathies, like progressive supranuclear palsy
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[192] and frontal lobe degeneration of non-Alzheimer
type [193,194].


Animal models of tauopathy provide evidence that defects
in tau can cause synaptic damage. Yoshiyama et al.
(2007), show that hippocampal synaptic loss is observed
in transgenic mice overexpressing P301S htau (PS19
mice) before NFT formation [195]. These mice develop
early synaptic pathology; a prominent decrease in levels of
the pre-synaptic proteins, synaptophysin and β-synuclein,
is detected in the CA3 region of hippocampus by 3
months of age. To examine the functional consequence of
synaptic pathology, in vivo electrophysiology was con-
ducted using 6 month old PS19 mice, an age that precedes
marked NFT formation and neuronal loss. At this age, syn-
aptic conduction, presynaptic function and long-term
potentiation, thought to underlie learning and memory,
are impaired in PS19 mice compared to non-transgenic
controls. In agreement with this study, Eckermann et al.,
(2007) reported that a reduction in the number of spine
synapses in tau transgenic mice occurs in the absence of
NFT formation. For their study, two transgenic mouse
lines were created. One line expresses full-length htau
with the ΔK280 mutation that strongly promotes tau
aggregation. The second line contains the same ΔK280
mutation and two additional proline mutations (ΔK280/
PP) to disrupt aggregation. The hyperphosphorylation of
tau and the missorting of tau to the somatodendritic com-
partment are observed in both mutants but conforma-
tional changes in tau are observed only in the pro-
aggregation mice. Of particular interest, though the for-
mation of NFT is not observed in either line, synapse loss
is greater in the transgenic animals expressing the pro-
aggregation mutant of tau compared to animals express-
ing the anti-aggregation mutant. This suggests that the
ability of tau to form oligomers is likely to hasten synaptic
decline while supporting the notion that overt filament
formation is not necessary for synaptic loss [196]. In
agreement with this, the accumulation of early-stage
aggregated tau species, which antecedes the formation of
NFT, is associated with the development of functional def-
icits during the pathogenic progression in rTg4510 mice
[197]. As observed in mice, tau-induced synaptic dysfunc-
tion is seen before any evidence of neuronal death or NFT
formation in Drosophila [198]. The overexpression of htau
in larval motor neurons causes a disruption of axonal
transport and reduces the number of detectable mito-
chondria in the presynaptic terminals of neuromuscular
junctions. Tau-expressing neuromuscular junctions are
functionally abnormal, exhibiting disrupted vesicle
cycling and impaired synaptic transmission.


Various mechanisms by which non-fibrillar tau could dis-
rupt axonal transport and cause synaptic damage have
been proposed. One possibility is that tau hyperphospho-


rylation leads to microtubule disassembly and loss of the
tracks needed for transport. As previously mentioned, sol-
uble hyperphosphorylated tau isolated from AD brains
has decreased microtubule-promoting activity in vitro
[125,199] and sequesters normal tau, MAP1 (A/B) and
MAP2, causing the inhibition of microtubule assembly
and even the disassembly of microtubules [126,127]. In
so doing, the hyperphosphorylation of tau may destabi-
lize microtubules, thus impairing the microtubule tracks
needed for the transport of molecular motors and their
cargo. A second possibility is that transport inhibition
results from too much tau binding microtubules and
essentially blocking the movement of motor proteins
[200,201]. The transfection of htau in mature hippocam-
pal neurons results in the overexpression and improper
distribution of tau so that it invades dendrites in addition
to axons. The high levels of tau cause transport inhibition
of mitochondria. This may be because tau either displaces
motor proteins from microtubules or prevents their asso-
ciation to microtubules by covering the microtubule sur-
face. Additionally, tau overexpression causes
microtubules to bundle and this further impedes mito-
chondrial movement, leading to mitochondrial degenera-
tion, loss of ATP and synaptic degeneration [201]. In this
model, tau-mediated synaptic loss is delayed by overex-
pressing the kinase MARK2/PAR-1, which increases tau
phosphorylation at the KXGS motif. Since phosphoryla-
tion of tau at this site detaches tau from microtubules, it is
thought that MARK2/PAR-1 activation postpones synap-
tic degeneration by removing tau from the microtubule
tracks and reversing the transport block. It should be kept
in mind that, although modifications in tau may lead to
its accumulation in tauopathies, the overexpression of tau
in this model may increase tau levels beyond what is
observed in disease. Finally, evidence is now emerging
that the ability of tau to impair axonal transport does not
necessarily involve microtubule dysfunction. As it hap-
pens, tau itself binds kinesins [202,203] and is trans-
ported along axons as kinesin cargo [204]. This raises the
possibility that high levels of unbound tau may compete
with potential kinesin cargo and thus prevent their trans-
location to the synapse. Indeed, co-immunoprecipitation
experiments show that when full-length tau is overex-
pressed in differentiated NB2a/d1 cells, the binding of
kinesin to vimentin and neurofilament medium (NF-M)
is decreased, presumably because these proteins are dis-
placed from kinesin by tau [202]. Furthermore, when tau
is co-transfected in cells overexpressing NF-M, the antero-
grade transport of NF-M is selectively decreased while the
percentage of non-moving NF-M, as well as NF-M exhibit-
ing retrograde transport, increases [202]. Since retrograde
transport is not impaired, it is unlikely that the inhibition
of anterograde axonal transport resulting from tau overex-
pression is caused by altered microtubule dynamics. In
contrast to these findings, the perfusion of full-length
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htau, at a physiological concentration, does not reduce
anterograde fast axonal transport in isolated squid axo-
plasm [64]. However, when axoplasm is perfused with tau
isoforms lacking the C-terminus, anterograde (but not ret-
rograde) transport is inhibited [64]. Together, these
results suggest that tau modifications or its accumulation
beyond normal physiological levels, are required for tau
to affect axonal transport. Notably, Cuchillo-Ibanez et al.,
(2008) report that the phosphorylation state of tau regu-
lates its ability to bind kinesin-1; tau phosphorylated by
GSK-3 associates with the light chain of kinesin-1 more
than dephosphorylated tau [203]. Of interest, in cortical
neurons transfected with full-length tau, the inhibition of
GSK-3 reduces tau phosphorylation and decreases the rate
of fast axonal transport of tau. In contrast, tau pseudo-
phosphorylation mutants for GSK-3 sites are transported
significantly faster compared to wild-type tau [203]. Based
on the above findings, it is tempting to speculate that
hyperphosphorylated tau would be better than normal
tau at scavenging kinesin and displacing other kinesin
cargo, thus preventing their anterograde axonal transport.


It ought to be mentioned that, although filament deposi-
tion may not be necessary for tau-mediated transport
inhibition and synapse loss, it is likely to enhance synap-
tic damage. In lamprey central neurons that overexpress
the shortest isoform of htau, tau filament formation
appears to precede the beading of distal dendrites and the
progressive loss of dendritic microtubules and synapses
[205]. In this model, filament assembly occurs surpris-
ingly rapidly; neurons expressing htau for 5–10 days con-
tain densely packed htau filaments throughout their
somata and dendrites. In this system, synaptic loss may be
caused by large NFT that physically obstruct the move-
ment of mitochondria along microtubules or may be due
to the ability of NFT to inhibit fast axonal transport by
triggering the release of cargo from kinesin [64].


Aberrant tau-mediated intracellular signaling
Though the role of tau in regulating microtubule dynam-
ics is well established, much less is known regarding the
role of tau in other cellular functions. Given the ability of
tau to interact with the plasma membrane and to bind a
variety of proteins, tau is proposed to participate in cell
signaling. Potential signaling proteins that bind tau
include PP1 [18], PP2A [19], the scaffolding protein 14-3-
3 [20] and phospholipase Cγ (PLCγ1) [16,21]. Addition-
ally, tyrosine kinases (Fyn, cSrc, Lck and Fgr), the p85a
regulatory subunit of phosphatidylionositol 3-kinase and
PLCγ1 have been shown to bind tau through their SH3
domains [17,21]. SH3 domains recognize the PXXP motif
in proteins, seven of which are present in htau close to
known tau phosphorylation sites. The binding of tau to
signaling molecules implies that tau is either a substrate to
the binding enzyme or that tau regulates the activity of the


protein to which it is bound. With some binding partners,
both situations may be true. For example, tau is not only
phosphorylated by Fyn [85,206] it also modulates Fyn
activity [207]. Tau increases PLCγ activity in vitro [208],
and also increases Fyn and Src kinase activity both in in
vitro assays and within COS7 cells [207]. Additionally, tau
primes Src for activation in 3T3 cells stimulated with
platelet-derived growth factor, as reflected by sustained
actin stress fiber breakdown [207]. These results suggest
that tau can impact actin remodeling by upregulating Src
tyrosine kinase activity.


It is worth noting that the phosphorylation of tau alters its
ability to bind SH3 domains [21,206]. Tau isolated from
normal human brain is able to bind SH3 domains but
PHF-tau isolated from AD brains cannot [21]. Similarly,
the interaction between tau and the plasma membrane is
modulated by the phosphorylation state of tau
[14,15,209]. In human neuroblastoma cells [209] and in
PC12 cells [15], plasma membrane-bound tau is less
phosphorylated than cytoplasmic or total tau. Further-
more, when PC12 cells are transfected with wild-type
htau, a substantial amount of tau is isolated in the plasma
membrane fraction. In contrast, when cells are transfected
with tau pseudophosphorylation mutants to mimic PHF-
tau, no tau is present in the plasma membrane fraction
[15]. Thus, abnormal alterations in the phosphorylation
state of tau may aberrantly affect its association with the
plasma membrane and with various signaling proteins. It
is not yet known if other abnormal tau modification
would do so as well.


Tau-enhanced vulnerability
Several forms of neurotoxicity are hypothesized to be
involved in the etiology of AD. Among them are inflam-
mation, oxidative stress, mitochondrial dysfunction, cal-
cium dysregulation and excitotoxicity. Though none of
these are specific to AD, as they occur in a variety of neu-
rodegenerative diseases and/or with ageing, abnormalities
in tau may accelerate their development or render neu-
rons more vulnerable to these insults. For instance, tau-
mediated disruption of intracellular transport, and espe-
cially defects in mitochondria trafficking and the ensuing
decrease in ATP levels, may not only impair normal neu-
rotransmission, but may also render neurons more sus-
ceptible to age-related stressors. For example,
mitochondrial dysfunction increases the susceptibility of
neurons to excitotoxicity, the pathological process by
which excessive activation of glutamate receptors leads to
neurodegeneration [210,211]. Also, mitochondrial dys-
function can provoke the release of presynaptic glutamate
and impair the clearance of glutamate from the synapse,
thus leading to high levels of extracellular glutamate and
sustained glutamate receptor activation [212-214]. In fact,
cell death from tau overexpression in cultured neurons is
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dependent on the activation of NMDA receptors, a sub-
type of glutamate receptor [215]. While not yet studied,
NMDA receptor activation by tau overexpression may be
due to increased glutamate levels caused by altered mito-
chondria trafficking or by a decrease in the expression of
glutamate transporters. Mice overexpressing tau in astro-
cytes show decreased expression and function of the glial
glutamate transporter, GLT-1 [216]. In addition to poten-
tially provoking excitoxic insults, Roberson et al., (2007)
propose a role for tau in modulating sensitivity to such
insults. The intraperitoneal injection of kainate, a gluta-
mate receptor agonist, dose-dependently induces seizures
in tau+/+ mice. In contrast, tau+/- and tau-/- mice are
resistant to kainate-induced seizures [217]. In a similar
fashion, compared to tau+/+ mice, tau+/- and tau-/- mice
are protected against the behavioral deficits caused by
overexpressing the human amyloid precursor protein
[217]. Tau reduction also provides protection against β-
amyloid toxicity in primary neurons [218,219]. For exam-
ple, cultured hippocampal neurons obtained from wild-
type animals degenerate in the presence of β-amyloid. In
contrast, cultures prepared from tau-/- animals show no
signs of degeneration [218]. Together, these studies pro-
vide evidence that the presence of tau increases the suscep-
tibility of neurons to β-amyloid and excitotoxic insults
and suggest that tau is a downstream mediator of β-amy-
loid-induced toxicity (for review, see [220]). Indeed, β-
amyloid influences the formation of NFT in tau transgenic
mice [221-224]. For example, the clearance of β-amyloid
by immunotherapy results in the removal of early-stage
tau pathology in triple transgenic mice (3xTg-Ad) that
normally develop β-amyloid plaques and NFT [224].
Conversely, when Lewis et al., (2001) crossed JNPL3
transgenic mice expressing P301L htau with Tg2576 trans-
genic mice expressing mutant APP, they found that the
double mutants exhibited enhanced NFT pathology in the
limbic system and olfactory cortex compared to JNPL3
mice [221]. Likewise, NFT tangle formation was aggra-
vated when APP mutant mice (APP23 mice) were crossed
with P301L tau transgenic mice, or when brain extracts
from aged APP23 mice with β-amyloid deposits were
intracerebrally infused in young P301L tau mice [223].
Gotz et al., (2001) reported that the injection of β-amy-
loid Aβ42 fibrils into the brains of P301L mutant tau trans-
genic mice markedly increased tau phosphorylation at
S212/T214 and S422, as well as the number of NFT, along
with neuropil threads and degenerating neurites in the
amygdala of P301L, but not wild-type, mice [222]. Simi-
larly, treating primary neuronal cultures [225-229] or
neuronal-like cells lines [230,231] with fibrillar β-amy-
loid induces tau phosphorylation and toxicity. In primary
hippocampal or cortical neurons, tau phosphorylation
induced by treating cells with fibrillar β-amyloid is an
early event followed by the somatodendritic accumula-
tion of hyperphosphorylated tau in a soluble form that is


not associated with microtubules and is incapable of
binding microtubules in vitro [225]. Of interest, treat-
ments that offer protection against β-amyloid-induced
toxicity, like lithium [228] or the glutamate receptor
antagonist, memantine [229], reduce tau phosphoryla-
tion. Together, these results suggest that β-amyloid trig-
gers tau hyperphosphorylation, NFT formation and
neurodegeneration.


Concluding remarks
Because of the complexity of tau biology, it is expected
that tau dysfunction contributes to toxicity via multiple
mechanisms and at different stages of disease. The early
axonal transport defects and synaptic damage could result
from tau hyperphosphorylation and cytosolic accumula-
tion whereas NFT, which may initially be formed as a pro-
tective mechanism to sequester toxic tau moieties, could
eventually contribute to neuronal death. Unfortunately,
despite the growing body of evidence in strong support for
the involvement of pathologically modified tau and tau
aggregates in neurodegeneration, the exact neurotoxic tau
species have not been definitively identified. Both toxic
gains of function and the loss of normal tau functions are
believed to play a role in inducing neuronal death but the
mechanisms by which this occurs remain elusive. Deci-
phering the causes and effects of tau-mediated toxicity are
complicated by the various tau isoforms, the numerous
abnormal tau modifications, as well as the likelihood that
tau intermediates contribute to the progression of neuro-
nal death at different phases of a lethal cascade of events.
This may well explain why several lines of investigation
have suggested diverse, and sometimes conflicting, mech-
anisms of tau toxicity. Some of the inconsistencies may
reflect differences among tau isoforms, mutations and
expression levels in the experimental models employed to
examine tau-mediated neurodegeneration. Additionally,
while these models have proven critical in our current
understanding of tauopathies, it should be kept in mind
that, in trying to recapitulate the formation of NFT within
neurons by artificially overexpressing tau, certain subtle
(but no less significant) changes in tau that contribute to
the initiation and evolution of disease may be over-
looked. Also complicating matters is the lack of knowl-
edge regarding the functions carried out by tau beyond its
well-established involvement in regulating microtubule
assembly and stability. Tau associates with the plasma
membrane and interacts with a number of proteins
involved in cell signaling. Until these additional tau func-
tions are better understood, the harmful consequences of
aberrant tau modifications, and how they adversely influ-
ence these functions, cannot to be fully appreciated. Thus,
continuing efforts should be made to further identify and
characterize tau functions and how they are negatively
affected by the accumulation of cytosolic tau, the altered
cellular distribution of tau, abnormal tau modifications
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and changes in the balance of tau isoforms. Such investi-
gations will not only offer insight on the mechanisms by
which tau causes neuronal dysfunction and death, but
may also help decipher the chronology of events involved
in tau-mediated toxicity. Indeed, a better understanding
of the initial events in tau-induced neurodegeneration is
likely to provide the basis for early therapeutic strategies.


Appendix 1: Key observations
- Tau plays a key role in the organization and integrity of
the neuronal cytoskeleton by regulating microtubule
dynamics. Hyperphosphorylated tau is the principal com-
ponent of neurofibrillary tangles in AD and related
tauopathies. The formation of NFT correlates with the
severity of cognitive impairment in AD, suggesting that
altered tau regulation plays an important role in the pro-
gression of tauopathies.


- Over 34 different tau mutations have been identified in
cases of FTDP-17, indicating that tau abnormalities are
sufficient to trigger neuronal death and dementia. Some
of the identified tau mutations disrupt tau-microtubule
interactions, accelerate filament formation or alter the
ratio of 4R- to 3R-tau isoforms.


- The aggregation of tau into NFT, as well as pathological
tau modifications (e.g. hyperphosphorylation), have been
linked to tau-mediated neuronal death in experimental
models of tauopathy. Cell culture and animal models in
which wild-type or mutant tau is overexpressed often reca-
pitulate key events observed in the progression of tauopa-
thies, such as tau hyperphosphorylation and
redistribution from axons to the somatodendritic com-
partment, synaptic damage, axonal degeneration, NFT
formation and cell death.


- Many therapeutic strategies for AD focus on the patho-
genicity of amyloid-β peptides. However, studies such as
the one showing that decreasing tau levels ameliorates the
amyloid-β-induced deficits in a mouse model of AD
[217], provide evidence to warrant tau-directed therapeu-
tic interventions.


Appendix 2: Critical next steps
- What are the toxic tau species and how do they influence
tau function? Evidence strongly supports the involvement
of pathologically modified tau and tau aggregates in neu-
rodegeneration but the exact neurotoxic species remain
unclear. Tau dysfunction likely contributes to cellular
demise via toxic gains of function as well as from the loss
of normal tau function. To appreciate the detrimental
consequences of a loss of tau function, more insight on all
functions of tau, and how they are regulated by different
tau isoforms or modifications, is critical.


- What is the sequence of events in tau-mediated death? Tau
dysfunction likely contributes to cellular demise via mul-
tiple mechanisms and at different stages of disease. A bet-
ter understanding of the causes of tau dysfunction (e.g.
altered kinase/phosphatase activity, diminished tau clear-
ance) may shed light on the initiating factors of tau
pathology and provide insight on the first toxic tau inter-
mediates. This information will be especially useful for
the design of therapeutic strategies aimed at targeting the
initial stages of tau-induced neurodegeneration.


- What tau-based therapeutic approaches will enhance the
clinical outcome of patients with tauopathies? Even though
many questions remain regarding tau's involvement in
neurodegeneration, our current understanding can guide
the development of tau-directed therapeutics. For exam-
ple, knowledge that the accumulation of hyperphosphor-
ylated tau plays a role in neurotoxicity, perhaps because
PHF tau can no longer stabilize microtubules, inspired
research on approaches aimed at inhibiting tau phospho-
rylation [232,233], eliminating pathological tau [83,234]
or restoring microtubule function through the use of
microtubule-stabilizing agents, like taxol [235]. These in
vivo studies provide evidence that targeting events in the
tau-cascade of neurotoxicity can be therapeutically benefi-
cial. Thus, future efforts must include the development
and testing of tau-based therapies.
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ABSTRACT
Evidence from postmortem analysis implicates the involvement
of microglia in the neurodegenerative process of several de-
generative neurological diseases, including Alzheimer’s dis-
ease and Parkinson’s disease. It remains to be determined,
however, whether microglial activation plays a role in the initi-
ation stage of disease progression or occurs merely as a re-
sponse to neuronal death. Activated microglia secrete a variety


of proinflammatory and neurotoxic factors that are believed to
induce and/or exacerbate neurodegeneration. In this article, we
summarize recent advances on the study of the role of micro-
glia based on findings from animal and cell culture models in
the pathogenesis of neurodegenerative diseases, with particu-
lar emphasis on Parkinson’s disease. In addition, we also dis-
cuss novel approaches to potential therapeutic strategies.


Microglia
Microglia are considered the resident immune cells of the


central nervous system (CNS). Since the initial comprehen-
sive description of microglia by del Rio-Hortega in 1932, the
exact origin of microglia remains the subject of debate. Nu-
merous studies in the last three decades, however, have
generally supported the view that microglia derive from me-
sodermal precursor cells of possibly hematopoietic lineage
that enter the brain during the embryonic and early postna-
tal phases of development (for reviews, see Barron, 1995;
Cuadros and Navascues, 1998). During brain remodeling and
maturation, microglia are believed to assist in the clearance
of cells deemed for elimination through programmed cell
death. In the mature brain and under physiological condi-
tions, resting microglia adopt the characteristic ramified
morphological appearance and serve the role of immune sur-
veillance and host defense. Microglia, however, are particu-
larly sensitive to changes in their microenvironment and
readily become activated in response to infection or injury.
Activated microglia up-regulate a variety of surface recep-
tors, including the major histocompatibility complex and
complement receptors. They also undergo dramatic morpho-


logical changes from resting ramified cells to activated amoe-
boid microglia (Kreutzberg, 1996).


Besides morphological changes and surface molecule up-
regulation, activated microglia secrete a host of soluble fac-
tors. A number of these factors, such as the glia-derived
neurotrophic factor, are potentially beneficial to the survival
of neurons, reminiscence of the neuroprotective role played
by activated astrocytes, another major type of glial cells in
the brain (Aloisi, 1999). The majority of factors produced by
activated microglia, however, are proinflammatory and neu-
rotoxic. These include the cytokines tumor necrosis factor-�
(TNF�) and interleukin-1� (IL-1�), free radicals such as ni-
tric oxide (NO) and superoxide, fatty acid metabolites such as
eicosanoids, and quinolinic acid. Studies using cell culture
and animal models have demonstrated that excessive quan-
tities of individual factors produced by activated microglia
can be deleterious to neurons (Boje and Arora, 1992; Chao et
al., 1992; McGuire et al., 2001). Furthermore, individual
factors often work in concert to induce neurodegeneration.
For example, Chao et al. (1995) reported that the combina-
tion of IL-1� and TNF�, but not either cytokine alone, in-
duced the degeneration of cortical neurons. Jeohn and col-
leagues (1998) have shown that the combination of IL-1�,
TNF�, and interferon-� work in synergy to induce degener-
ation of cortical neurons. Recently, Xie et al. (2002) showed
that peroxynitrite, possibly a product of superoxide and NO,
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is a major mediator of neurotoxicity induced by lipopolysac-
charide (LPS) or �-amyloid peptide (1-42).


Evidence for the Involvement of Microglia in
Neurodegenerative Diseases


The involvement of microglial activation in the pathogen-
esis of several neurodegenerative diseases was initially pos-
tulated based on the postmortem analysis of the brains of
patients with Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD). For instance, reactive microglia were found to
colocalize with neuritic plaques in the cortical region of AD
brains (Rogers et al., 1988). In PD brains, large numbers of
human leukocyte antigen (HLA-DR)-positive reactive micro-
glia were found in the substantia nigra (SN), a region in
which the degeneration of dopaminergic neurons was most
prominent (McGeer et al., 1988). In addition to AD and PD,
results from both in vivo and in vitro studies have since
established an association of microglial activation with the
pathogenesis of human immunodeficiency virus (HIV) ac-
quired immunodeficiency syndrome dementia complex,
amyotrophic lateral sclerosis, multiple sclerosis, and prion-
related diseases (Dickson et al., 1993; Raine, 1994; Brown,
2001).


Multiple Pathways Leading to Microglial
Activation


It is now generally accepted that microglia contribute to
the neurodegenerative process through the release of a vari-
ety of neurotoxic factors that exacerbate the degeneration of
neurons. It remains to be determined, however, what triggers
microglial activation in these various disorders. Important
clues relevant to understanding the pathogenesis of degen-
erative neurological disorders can be obtained by comparing
the mode of action of a wide spectrum of potentially neuro-
toxic agents (Fig. 1). At one end of the spectrum are those
agents that appear to be totally incapable of directly killing


neurons. One of the best-studied agents in this group may be
the bacterial cell wall endotoxin LPS. LPS is a widely used
and powerful tool for the activation of microglia and of pe-
ripheral immune cells. Although LPS has no known direct
toxic effect on neurons, it activates microglia to release a host
of neurotoxic factors to induce neuronal death (Bronstein et
al., 1995; Araki et al., 2001; Liu et al., 2002c). In contrast to
the action of LPS, certain agents are known to have a direct
neurotoxic effect. Two experimental neurotoxins for dopami-
nergic neurons, namely 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) and 6-hydroxydopamine (6-OHDA), are
good examples. Direct damage to neurons by these agents
causes reactive gliosis. Activation of microglia in turn exac-
erbates the neurodegenerative process. For example, mice
lacking inducible nitric oxide synthase activity are resistant
to MPTP-induced lesions and inhibition of microglial activa-
tion reduces MPTP neurotoxicity (Itzhak et al., 1999; Libera-
tore et al., 1999; Dehmer et al., 2000; Du et al., 2001; Wu et
al., 2002). In the striatum and SN of 6-OHDA lesioned rat
brains, prominent microglial activation was detectable weeks
after the lesion (Cicchetti et al., 2002).


In addition to the direct and indirect toxins mentioned
above, it is interesting to note that another group of agents
that are known to be associated with various neurodegenera-
tive diseases exhibit a “mixed mode” mechanism of neurotox-
icity. These include �-amyloid peptides (A�), HIV coat pro-
tein gp120, prion protein-derived peptides, and the pesticide
rotenone (Fig. 1). Previous reports have generally attributed
their neurotoxicity to a direct impact on neurons. Recent
studies from several laboratories, however, have revealed
that activation of microglia and the subsequent release of
neurotoxic factors contribute to their neurotoxicity. For ex-
ample, the potency of A� (1-42)-induced neurotoxicity on
cultured cortical and mesencephalic neurons increased by
severalfold in the presence of microglia (Qin et al., 2002). The
enhanced neurotoxicity of A� (1-42) was attributed primarily
to the activation of microglia and subsequent release of the


Fig. 1. A simplified classification
of three types of potentially neuro-
toxic agents.


2 Liu and Hong







superoxide free radical. In the case of rotenone, which was
initially thought to damage dopaminergic neurons by inhib-
iting mitochondrial complex I activity, the presence of micro-
glia significantly enhanced its neurotoxicity, and the gener-
ation of oxygen free radicals appeared to underlie this
increased toxicity (Gao et al., 2002a). Similarly, the destruc-
tion of neurons by HIV gp120 and prion proteins also in-
volves the participation of activated microglia (Brown, 2001).
Therefore, it appears highly probable that the overall neuro-
toxic effect of these mixed mode toxins includes elements of
both direct neurotoxicity and indirect toxicity through the
activation of microglia. It now seems clear that microglial
activation is involved in the pathogenic process of multiple
forms of degenerative neurological diseases. It still remains
to be determined whether microglial activation plays a role in
the earliest stages of disease development, however.


Besides exposure to neurotoxins, neuronal damage as a
consequence of ischemic and mechanical injuries elicits mi-
croglial activation and constitutes secondary neuronal loss
(McMillian et al., 1994). Neurons, through mechanisms that
include cell-cell contact via cell adhesion molecules, appear to
suppress the reactivity of microglia (Chang et al., 2000a). A
reduction in the ratio of neurons to microglia in culture was
shown to reduce the modulatory effect of neurons on glia,
resulting in increased glial reactivity to LPS (Chang et al.,
2001).


Microglial Activation in PD: Relevance to
Etiology


PD is characterized by a progressive and selective destruc-
tion of the nigrostriatal dopaminergic system that is impor-
tant in the regulation of body movements. Except for a small
faction (�5%) of mostly early onset and familial PD, the
clinical symptoms of the majority as well as of sporadic cases
of PD occur late in life and progress over decades (Olanow
and Tatton, 1999).


The detection of elevated levels of proinflammatory cyto-
kines and evidence of oxidative stress-mediated damage in
postmortem PD brains has lent strong support to the notion
of microglial involvement in the degenerative process. More
compelling, epidemiological studies and case reports seem to
indicate a positive correlation between early-life brain inju-
ries and late development of PD, implying that inflammation
in the brain, and specifically microglial activation, plays a
critical role in the early stage(s) of the pathogenesis of this
disorder (McGeer et al., 1988). First, occurrence of anteced-
ent traumatic brain injury appears to increase the incidence
of late-life development of PD, AD, or dementia in general
(Factor et al., 1988). Second, it has long been speculated that
populations of people exposed to certain viruses or other
infectious agents have an increased probability of developing
postencephalitic Parkinsonism, sometimes several decades
later (Casals et al., 1998). Third, intrauterine fetal brain
inflammation following exposure to viruses or endotoxins
may play a role in the late development of PD (Ling et al.,
2002). The SN region of the brain is particularly rich in
microglia (Lawson et al., 1990; Kim et al., 2000). In addition,
dopaminergic neurons in the SN are known to have a reduced
antioxidant capacity, evidenced by a reduced level of the
intracellular glutathione, rendering them uniquely vulnera-
ble to a variety of insults, including oxidative stress


(Greenamyre et al., 1999). Therefore, it is logical to infer that
activation of microglia, as a consequence of neuronal injury
or infection, represents a risk factor that may trigger the
onset of a cascade of events leading to a progressive degen-
eration of dopaminergic neurons.


Inflammogen-Induced Microglial Activation
and Dopaminergic Neurodegeneration


To test this hypothesis, an inflammation-mediated rat
model of PD was established in our laboratory by supranigral
and continuous infusion of nanogram quantities of an inflam-
mogen (LPS) for 2 weeks (Gao et al., 2002b). Maximal acti-
vation of microglia in the SN occurred between 1 to 2 weeks
after the start of LPS infusion. Degeneration of nigral dopa-
minergic neurons, however, did not begin until 3 to 4 weeks
after the occurrence of peak microglial activation. Further-
more, the delayed degeneration of nigral neurons was both
selective to dopaminergic neurons and progressive. Ten
weeks after the initiation of LPS infusion, a 70% loss of nigral
dopaminergic neurons was observed. In a parallel in vitro cell
culture model of PD, the factors involved in LPS-induced
neurodegeneration were identified. Depending on the concen-
trations of LPS used to stimulate the mesencephalic neuron-
glia culture, the profiles of microglia-produced neurotoxic
factors were different. At 3 to 10 ng/ml LPS, significant
quantities of NO, TNF�, and superoxide were produced. In
contrast, at 0.1 to 1 ng/ml LPS, only significant quantities of
superoxide, but not NO and TNF�, were detected. Further-
more, neutralization of the reactivity of superoxide or inhi-
bition of superoxide production with inhibitors of microglial
NADPH oxidase afforded significant neuroprotection. These
results demonstrate that free radicals generated of by LPS-
activated microglia are a primary contributor to the degen-
eration of dopaminergic neurons. This observation is consis-
tent with the assumption that dopaminergic neurons are
particularly susceptible to oxidative damage (Greenamyre et
al., 1999). A single injection of a combination of TNF�, IL-1�,
and interferon-� to the SN was found to be insufficient to
induce significant neurodegeneration (Castano et al., 2002).
Results obtained from these models of inflammation-medi-
ated dopaminergic neurodegeneration demonstrate that mi-
croglial activation induced by chronic exposure to low levels
of bacterial endotoxin is capable of inducing a delayed and
selective degeneration of nigral dopaminergic neurons.


The chronic LPS infusion-induced PD rodent model differs
from the single intranigral injection-induced acute lesion
model in several important aspects (Fig. 2). First, neurode-
generation induced by a single bolus application of micro-
gram levels of LPS occurred within a few days (Castano et al.,
1998; Liu et al., 2000d; Lu et al., 2000; Iravani et al., 2002).
In contrast, neurodegeneration induced by chronic infusion
of nanogram levels of LPS progressed over weeks (Gao et al.,
2002b). Second, in the acute model, neurodegeneration was
not limited to nigral dopaminergic neurons because other
neurons such as �-aminobutyric acid-containing neurons
were also damaged. In contrast, in the chronic model, neuro-
degeneration was selective for nigral dopaminergic neurons.
Third and perhaps most important, in the acute model, LPS-
induced microglial activation occurred either at the same
time or immediately preceding apparent neurodegeneration.
By contrast, LPS-induced neurodegeneration in the infusion
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model occurred in a delayed fashion by starting weeks after
the apex of microglial activation. Therefore, the chronic in-
fusion model of LPS-induced dopaminergic lesions may be a
more suitable tool than the acute model to further analyze
the relationship between microglial activation and dopami-
nergic neurodegeneration.


Besides supranigral infusion of LPS into adult rodent
brains, the impact of in utero exposure to LPS on the induc-
tion of dopaminergic lesions, under the clinical context of
bacterial vaginosis, has also been examined (Ling et al.,
2002). Administration of LPS during pregnancy leads to a
reduced striatal dopamine content and nigral dopaminergic
neurons in offspring 21 days after birth. Finally, it will be
informative to examine the influence of systemic inflamma-
tion (e.g., septic shock), as opposed to locally invoked inflam-
mation, on the nigrostriatal dopaminergic system.


It should be emphasized that PD and AD are age-related
degenerative neurological disorders. Microglial activation
certainly plays an important role in the pathogenic, and
perhaps even the initiation, stage of PD. Inflammation in the
brain as a consequence of either exposure to infectious agents
or neuronal injuries may represent only one of many factors
in the etiology of the disorder. PD may prove to be the
consequence of a complex interplay among multiple factors
that include genetic predisposition, exposure to environmen-
tal toxins and the unique vulnerability of SN dopaminergic
neurons.


It should also be pointed that astrocytes also play an im-
portant role in the pathogenic process of neurodegeneration.
Reactive astrogliosis is frequently observed in the lesioned
regions in the brains of patients with AD and PD (Aloisi,
1999). Interestingly, reactive astrogliosis usually lags behind
the occurrence of microgliosis, as demonstrated in the MPTP-
induced degeneration of nigral dopaminergic neurons in mice
(Liberatore et al., 1999). Besides producing proinflammatory
and neurotoxic factors such as NO and IL-1�, astrocytes can
secrete neurotrophic factors to support the survival of neu-
rons (Aloisi, 1999).


Neuroprotective Properties of Naloxone
The important role that microglial activation plays in in-


flammation-mediated neurodegeneration, and potentially in
the pathogenesis of PD as well as AD, prompted us to spec-
ulate that inhibition of microglial activation would be neuro-
protective. In the course of studying the effect of the endog-
enous opioids on glial cell activity in the brain, we discovered
that the opioid receptor antagonist naloxone was capable of
reducing the LPS-stimulated production of cytokines and
nitric oxide in glial cultures (Das et al., 1995; Kong et al.,
1997).


Naloxone is a nonselective antagonist of the G-protein-
linked classic opioid receptors that are widely expressed on
cells of the central nervous system (CNS) as well as the
peripheral systems. Interaction of endogenous opioid pep-
tides (enkephalins, dynorphins, and �-endorphins) with their
respective opioid receptors results in the modulation of a
variety of cellular activities, including the nociceptive/anal-
gesic effects, respiration, ion channel activity, and immune
responses. Binding of naloxone to opioid receptors is ste-
reospecific, where only the (�)-naloxone isomer is effective.
The affinity of the enantiomer (�)-naloxone for classical opi-
oid receptors, however, is 3 to 4 orders of magnitude lower
than that of (�)-naloxone (Fig. 3).


The discovery that (�)-naloxone was able to attenuate
LPS-induced microglial activation raised the possibility that
naloxone might be neuroprotective in experimental models of
inflammation-mediated neurodegenerative diseases. In the
rat mesencephalic neuron-glia culture system, (�)-naloxone
(1 �M) significantly attenuated the degeneration of dopami-
nergic neurons (Liu et al., 2000a). More importantly, the
ineffective opioid receptor antagonist (�)-naloxone was also
effective. The neuroprotective effect of naloxone was con-
firmed in the inflammation-mediated rodent PD model (Liu
et al., 2000d; Lu et al., 2000). Furthermore, both naloxone
isomers were equally effective in the attenuation of the LPS-
induced nigral dopaminergic neurodegeneration (Liu et al.,
2000d).


Fig. 2. Comparison of the single injection (acute) and infusion (chronic)
rodent PD models of LPS-induced dopaminergic neurodegeneration. Mi-
croglial activation indicates the activation status of nigral microglia
immunostained with the antibody against the complement CR3 receptor
(OX-42). Neuronal loss refers to the loss of nigral tyrosine hydroxylase-
immunoreactive neurons (i.e., dopaminergic neurons).
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The neuroprotective effect of naloxone appeared to be un-
related to the opioid system since both the opioid receptor
antagonist (�)-naloxone and the receptor binding ineffective
(�)-naloxone were equally effective in affording neuroprotec-
tion. Since microglial activation and the release of neurotoxic
factors underlie the inflammation-mediated neurodegenera-
tion, the effect of naloxone isomers on microglial activation
was investigated. In the acute model for inflammation-medi-
ated PD, infusion of LPS into the nigral area induced micro-
glia to undergo rapid activation that is detectable within the
first 24 h. In rats receiving systemic infusion (via an osmotic
minipump) of either (�)-naloxone or (�)-naloxone, LPS-in-
duced nigral microglial activation was significantly reduced.
In mesencephalic neuron-glia cultures, the naloxone stereo-
isomers inhibited LPS-induced microglial activation and pro-
duction of TNF�, IL-1�, NO, and superoxide free radicals
(Liu et al., 2000a). Among the factors released by LPS-acti-
vated microglia, inhibition of superoxide generation by nal-
oxone isomers was most pronounced (Chang et al., 2000b; Liu
et al., 2000a). In addition to mesencephalic neurons, LPS-
induced activation of cortical microglia and degeneration of
cortical neurons in neuron-glia cocultures were also attenu-
ated by naloxone isomers (Liu et al., 2000b).


Furthermore, the neuroprotective effect of naloxone iso-
mers was not limited to LPS-induced neurodegeneration.
Degeneration of cortical or mesencephalic neurons in neuron-
glia cultures induced by treatment with A� (1-42) was also
significantly reduced (Liu et al., 2002c). Neurodegeneration
under those conditions was found to involve the activation of
microglia and, specifically, the generation of superoxide free
radical (Qin et al., 2002). The potential mechanism of action
responsible for neuroprotective effect of naloxone was attrib-
uted to the inhibition of the production of superoxide in A�
(1-42)-activated microglia. Furthermore, naloxone methio-
dide, a partial opioid antagonist that carries a charged group,


was also capable of suppressing A� (1-42)-induced superox-
ide generation and affording neurodegeneration, suggesting
that the site of action for naloxone was at the cell surface.
Since LPS and �-amyloid peptides interact with distinct cell
surface molecules for signal transduction (Hoffmann et al.,
1999; Tan et al., 1999), naloxone most likely intercepts a
convergent point downstream of the binding of LPS or A�


(1-42) to the cell surface (Fig. 3).
The unique property of naloxone isomers to preferentially


inhibit the production of superoxide free radicals in microglia
and to afford neuroprotection supports the theory that reac-
tive oxygen species (ROS) are a major contributor to neuro-
degeneration. Furthermore, studies on LPS-stimulated mac-
rophages have demonstrated that generation of ROS is an
upstream event serving to regulate the production of other
proinflammatory factors such as TNF� and IL-1� (Sanlioglu
et al., 2001; Hsu and Wen, 2002). In addition, it has been
demonstrated the expression of IL-1� in an A� peptide-stim-
ulated microglial cell line is modulated by ROS (Kang et al.,
2001). Hence, it is possible that in immune cells of both the
central and peripheral systems, generation of ROS is a very
early response that facilitates the expression of genes for
proinflammatory cytokines. Conversely, compared with con-
ventional therapeutic strategies that inhibit the production
of individual cytotoxic factors, inhibition of ROS generation
by agents such as naloxone could be a highly effective ap-
proach. It is noteworthy that at the concentrations tested
(0.1–10 �M), neither of the naloxone stereoisomer had any
effect on the cytochrome c-reducing potential of superoxide
generated by the xanthine/xanthine oxidase system (B. Liu
and J.-S. Hong, unpublished observations). Hence, it is
highly unlikely that naloxone works as a scavenger for free
radicals.


A review of the literature indicates (�)-naloxone has been
tested in both animal models and clinical trials to treat a
wide range of disease conditions, including drug abuse, alco-
hol addiction, eating disorders, spinal cord injury, shock, and
cerebral and cardiac ischemia (for a review, see Liu et al.,
2002c). Although the efficacy of naloxone in treating diseases
such as drug abuse is clearly related to the opioid receptor
system, the mechanisms of action responsible for the efficacy
of naloxone in the majority of the aforementioned diseases
are far from clear. The progression of some, if not all, of those
diseases involves inflammation. For example, activation of
immune cells in response to initial tissue injury and micro-
bial infections has been associated with the pathogenesis of
ischemic brain as well as myocardial tissue injuries (Vallance
et al., 1997; Stoll et al., 1998). A key component of the
inflammatory process is the generation of ROS such as su-
peroxide by microglia in the CNS and by neutrophils and
macrophages in the peripheral system. Therefore, inhibition
of superoxide generation by naloxone in both the CNS and
the peripheral system (Simpkins et al., 1985) may be part of
the mechanism of action responsible for the observed protec-
tive effects. Since the (�)-naloxone isomer has little activity
as an opioid receptor antagonist but is an effective inhibitor
of immune cell activation, it may have a broadly applicable
protective effect against oxidative stress- and inflammation-
mediated damage to vulnerable cells of the CNS or periph-
eral system.


Fig. 3. Potential mechanism of action for the neuroprotective effect of
naloxone stereoisomers against neurodegeneration induced by LPS or A�
(1-42).
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Neuroprotective Effect of Other Anti-
Inflammatory Agents


Over the years, certain steroids have been tested for their
neuroprotective effects. One of the most studied anti-inflam-
matory steroids is the glucocorticoid dexamethasone. In cell
culture and animal models, dexamethasone has been found
to decrease the production of proinflammatory cytokines and
protect nigral dopaminergic neurons against LPS-induced
degeneration (Hoozemans et al., 2001; Castano et al., 2002).
The potential side effects of steroids limit its long-term clin-
ical usage. The discovery of the inducible form of cyclooxy-
genase (COX-2) has further prompted the examination of
nonsteroidal anti-inflammatory drugs as effective neuropro-
tective agents. Cyclooxygenase inhibitors in general have
shown promise in the treatment o neurodegenerative dis-
eases (Lipsky, 1999).


Conclusion
Microglial activation may play a pivotal role in the initia-


tion and progression of several neurodegenerative diseases.
Inhibition of microglial activation, therefore, would be an
effective therapeutic approach to alleviating the progression
of diseases such as AD and PD. Naloxone, especially (�)-
naloxone, is a useful candidate for such as approach. Contin-
ued exploration of the mechanism(s) of action underlying the
involvement of microglia in neurodegeneration and the in-
hibitory effect of naloxone on microglial activation is highly
warranted.
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Abstract
Transcranial magnetic stimulation (TMS) has quickly progressed from a technical curiosity to a
bona-fide tool for neurological research. The impetus has been due to the promising results
obtained when using TMS to uncover neural processes in normal human subjects, as well as in the
treatment of intractable neurological conditions, such as stroke, chronic depression and epilepsy.
The basic principle of TMS is that most neuronal axons that fall within the volume of magnetic
stimulation become electrically excited, trigger action potentials and release neurotransmitter into
the postsynaptic neurons. What happens afterwards remains elusive, especially in the case of
repeated stimulation. Here we discuss the likelihood that certain TMS protocols produce long-
term changes in cortical synapses akin to long-term potentiation and long-term depression of
synaptic transmission. Beyond the synaptic effects, TMS might have consequences on other
neuronal processes, such as genetic and protein regulation, and circuit-level patterns, such as
network oscillations. Furthermore, TMS might have non-neuronal effects, such as changes in blood
flow, which are still poorly understood.


Introduction
Transcranial magnetic stimulation (TMS) is a technique
for studying brain function, with advantages that have
become apparent to neuroscientists, neurologists, clinical
psychologists and therapists. TMS is non-invasive, causes
negligible discomfort to subjects, does not require anaes-
thesia, and can be applied with exquisite temporal preci-
sion by using the appropriate magnetic coils [1,2]. As a
result, TMS has been embraced by an expanding commu-
nity of researchers and has led to a surge of publications.
The recent handbooks by Pascual-Leone et al [3], Walsh
and Pascual-Leone [4], and Wasserman et al [5] are recom-
mended for the interested parties.


TMS is an emergent technology and, as such, it has many
hurdles to overcome [3-5]. Obvious limitations include


the relatively low spatial resolution (~1 cm) and the ina-
bility to stimulate at high frequencies (over 50 pulses per
sec). Another drawback is the rapid decay of the electric
field from the source; a pulse given at the scalp's level
reaches only ~2 cm in depth [5]. Therefore, TMS can read-
ily activate superficial regions (such as cerebral cortex, cer-
ebellum and spinal cord), but it cannot reach deeper brain
regions (such as hippocampus, amygdala, striatum, thala-
mus and brainstem). It is foreseeable that technical
improvements, such as novel magnetic coils with active
cooling, deeper penetrating power and more focal spatial
resolution, will help overcome the current restrictions. An
inherent limitation of TMS, however, is the nonspecific
nature of the neural activation that follows a pulse. The
activated volume of brain tissue contains excitatory,
inhibitory and neuromodulatory neuronal compart-
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ments, all with the potential of being concurrently stimu-
lated. Therefore, caution should be exercised when
interpreting TMS studies.


In this review, we discuss the neural mechanisms underly-
ing TMS. This topic has not been studied as thoroughly as
expected, probably because most investigators are still
determining the full range of applications for this emer-
gent technique [6]. It is widely accepted, however, that
TMS involves a range of neuronal processes such as synap-
tic excitation, synaptic inhibition and synaptic plasticity
[2,3,6-9]. Moreover, TMS seems to affect circuit-level pat-
terns, such as network oscillations, as well as non-neuro-
nal effects, such as changes in blood flow [10,11].


A detailed understanding of the neural mechanisms at
work in TMS is highly desirable because of the steady rise
in studies attempting to use TMS in therapeutic settings
[12]. For instance, researchers have reasoned that TMS
could help awaken dormant cortical areas in individuals
who had recently suffered a stroke. However, it has taken
several years of dedicated effort to implement stimulation
protocols that produce reliable, albeit minor, beneficial
effects [2,12-14].


The effect of a single TMS pulse
In 1831, Faraday demonstrated that a rapidly changing
magnetic field could induce an electrical current in a
nearby conductor. In 1985 this principle was applied suc-
cessfully to the cerebral cortex of the human brain [1].
This organ works as a conductor because the cells that
reside within it maintain electrochemical gradients
through a variety of ion channels and ion transporters.
Therefore, when a single magnetic field is pulsed directly
over the subject's head, via a specialized coil, it induces
electrical currents across the different layers of the cerebral
cortex (Fig. 1). A standard pulse lasts ~10-5 sec and induces
a magnetic field reaching up to 2 Tesla [2]. The magnitude
of the pulse directly determines the volume of cortical tis-
sue that is stimulated. Detailed simulations show that a 2
Tesla pulse activates a cylindrical volume (~1 cm radius,
~2 cm height), with an exponential decay from the central
activation axis [5,15]. Because neuronal axons have the
highest density of ion channels, they become preferen-
tially activated during a weak magnetic pulse. When an
axon becomes electrically active, an action potential trav-
els along its axis until it reaches the presynaptic axon ter-
minal. At this point, neurotransmitter is released onto the
postsynaptic neuron. Most cortical neurons use the neuro-
transmitter glutamate and are classified as excitatory neu-
rons. A smaller fraction of cortical neurons release γ-
aminobutyric acid (GABA) and are classified as inhibitory
neurons. Yet another group of neurons send long axonal
projections from different brain nuclei to the cortex and
release neuromodulators, such as acetylcholine,


dopamine, norepinephrine, and serotonin. Therefore,
even a weak TMS pulse always activates a mixture of exci-
tatory and inhibitory neurons and has the potential to
activate neuromodulatory pathways. Also, given the dense
connectivity of cortical circuits, a TMS pulse potentially
activates a chain of neurons, generating feed-forward and
feedback loops of excitation and inhibition.


The behavioural response elicited by a single TMS pulse
depends on the exact cortical area that is stimulated.
When a pulse is given over the primary motor cortex (at
the top of the head), it can induce twitches in the subject's
muscles. In fact, a precisely localized magnetic pulse can
lead to movement of a single finger. Similarly, a single
pulse directed to the primary visual cortex (at the back of
the head) can induce the sensation of seeing light, even
when the eyes are closed, an experience known as a phos-
phene. In this sense, TMS is reminiscent of other tech-
niques (such as electrical brain stimulation, positron
emission tomography, and functional magnetic reso-
nance imaging) that allow investigators to study specific
cortical areas within dedicated sensory and motor modal-
ities. Given the low spatial resolution of TMS, the tech-
nique does not allow for précised mapping of cortical
areas.


The primary motor cortex (M1) constitutes the best-exam-
ined cortical region in terms of the effect of TMS [1-6].
One of the main reasons for this focused attention is the
practical matter that even a weak, single TMS pulse
applied over M1 can produce a muscle response, called a
motor evoked potential (MEP), that is technically simple to
measure. Indeed, the bulk of the TMS studies on M1 use
the amplitude of the MEP as the single measure of TMS
output. This potential is, however, separated by three syn-
apses from the TMS source (1, synapses onto corticospinal
neurons; 2, synapses onto motor neurons in the spinal
cord and; 3, neuromuscular synapses). Nevertheless, care-
ful studies have convincingly shown that a TMS pulse over
M1 initiates a chain of events that begins with the stimu-
lation of multiple axons distributed across the different
cortical layers (Fig. 1). The axons of interneurons show the
shortest latency to respond, which is followed by axonal
activation of thalamo-cortical inputs and cortico-cortical
inputs. The axonal activities of all these cells are synapti-
cally integrated by the corticospinal pyramidal neurons in
layer 5 and eventually lead to the generation of action
potentials by the output cells (Fig. 1). These action poten-
tials can be measured from the epidural space of the cervi-
cal spinal cord in conscious humans; they occur ~5–10 ms
after the TMS pulse and have been termed indirect waves to
emphasize the fact that they are the product of synaptic
activation [2,5]. Once the corticospinal action potentials
reach the spinal cord, they activate motor neurons. These
cells in turn generate action potentials, which lead to the
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synaptic activation of muscles, ~20 ms after TMS. It is this
activity that is measured as the MEP.


Interestingly, when a magnetic pulse is applied over a cor-
tical area that is involved in cognition, it does not typically
elicit an effect by itself. However, if the pulse is given
when the person is involved in a cognitive task, it can
greatly interfere with proper performance [3,15]. For
instance, a single TMS pulse given over Broca's language
area (located in the left hemisphere in most people) as the
subject verbalizes can produce speech interference. Con-


versely, a single TMS pulse can have a facilitatory effect
when it is applied shortly before a cognitive task. For
example, a subject displays a shorter latency for naming
an object when a single TMS pulse is given over Wer-
nicke's language area 500–1000 ms before the subject is
shown the object [16]. These results indicate that even a
single TMS pulse can generate differential consequences
depending on the activation state of the cerebral cortex at
the moment of applying the pulse [17]. They also call
attention to the importance of timing when TMS is used
in respect to a particular external stimulus.


Repetitive TMS and synaptic plasticity
TMS protocols that include multiple pulses are known as
repetitive TMS. These protocols consist of precisely struc-
tured patterns that are characterized by the number of
pulses, the frequency with which they are given, and the
intensity of each stimulus. It has been determined that
repetitive TMS engages a variety of neuronal mechanisms,
besides axonal activation, as well as non-neuronal proc-
esses that might be collectively responsible for the range
of observed effects [4,11].


Remarkably, some protocols of repetitive TMS can elicit
residual effects that persist for many minutes. In a seren-
dipitous manner, the TMS patterns that produce long-last-
ing changes tend to emulate, in the stimulation regimens
at least, the patterns that trigger synaptic plasticity in the
hippocampus. This suggests that, at minimum, repetitive
TMS harnesses the neural processes responsible for trig-
gering changes among synaptic connections in cortical
networks. Therefore, we will briefly describe the principles
of synaptic plasticity and local inhibition in the rodent
hippocampus before scrutinizing to what extent repetitive
TMS might engage cortical synaptic plasticity.


Synaptic plasticity in the hippocampus
From the wealth of information available [18,19], we will
focus on the synaptic molecules and the patterns of elec-
tric stimulation that trigger synaptic plasticity in the CA1
region of the rodent hippocampus (Fig. 2). The excitatory
synapses between the axons of CA3 neurons (the inputs)
and the dendritic spines of CA1 pyramidal neurons (the
targets) have been intensely studied [18,19]. The CA3
axon terminals release glutamate while the CA1 neurons
express three types of glutamatergic receptors: alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR), N-methyl-D-aspartate receptor
(NMDAR), and metabotropic receptor (mGluR). The
AMPAR and the NMDAR function as ion channels that
permeate positively charged ions when they are activated,
depolarizing the neuron.


The strength of hippocampal synapses can increase dra-
matically following high frequency stimulation (HFS) of
the inputs. Since the synaptic enhancement may persist


Schematic representation of the human cerebral cortexFigure 1
Schematic representation of the human cerebral 
cortex. The magnetic coil, represented as a figure-of-eight 
device, is placed on top of the cerebral cortex and pulses a 
magnetic field that induces electrical currents across the six 
layers of the cerebral cortex (indicated by numbers at left). 
The excitatory cells (green with blue axons) and the inhibi-
tory cells (gray with black axons) have the potential to be 
activated at the level of their axons, which contain the high-
est density of ion channels. The incoming axons from other 
cortical areas and the thalamus (indicated in red) are also 
activated. The end result of the magnetic pulse is the synaptic 
activation of a chain of neurons, which generate feed-forward 
and feedback loops of excitation and inhibition.
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for hours, or even days, it is called long-term potentiation
or LTP [18,20,21]. There are several HFS patterns that can
elicit LTP, but the most common consists of a single train
of 100 Hz for 1 sec (100 pulses with 10-ms intervals).
Another HFS protocol is called theta burst stimulation (TBS)
and consists of 10 bursts (each burst is 4 pulses at 100 Hz)
that are separated by an interval of 200 ms from each
other [22]. The term theta refers to the fact that 200 ms is
the main periodicity of the theta rhythm, a network oscil-
lation that occurs during periods of heightened attention,
such as when an animal explores a new environment [18].
Another HFS protocol is called primed burst stimulation
[23], and consists of a single pulse that is followed by a
burst (4 pulses at 100 Hz) with an interval of 200 ms.
Indeed, even a non-primed burst can induce LTP by itself,
if it occurs at the peak of a wave in theta rhythm [24]. This
paradigm exploits the association of a network oscillation
with a finely timed stimulating burst. Another associative
protocol for LTP induction is called spike-timing-dependent
plasticity [25-27]. It relies on the delivery of two pulses; the
first triggers an action potential (or spike) in the input
axon, while the second triggers an action potential in the
target neuron. To elicit LTP, the input spike must precede
the target spike (by 5–50 ms) and the pairing must occur
many times. A typical protocol repeats the two pulses
(input 10 ms before target) for 50 times at a frequency of
10 Hz [25].


The sequence of events underlying LTP induction is clearly
understood [18,28]. When glutamate binds to the
AMPAR, this receptor opens its pore for a brief period
(10–20 ms), allowing Na+ to enter into the dendritic
spine, resulting in a small degree of depolarization. The
NMDAR does not open immediately because its pore is
blocked by Mg2+ ions. HFS seems to be essential for
removing the Mg2+ block of the NMDAR, probably
because HFS activates numerous AMPARs thus generating
a large depolarization in the dendritic spine. When the
NMDAR opens, it permeates Na+ and Ca2+ ions for hun-
dreds of milliseconds. The resting Ca2+ concentration in
the cell's cytoplasm is very low (~10-9 M) but when many
NMDARs open during HFS, Ca2+ reaches a high concen-
tration (~10-3 M) within the spine that activates several
kinases, particularly calcium-calmodulin kinase II [29],
and leads to phosphorylation and upregulation of the
AMPAR.


The strength of hippocampal synapses can decrease per-
sistently following low frequency stimulation (LFS), a
process that has been termed long-term depression or LTD
[30]. The most frequent LFS protocol is a single train of 1
Hz for 10 min (600 pulses) or for 15 min (900 pulses).
Another effective protocol is paired pulse LFS [31,32] con-
sisting of a train of paired pulses (2 pulses with a 200-ms
interval) at 1 Hz for 15 min (1800 pulses). LTD can also


be elicited by spike-timing-dependent plasticity [25-27],
in which the target spike precedes the input spike (by 5–
50 ms) and both spikes occur many times. Remarkably,
this LTD induction protocol simply reverses the order of
the target and the input spikes from the LTP induction
protocol. Surprisingly, LTD induction also depends on the
NMDAR. It is generally accepted that during LFS the
NMDAR is mildly stimulated, producing an intermediate
Ca2+ elevation (~10-6 M) that activates protein phos-
phatases and leads to dephosphorylation and down-regu-
lation of the AMPAR [18,33].


Inhibition in the hippocampus
The local interneurons in the CA1 region release GABA
onto the CA1 pyramidal neurons, which express GABAA
receptors and GABAB receptors, leading to inhibition of
these target cells (Fig. 2) [34,35]. Since the CA3 axons
have synaptic connections with the local interneurons,
the activation of CA3 axons results in initial excitation of
CA1 pyramidal cells (via the glutamatergic synapses) that
is followed by feed-forward inhibition from the interneu-
rons. Furthermore, the axons of CA1 pyramidal neurons
themselves connect to the interneurons, so that when a
CA1 pyramidal cell generates an action potential, it leads
to rapid feedback inhibition. In this manner, the local
interneurons are extremely effective in dampening exces-
sive excitation of the CA1 pyramidal cells through the acti-
vation of feed-forward and feedback inhibitory loops.


Notably, the local interneurons express GABAB autorecep-
tors in their presynaptic terminals that stop the release of
GABA after ~200 ms [18,36]. This fact explains the tre-
mendous efficacy of TBS and primed burst stimulation for
inducing LTP, as well as paired pulse LFS for inducing
LTD. In each of these protocols, one of the consequences
of the first pulse is to trigger GABA release from the
interneuronal terminals, which then blocks its own
release at the exact time (200 ms) that the second stimulus
occurs. If the second stimulus is a single pulse, it triggers
mild NMDAR activation that leads to LTD. If the second
stimulus is a burst of pulses, it elicits strong NMDAR acti-
vation and subsequent LTP.


Lessons from the hippocampus applied to repetitive TMS
Many reports have demonstrated that the principles of
synaptic plasticity that were first uncovered in the hippoc-
ampus can be extended to the cerebral cortex [37-46]. In
particular, NMDARs and AMPARs seem to play similar
roles in the long-term plasticity of cortical synapses as
they do in the hippocampus [37]. Moreover, the local
interneurons in the cerebral cortex exert strong inhibitory
influences over the pyramidal and stellate neurons [47].
However, a crucial difference between these brain regions
is that the cortical networks are structurally much more
complex than the hippocampal circuits. Cortical neurons
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are placed in multilayered arrangements (the canonical
six layers), with copious synaptic connections within each
functional module and with numerous axons running
from each module to its connected counterparts (Fig. 1).
Also, cortical neurons receive massive inputs from the tha-
lamus and, in turn, project heavily to the same structure.
Therefore, there are vast recursive loops of excitation and
inhibition between the cortex and the thalamus, as well as
between the different areas of the cortex, including loops
between both cerebral hemispheres.


Given the structural complexity of the cerebral cortex, it
might be surprising that TMS protocols that emulate the
induction paradigms for LTP and LTD (in rodents) would
be successful in modifying the efficacy of cortical net-
works in humans. A parsimonious explanation is that pat-
terned TMS can trigger changes in the human cortical
synapses that are similar, at the mechanistic level, to the
plasticity that occurs in rodent cortical synapses when
they undergo LTP or LTD. Although this is a tentative pro-


posal, it is supported by the observation that the most
effective TMS protocols (for producing long-term change)
mirror closely the protocols used for inducing LTP and
LTD in rodent preparations. Two straightforward predic-
tions of this conjecture are: (i) minor deviations from the
prescribed LTP and LTD induction protocols would be
much less efficient in producing TMS-induced plasticity,
(ii) pharmacological agents that block LTP and LTD
induction in rodents would be effective in blocking the
TMS-induced plasticity.


Thus far, M1 has been the most investigated cortical
region with regards to TMS-induced plasticity [2,6,15].
The current evidence highlights the critical effectiveness of
TMS protocols that mimic the induction paradigms for
LTD and LTP. These TMS protocols invariably produce
changes in MEP amplitude that outlast the TMS applica-
tion [5,12]. It must be noted, however, that using the MEP
as the sole readout of TMS-induced plasticity is problem-
atic because the MEP is removed by three synapses from
the source of TMS (as detailed above), whereas LTP and
LTD are monosynaptic events. It would thus be highly
desirable to monitor a cortical readout that is linked by a
single synapse to the TMS pulse. Studies in which TMS is
coupled with recording techniques such as high-density
electroencephalography have the potential to provide
such direct monosynaptic readout.


When a train of TMS pulses is applied at 1 Hz, it leads to
lasting decrease of the MEP [5,48-51]. In one of the origi-
nal reports, Chen et al [48] showed that repetitive TMS at
0.9 Hz applied for 15 min (810 pulses), with a stimula-
tion intensity set at 115% of the resting motor threshold,
produced 20% decrease of the MEP that lasted for ~15
min. Touge et al [49] used repetitive TMS at 1 Hz, with an
intensity of 95% of resting threshold, applied for 25 min
(1500 pulses) and obtained a 50% decrease of the MEP
that returned to the pre-TMS baseline in ~30 min. Thus,
the application of a longer 1-Hz train was able to induce
a stronger depression that persisted for a somewhat longer
period. These results are in line with the LTD studies in
rodents.


It has been shown that high frequency patterns of TMS
given over M1 can increase cortical efficacy. In a pioneer
study, Pascual-Leone et al [52] used a train of 10 pulses of
TMS at 20 Hz, with an intensity of 150% of resting thresh-
old, and obtained a 50% increase of the MEP that lasted
for ~5 min. This result is reminiscent of the rodent studies
in which an induction protocol of intermediate frequency
(i.e., 20 Hz) produces a transient synaptic enhancement
that is called short-term potentiation.


Unfortunately, overheating of the magnetic coils prevents
investigators from using the classical protocol for induc-
ing LTP (100 Hz for 1 sec). Moreover, there is a nontrivial


Schematic representation of the glutamatergic and GABAer-gic receptors in a CA1 pyramidal neuronFigure 2
Schematic representation of the glutamatergic and 
GABAergic receptors in a CA1 pyramidal neuron. 
The left box represents a CA3-CA1 synapse. The CA3 axon 
(orange) releases glutamate from the presynaptic terminals. 
The postsynaptic CA1 neuron expresses three types of gluta-
matergic receptors: metabotropic receptor (mGluR), alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor (AMPAR), and N-methyl-D-aspartate receptor (NMDAR). 
The AMPARs are represented in their active state, as they 
allow Na+ to enter onto the dendritic spine. The NMDARs 
are represented both in the closed state (leftmost NMDAR, 
with the Mg2+ block seen as a red ball in the mouth of the 
receptor) and in the open state, when the NMDARs allow 
Ca2+ to enter onto the spine (notice the absence of the Mg2+ 


block). The right box represents a synapse between an inhib-
itory interneuron and the CA1 cell. The interneuron releases 
γ-aminobutyric acid (GABA) onto the CA1 pyramidal neu-
ron, which expresses GABAA receptors (yellow) and GABAB 
receptors (gray), leading to inhibition of the target cell. The 
GABAA receptors are represented in the open state when 
they allow Cl- to enter onto the CA1 dendrite.
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possibility that such high frequency stimulation may lead
to seizures in susceptible individuals. Given these caveats,
some studies have used trains of lower frequency in an
attempt to enhance efficacy. For example, modest
increases of the MEP are obtained following TMS trains at
5 Hz [53,54]. It is important to realize that in rodent stud-
ies of synaptic plasticity, a 5-Hz protocol does not fall
within the frequency range that would induce LTP. If any-
thing, it might be easier to induce LTD because single
pulses at 5 Hz are very effective in mildly activating
NMDAR and in suppressing GABA release (through acti-
vation of the GABAB auto-receptors). In fact, the landmark
study by Allen et al [55] in the cat primary visual cortex
clearly demonstrated that TMS trains of 1–8 Hz for 1–4
sec were all capable of depressing visually evoked
responses, which were quantified as the rate of action
potentials of the cortical neurons that were triggered by a
visual stimulus. For example, following a brief TMS train
of 4 Hz for 2 sec (8 pulses), the rate of action potentials
was greatly depressed for more than 5 min. A visual stim-
ulus that before TMS produced ~80 action potentials per
sec was unable to trigger a single event during the initial 2
min post-TMS. The cortical activity slowly recovered to 40
action potentials per sec in response to the visual stimulus
5 min after TMS.


An exciting development in the search for TMS protocols
that enhance cortical efficacy has occurred recently. Sev-
eral investigators have demonstrated that the TBS proto-
col used for LTP induction can produce a lasting increase
in cortical activity [56-59]. Huang et al [56] measured a
50% increase in the MEP, that lasted ~20 min, following
a protocol they called intermittent TBS. Their protocol
consisted of 600 pulses, with an intensity of 80% of rest-
ing threshold, that were distributed in 20 episodes accord-
ing to the following scheme: each episode consisted of a
burst of three TMS pulses (at 50 Hz, 20 ms between each
pulse) that was repeated at 5 Hz for 2 sec (for a total of 10
bursts). A silent interval of 8 sec followed and then a new
episode was applied. Interestingly, when the 50-Hz bursts
were applied in a continuous fashion (that is, the bursts
were repeated at 5 Hz with no intervening silent period),
the MEP was depressed. Esser et al [57] combined an inter-
mittent TBS protocol with high-density electroencephalo-
graphic measurements and found that intermittent TBS
over M1 in the left hemisphere enhanced the MEP in the
right hand, as expected, but it also increased neural
responses in the premotor cortex bilaterally. Therefore,
the intermittent TBS protocol was not only able to affect
the motor output, but also the efficacy of cortical areas
closely related to M1.


The question of whether the post-TBS enhancement dis-
plays the NMDAR dependence that would be expected of
an LTP mechanism has been recently addressed with the


use of the NMDAR antagonists memantine (uncompeti-
tive antagonist) and D-cycloserine (competitive antago-
nist at high doses) [60,61]. A small amount of memantine
(4 doses of 5 mg each, over 2 days) given before TMS, can
completely block the facilitatory effect of intermittent TBS
and, also, the suppressive effect of continuous TBS [61].
Critically, memantine blocks training-induced motor cor-
tex plasticity, does not commonly produce side effects,
and has good blood-brain barrier penetrating rate [62-
66]. A dose of D-cycloserine (100 mg, taken 2 hours before
TMS) can turn the facilitatory effect of intermittent TBS
into a depressive effect [62]. These results are encouraging
and, together with the bulk of the TMS studies tend to
support the conjecture that synaptic plasticity might
mediate the long-term changes in cortical efficacy gener-
ated by TMS protocols that mimic LTP and LTD induction
paradigms.


Recent studies have explored associative protocols in
which TMS is combined with peripheral nerve stimula-
tion to generate plasticity [67-71]. It has been proposed
that these protocols follow the association principles of
spike-timing-dependent plasticity. For instance, the pio-
neer study by Stefan et al [67] delivered an electrical stim-
ulus to the right median nerve in the wrist that was
followed (25 ms later) by a TMS pulse over the left hemi-
sphere at the optimal site for activating the abductor pol-
licis brevis muscle. This paired stimulation was repeated
90 times, with an interval of 20 sec, and produced a 55%
increase in MEP amplitude that returned to baseline in ~1
hour. To explain this result in terms of spike-timing-
dependent plasticity, one needs to argue that the medial
nerve stimulation provides the presynaptic spike, whereas
the TMS pulse provides a precisely timed postsynaptic
spike. Indeed, medial nerve stimulation triggers an action
potential that takes ~20 ms to travel from the wrist to the
somatosensory cortex and ~3 ms for propagating from the
somatosensory cortex to M1. This means that the TMS
pulse (given 25 ms after medial nerve stimulation) occurs
~2 ms after the input arriving from the somatosensory
cortex. It is therefore possible that the presynaptic spike
and the postsynaptic spike occur with the precise timing
required for LTP. Although other conceptual scenarios
might be able to explain the results obtained with the
associative protocols, they could feasibly represent a gen-
uine realization of the principles of spike-timing-depend-
ent plasticity in the human cortex.


TMS and network oscillations
The analysis of how TMS might influence circuit-level
events, such as network oscillations, constitutes an emerg-
ing area of research. A vast body of work has shown that
cortical oscillations represent a signature of ongoing oper-
ations occurring in intrinsic cortico-cortical loops and cor-
tico-thalamic circuits [72]. At every moment in time, there
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is a discrete ensemble of cortical neurons that is active
and, when this ensemble becomes silent, it is instantly
replaced by a new set of active neurons. This constant
wave of neural activation and silencing all over the corti-
cal mantle gives rise to short-lived oscillations that wax
and wane according to the brain's internal dynamics [73].
Notably, the cortical ensembles generate oscillatory bands
that cover an enormous range of frequencies (0.02 Hz to
600 Hz). In the waking brain, when attending to external
stimuli, many cortical ensembles synchronize in the
gamma frequency range (30–80 Hz). Therefore, it has
been suggested that gamma oscillations reflect the binding
(putting together) of the features of external stimuli
[72,74]. In the absence of sensory inputs, the most prom-
inent oscillations in the waking brain are in the alpha
range (8–12 Hz), and it is thought that alpha oscillations
reflect partial disengagement from the environment or
internal mental processing [72]. During deep sleep, sev-
eral slow waves occur, such as the slow 1 oscillation (0.5–
0.7 Hz) and the delta oscillation (1.5–4 Hz). It has been
suggested that these sleep waves are involved in the proc-
ess of memory consolidation, although the exact mecha-
nisms have not been identified [75].


Recent TMS studies have measured the consequences of
TMS on network oscillations, with the use of concomitant
high-density electroencephalography [76-82]. For exam-
ple, Massimini et al [76] have found that, during quiet
wakefulness, a TMS pulse over the premotor cortex (in the
right hemisphere) induces a sequence of time-locked
gamma oscillations (20–35 Hz) in the first 100 ms, fol-
lowed by a few slower (8–12 Hz) components that persist
until 300 ms. These travelling waves propagate to con-
nected cortical areas, even several centimetres away.
Remarkably, during deep sleep, the response to the TMS
pulse is radically different, consisting of a single wave of
high amplitude in the premotor site that lasts for ~200 ms
and does not propagate to the connected areas. In another
study, Massimini et al [81] have shown that a TMS pulse
over the sensorimotor cortex can trigger a high-amplitude
slow wave during sleep that spreads over the whole corti-
cal mantle, and it is reminiscent of the naturally occurring
slow oscillation. Since this type of oscillation has been
postulated to play a role in memory consolidation, this
study opens the possibility of examining this elusive proc-
ess with TMS technology.


The work by Allen et al [55] in the cat visual cortex repre-
sents the most throughout mechanistic study of multiple
effects of TMS. The authors measure robust decreases in
action potentials, but they also investigate the conse-
quences of TMS on the local network oscillations and the
local blood flow. Immediately after TMS, the spontaneous
local field oscillations show a great increase in the high
frequency band (oscillations between 50–150 Hz) that


lasts for ~60 sec. This is consistent with the idea that
inhibitory loops are recruited. Moreover, the spontaneous
local field oscillations in the lower band (<40 Hz) show a
sustained reduction, suggesting an effect on the oscillatory
processes that participate in sensory binding. In a techni-
cal tour de force, Allen et al [55] also report the levels of
tissue oxygen in the visual cortex and find that oxygen is
well correlated with the occurrence of action potentials. In
fact, the lowest levels of oxygen are recorded after the 8-Hz
protocol that also elicits the strongest decrease in the
number of action potentials in response to a visual stimu-
lus.


Current encephalographic analysis is a robust methodol-
ogy with multiple applications in basic and clinical neu-
roscience. It is expected that the studies that combine
high-density electroencephalography with TMS will con-
tinue to illuminate the role of network oscillations in the
cerebral cortex, as they represent unique markers of neural
processes such as sensory binding, memory consolidation
and mental ideation. TMS can easily add the much-
needed predictive component to these investigations [82].


Other effects of TMS
TMS seems to have several consequences that are not
directly related to synaptic plasticity and neuronal excita-
bility. Such effects are just starting to be examined experi-
mentally. The results thus far suggest that repetitive TMS
protocols can trigger the activation of neuromodulators,
such as acetylcholine, dopamine, norepinephrine and
serotonin [83-89]. Presumably, these substances would
be released during the TMS protocols and would continue
to exert their modulatory effects after TMS has terminated.
In fact, neuromodulators are constantly released onto the
cerebral cortex in coordination with certain behavioural
states. It would be expected that weak TMS protocols, such
as single-pulse TMS, would have only minor influences
over the ongoing release of neuromodulators. Conversely,
patterned TMS paradigms (lasting for several minutes)
would be expected to facilitate the release of at least some
neuromodulators. Preliminary experiments in rats tend to
agree with this premise [83,84], but much work remains
to be done. Recently, it has been shown that TMS can trig-
ger the expression of brain-derived neurotrophic factor
and plasticity-related genes [90-92]. Moreover, TMS could
help in phenotyping individuals with genetic mutations
that affect cortical excitability, such as a mutation affect-
ing the gene encoding the GABAA receptor [93], serotoner-
gic gene polymorphisms [94], and the D90A superoxide
dismutase-1 gene mutation [95].


TMS has already been incorporated to the arsenal of ther-
apeutic tools that are used to mitigate the negative effects
of neurological conditions, but these novel results open
the exciting possibility that TMS also becomes a tool for
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manipulating the release and expression of endogenous
trophic factors and beneficial gene products. This topic
needs to be investigated further, but its high relevance
makes it an attractive research focus for clinical research-
ers.


Conclusion
We have discussed the biological mechanisms that are
most likely to be engaged when TMS is applied over the
cerebral cortex. It is clear that TMS can activate a host of
neural phenomena, at different levels of organization,
from synaptic plasticity to circuit-level oscillations. We
have proposed that only a handful of the TMS protocols
that are currently used for producing changes in cortical
efficacy have the credentials for generating synaptic plas-
ticity, similar to LTP and LTD. We have also mentioned
that TMS may influence a large variety of non-neuronal
processes that have yet to be fully elucidated.
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Abstract
Inflammatory bowel disease is a chronic intestinal inflammatory condition, the pathology of which is incompletely 
understood. Gut inflammation causes significant changes in neurally controlled gut functions including cramping, 
abdominal pain, fecal urgency, and explosive diarrhea. These symptoms are caused, at least in part, by prolonged 
hyperexcitability of enteric neurons that can occur following the resolution of colitis. Mast, enterochromaffin and other 
immune cells are increased in the colonic mucosa in inflammatory bowel disease and signal the presence of 
inflammation to the enteric nervous system. Inflammatory mediators include 5-hydroxytryptamine and cytokines, as 
well as reactive oxygen species and the production of oxidative stress. This review will discuss the effects of 
inflammation on enteric neural activity and potential therapeutic strategies that target neuroinflammation in the 
enteric nervous system.


Introduction
Inflammatory bowel disease (IBD), which is comprised of
two main types, ulcerative colitis (UC) and Crohn's dis-
ease (CD), affects approximately 3.6 million people in the
United States and Europe. An alarming rise in previous
low-incidence areas, such as Asia, is currently being
observed [1]. Although considerable progress has been
made in recent years, a major gap in knowledge of the
pathogenesis of IBD remains. Without further research
on the pathogenesis of IBD, the discovery of lasting,
effective forms of treatment is impossible. Moreover, pre-
dicting disease outcome remains a challenge.


IBD is characterized by chronic or relapsing immune
activation and inflammation within the gastrointestinal
(GI) tract that markedly alters GI function [2]. In CD all
layers of the gut may be involved, and normal healthy gut
may be found between sections of diseased bowel. In con-
trast, UC causes inflammation and ulcers in the top layer
lining the large intestine. When the gut is inflamed, there
is breakdown of intestinal barrier function, abnormal
secretion, changes in the patterns of motility, and visceral
sensation, which contributes to symptom generation.
Typically, alterations in gut function that accompany GI
inflammation give rise to diarrhea, cramping, and pain,
all standard IBD symptoms.


Other chronic inflammatory diseases of the gut, includ-
ing celiac disease [3], an autoimmune reaction to gluten


found in wheat and other grains, and irritable bowel syn-
drome (IBS) [4], are characterized by abdominal pain and
GI dysfunction. There is clinical overlap between IBD
and IBS, with IBS-like symptoms frequently reported in
patients before the diagnosis of IBD, and a higher than
expected percentage reports of IBS symptoms in patients
in remission from established IBD [5]. There is growing
evidence that occult inflammation in the GI mucosa,
rather than coexistent IBS may play an important role in
IBS-like symptoms in patients with IBD who are thought
to be in clinical remission [5].


Inflammation is well known to affect gut function.
Experimental data suggest that inflammation, even if
mild, could lead to persistent changes in GI nerve and
smooth muscle function, resulting in colonic dysmotility,
hypersensitivity, and dysfunction even when the preced-
ing infection is restricted to the proximal small intestine.
Furthermore, alterations in gut function are observed
after resolution of an acute intestinal inflammation, sug-
gesting that inflammation-induced changes persist fol-
lowing recovery and play a major role in the generation of
symptoms associated with IBD [6,7].


Data obtained from biopsies from patients with IBD
and animal models of IBD have consistently suggested a
role of inflammatory effects on enteric neurons in the
generation of symptoms associated with IBD [8,9]. The
enteric nervous system (ENS), the intrinsic innervation of
the bowel, controls virtually all GI functions (e.g., motil-
ity, secretion, blood flow, mucosal growth and aspects of
the local immune system). It is presently unknown
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whether the persistent alterations in gut function
observed following inflammation are due to altered prop-
erties of enteric nerves.


This review will provide a brief overview of the current
understanding of enteric neural abnormalities evoked by
gut inflammation, particularly in IBD. Despite advances
in the understanding of the pathophysiology of IBD, ther-
apeutic options for combating functional changes that
persist following transient GI inflammation are not avail-
able. Neuroprotective agents that can curtail the effects
of inflammation on GI nerves may show potential in the
treatment of chronic inflammatory diseases of the bowel.


The enteric nervous system
The ENS is a component of the autonomic nervous sys-
tem with the unique ability to function independently of
the central nervous system (CNS) (see [10] for a review).
The ENS regulates and coordinates almost all aspects of
intestinal function including gut motility, the transport of
fluid and electrolytes, the secretion of mucins, the pro-
duction of cytokines, and the regulation of epithelial bar-
rier function. Each of the aspects of physiology are
compromised in IBD and it is therefore not surprising
that there is an increasing amount of research interest in
elucidating the role of the ENS in the pathogenesis of
IBD.


Enteric ganglia are organized into two major ganglion-
ated plexuses, the myenteric (Auerbach's) and submu-
cosal (Meissner's) plexus. They contain a variety of
functionally distinct neurons, including primary afferent
neurons, interneurons, and motor neurons, synaptically
linked to each other in microcircuits. In addition, enteric
neurons are supported by glial cells, the ENS counter-
parts of astrocytes of the CNS, that can modulate enteric
neuron function. Neurons of the ENS also exist in close
apposition to cells of the mucosal immune system and the
intestinal epithelium and bi-directional communication
is known to occur at both of these interfaces.


Enteric neurons are known to control virtually all GI
functions, including motility, secretion, blood flow,
mucosal growth and aspects of the local immune system.
Consequently, permanent or even transient structural
alterations in the ENS, as occur in IBD, disrupt normal GI
function.


Effects of inflammation on enteric neurons
Patients with IBD manifest symptoms suggestive of dis-
turbed gut function, such as sensory-motor changes and
altered secretion. These abnormalities illustrate the
impact of inflammatory signals generated within the gut
mucosa on neural signaling in the ENS.


Inflammation-related alterations in the ENS can be
divided into those that occur in the structural morphol-
ogy of the ENS and those that occur in the levels of


enteric neurotransmitters. Several studies have demon-
strated ENS structural changes in human IBD (for
review, see [9,11]). Tissue analysis of patients with CD
or UC showed the existence of ENS abnormalities
including ganglia and nerve bundles of increased size
(hypertrophy) and/or number (hyperplasia) [9,12-14], as
well as changes to glial cells (hyperplasia), including
increased expression of the major histocompatability
complex class II antigens [9].


Although changes in the morphology of the ENS are
observed in both CD and UC, structural changes are
more marked in CD than they are in UC [13]. Nerve
trunk hypertrophy and hyperplasia have been reported
mainly for the mucosa, submucosa and myenteric plexus
of the ileum and colon of patients with CD, and these
structural abnormalities are associated with the extent of
inflammatory infiltrate. Mucosal and submucosal abnor-
malities are less commonly observed in patients with UC.
In fact, based on electron microscopic examination, it has
been suggested that severe and extensive necrosis of gut
axons may differentiate CD from other inflammatory dis-
orders [14]. Recurrence of CD after ileal or colonic resec-
tion is common.


The natural history of IBD progressively leads to the
development of complications in approximately two-
thirds of CD patients and less than one-third of UC
patients [15]. In CD, the main complications are the
development of fibrotic strictures that lead to intestinal
obstruction and the development of intra-abdominal and
peri-anal fistulae and abscesses. Recently, the presence of
myenteric and submucosal plexitis were shown to be pre-
dictive of early endoscopic CD recurrence [16,17]. Thus,
structural changes in the ENS are predictive of disease
evolution suggesting that neuroprotection would
decrease disease severity and may play a role in recur-
rence in CD.


Ganglion cell and nerve process degeneration and
necrosis often accompany ENS structural changes in IBD.
These findings have been confirmed in tissues from both
CD and UC patients showing swollen, empty axons, filled
with large membrane-bound vacuoles, swollen mito-
chondria, and concentrated neurofibrils [18]. Interest-
ingly, these abnormalities in gut structure may also be
observed in affected and non-affected areas of CD.


Structural ENS abnormalities -- including axonal
hypertrophy and neuronal cell death -- have been
observed in a variety of experiment animal models of
colitis [19]. Animal models have been developed to better
understand the pathophysiology of colitis, and are fre-
quently used to evaluate new anti-inflammatory strate-
gies. However, acute animal models of colitis do not
exactly mimic human IBD since acute inflammation is a
nonspecific pathological process in IBD. Nevertheless,
there is a close relationship between inflammation and
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ENS structural changes and animal models of colitis,
which can be used to elucidate the mechanisms underly-
ing ENS dysfunction, whose understanding would be
rather difficult in human diseases.


Experimental models of colitis have reported either no
change in cell numbers or a significant loss of enteric
neurons [20]. For example, Linden et al. reported that the
number of myenteric neurons per ganglion are signifi-
cantly decreased in trinitrobenzene sulfonic acid
(TNBS)-induced colitis in guinea pigs [21]. TNBS-
induced colitis results in a Th1-dominant inflammation
with excessive production of IFN-γ, TNF-α, and IL-12.
This model presumably resembles CD because of the
mucosal inflammation mediated by a Th1 response.
TNBS colitis is generally induced by intrarectal applica-
tion of TNBS in ethanol [22].


TNBS colitis is associated with a 20% loss of myenteric
neurons, which occurs at the time neutrophils infiltrate
the ganglia. Interestingly, this neuronal loss persisted at a
56-day time-point, when inflammation had resolved [21].
The decrease in myenteric neurons was not associated
with a decrease in any particular subpopulation of neu-
rons, suggesting an indiscriminant loss of neurons that
occurs during the onset of TNBS-colitis. In addition, the
neurotoxic insult was followed by rapid regeneration of
axons from the surviving neurons. Inflammation was also
associated with a significant loss of myenteric neurons in
rats with TNBS-induced colitis [23].


Similar findings were reported in 2,4-dinitrobenzene-
sulfonic acid (DNBS)-induced colitis in rats, where there
was a 50% decrease of neuronal cells in the myenteric
plexus [24]. Histopathological observation has shown
that DNBS-induced damages resemble human UC [25].
Cell death was observed as early as 48 hours after the
induction of colitis; a reduction which persisted for the 35
days of the study [24].


Significant neuronal death was also observed in
Trichinella spiralis murine colitis and Trichinella spiralis-
induced colitis in rats [26,27]. Intracolonic administration
of Trichinella spiralis larvae in rats causes colitis with fea-
tures similar to UC, notably with inflammation predomi-
nantly limited to the colonic mucosa [26]. Interestingly, in
this animal model of colitis, there was a significant loss of
nitric oxide synthase- (NOS-) immunoreactive neurons
in the myenteric plexus of infected rats. Moreover, the
selective loss of NOS-positive neurons appears to under-
lie changes in motility.


Why there are such differences in findings regarding
alterations in numbers of nerve cells in human patients
and animal models of IBD is uncertain, but it may be due
to the duration of time over which the inflammation
develops, with the rapid onset of inflammation in models
employing chemicals such as TNBS and DNBS [28].


The mechanism of induction of neuronal cell death
remains unknown; however, the loss of neurons was asso-


ciated with the appearance of eosinophilic and neutro-
philic infiltrates into myenteric ganglia suggesting that it
may be mediated by interactions with the mucosal
immune system [24].


Myenteric ganglionitis, associated with infiltrates of
lymphocytes such as plasma cells and mast cells is fre-
quently observed in humans [29,30] and experimental
colitis, including murine Trichinella spiralis-induced
colitis [27]. Following TNBS colitis, eosinophils and T
cells are commonly found adjacent to myenteric ganglia.
This indicates a specific targeting to enteric ganglia [31].
Eosinophils are first observed adjacent to myenteric gan-
glia at six hours, and T cells are observed at twenty-four
hours. There are no eosinophils associated with myen-
teric ganglia in normal intestine, and T cells are rarely
found in the vicinity. Thus, their presence in elevated
numbers is an indication of ganglionitis and suggestive of
neuropathology. In addition to ganglia, immune cells
have also been observed in smooth muscle layers in coli-
tis [27,32].


The therapeutic efficacy of leukocyte inhibitors has
been demonstrated in murine models of colitis. In addi-
tion, in patients with IBD, the anti-inflammatory effects
of 5-aminosalicylic acid compounds [33] and corticoster-
oids [34] have been ascribed, at least in part, to their abil-
ity to inhibit the formation of and/or scavenging of
reactive oxygen metabolites from neutrophils and to
reduce neutrophil infiltration, respectively. Interestingly,
reducing neutrophil granulocyte infiltration into the
intestinal mucosa by pretreatment of mice with anti-neu-
trophil serum results in partial attenuation of myenteric
plexus cell loss following DNBS colitis [35]. Moreover,
resolution of the inflammatory process is associated with
a gradual improvement in propulsive action.


Mechanisms of cell death
Inappropriate neuronal cell death occurs in various neu-
rodegenerative and inflammatory conditions of the ner-
vous system. While the mechanisms of neuronal cell loss
have not been studied in animal models of colitis or in
patients with IBD, investigation of neurodegenerative and
inflammatory conditions of the central and peripheral
nervous systems have frequently demonstrated activation
of apoptotic pathways.


Caspase-3 is a pivotal mediator of apoptosis because of
its ability to cleave a vast array of proteins. Active cas-
pase-3 consists of 17 and 11 kDa subunits derived from a
32 kDa pro-enzyme by cleavage at multiple aspartic acid
sites. Its cleavage results in the functional loss of multiple
proteins, leading to the death of the cell.


Recently, De Giorgio et al. demonstrated neuronal
apoptosis in guinea pig myenteric plexus neuron cultures
[36]. Furthermore, this myenteric neuronal cell loss was
mediated through activation of a caspase-3-dependent
pathway. Strongly activated caspase-3 and cleaved poly
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(ADP-ribose) polymerase immunoreactivities were evi-
dent as early as 30 minutes following instillation of dini-
trobenzene sulfonic acid (DNBS) to induce experimental
colitis. Lourenssen et al. recently demonstrated that the
caspase inhibitor zVAD, but not DEVD, significantly pre-
vents neuronal death, implying a largely caspase-3/7
independent mechanism of apoptotic death. This finding
was supported by staining for annexin V and cleaved cas-
pase-3 [37].


Transglutaminases are a large family of related and
ubiquitous enzymes which catalyze the cross linking of a
glutaminyl residue of a protein/peptide substrate to a
lysyl residue of a protein/peptide co-substrate [38]. These
enzymes are also capable of catalyzing other reactions
that are important for cell life. Recently, "tissue" transglu-
taminase (tTG) was shown to be involved in molecular
mechanisms responsible for very widespread human
pathology in celiac disease, in addition to a number of
human neurodegenerative diseases.


Experimental colitis upregulates tTG and increases its
activity in the ENS [23]. One week after TNBS-induction
of colitis in rats, myenteric neurons display increased tTG
compared to control and non-inflamed colon. Similarly,
tTG activity is significantly higher in inflamed colon. In
cultured myenteric neurons incubated with retinoic acid,
a tTG inducer, significantly increased neuronal apoptosis
suggests that tTG enhances neuronal susceptibility to
apoptosis. These data pave the way to future therapeutic
options targeting neuronal apoptosis as a pathogenic fac-
tor that could contribute to neuropathologic changes
during gut inflammation.


Neurochemical and receptor changes
Overall, a considerable body of evidence from animal
models and patients with IBD shows that dramatic altera-
tions occur in the ENS in conditions of inflammation,
and are coupled with disturbed motility that are likely to
play an important role in the pathogenesis of the disease.


Evidence in animal models of IBD shows that, in addi-
tion to gross changes in the morphology and architecture
of neural ganglia and nerve cell bodies, subtle changes in
the expression of neurotransmitters or their receptors at
synapses within the gut wall are a prevalent and impor-
tant aspect of intestinal inflammation. Inflammatory cells
in the intestine, such as dendritic cells, lymphocytes,
macrophages and mast cells, express receptors for small
molecule neurotransmitters and neuropeptides, and
enteric neurons are responsive to cytokines that inflam-
matory cells secrete.


Chemical messengers that have been implicated in IBD
include neuropeptides and small molecules such as ace-
tylcholine (ACh) and 5-hydroxytryptamine (5-HT or
serotonin) [39]. In the rodent intestine, inflammation
markedly affects the cholinergic neurons that comprise


the major excitatory phenotype of the ENS, causing
decreased release of ACh [40]. This may be derived from
changes in the expression of the synaptic vesicle proteins
that are necessary for neurotransmitter release, such as
the selective decrease of the synaptic vesicle protein neu-
ronal calcium sensory 1 during TNBS-induced colitis
[12]. 5-HT, a major gastrointestinal paracrine hormone
and enteric neurotransmitter known to be involved in the
initiation of peristaltic activity, has recently been recog-
nized to be a pro-inflammatory neurotransmitter as well,
and its secretion is increased in the enterochromaffin
cells of patients with CD [41].


Substance P (SP), which belongs to a family of structur-
ally linked peptides known as tachykinins, is an 11-amino
acid peptide secreted by nerves and inflammatory cells
such as monocytes, macrophages, eosinophils, and lym-
phocytes, and acts by binding to the neurokinin-1 (NK-1)
receptor [28]. In addition to a variety of modulatory
effects (i.e., smooth muscle contraction, vasodilation, and
epithelial ion transport), SP is a mediator of neurogenic
inflammation and plays an important role [28] in inflam-
matory diseases of the respiratory, gastrointestinal, and
musculoskeletal systems [28].


Elevated SP and upregulated NK-1 receptor expression
have been reported in the rectum and colon of patients
with IBD [42]. SP increases dramatically in the myenteric
plexus of the colon of patients with UC and involves a
shift from a mainly cholinergic to a more extensive SP
innervation [43,39]. In fact, the density of SP nerve termi-
nals in the lamina propria of UC patients correlates with
the severity of the disease. Interestingly, similar changes
in neurochemical coding were also observed in non-
inflamed areas of bowel and may constitute part of the
neuronal basis for the altered motility disturbance
observed during UC [43]. There is also an increased
expression of SP binding sites in the inflamed mucosa of
UC patients [44] as well as an increase in NK-1 receptor
mRNA [19]. As a result of these findings, tachykinin
antagonists have been proposed as potential anti-inflam-
matory compounds [45].


In support of the idea that SP is pro-inflammatory and
plays a role in the pathogenesis of IBD, specific antago-
nists for the high-affinity NK1 receptor decrease inflam-
mation and severity of DSS-induced colitis, protect from
dinitrofluorobenzene- (DNFB-) induced colitis in mice
[42] and protect SCID mice against T-cell induced
chronic colitis [46]. In addition, blocking NK1 receptors
also results in reductions in colitis in acetic acid-induced
colitis and Clostridium difficile ileitis. Neuron-derived
pro-inflammatory SP can stimulate macrophages, mast
cells, and endothelium to release cytokines, which can
contribute to and sustain an inflammatory infiltrate,
thereby causing tissue damage and neurodegeneration.
Since NK-1 promotes inflammation, NK-1 antagonists
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are candidates to be therapeutic agents for IBD. However,
whether they attenuate the effects of inflammation in the
ENS is unknown.


Considerable evidence suggests that vasoactive intesti-
nal peptide (VIP) also participates in the pathophysiology
of IBD [47]. VIP is a 28-amino-acid peptide belonging to
the pituitary adenylate cyclase-activating polypeptide
(PACAP)/glucagon superfamily based on sequence
homologies. All layers of the colon contain VIP with the
highest concentration in the myenteric plexus. Function-
ally, VIP inhibits the peristaltic reflex in the circular mus-
cle layer, controls intestinal blood flow, and modulates
the immune system by binding to two G-protein-coupled
VIP receptor -- VPAC1 and VPAC2 -- which are also
shared by PACAP. VIP is released from nerve terminals
that contain nitric oxide synthase (NOS). Together, these
two peptides are believed to be the primary components
of non-adrenergic, non-cholinergic nerve transmission in
the gut.


Several pieces of evidence indicate that VIP participates
in the pathophysiology of colitis and IBD. Treatment with
VIP after the onset of TNBS-induced colitis in mice
reduces the clinical and histopathologic severity of colitis
as well as Th1 cytokine levels [48]. In addition, glucagon-
like peptide 2 (GLP-2), an important regulator of nutri-
tional absorptive capacity with anti-inflammatory
actions, reduces intestinal mucosal inflammation in
TNBS-induced colitis in rats by activation of VIP neurons
of the submucosal plexus [49]. These findings indicate the
potential use of VIP in the therapy of CD; however, VIP
has potential side effects, including hypotension and
diarrhea, when given at high doses.


Significant increases in VIP content of colonic nerves
have been reported in biopsies from CD patients com-
pared to UC patients or controls [50]. A similar increase
in VIP concentration was also evident in rectal biopsies
from CD, but not UC, patients. Similar findings have
been reported in the myenteric plexus in guinea-pig
TNBS colitis [21]. Kishimoto et al. reported an increased
VIP immunoreactivity in neurons and nerve fibers in
both plexuses of the colon and an elevated content of VIP
in dextran sulfate sodium (DSS)-induced colitis in rats
[51]. In contrast, Mazumdar and Das found decreased
expression of VIP immunoreactivity in the colon of both
CD and UC patients, compared to controls [52], while
two other studies showed a significant decreased of rectal
and colonic VIP in UC and CD patients.


The mechanism by which inflammation selectively
alters the expression of transmitters in the ENS is cur-
rently unknown; however, a recent study of TNBS colitis
in rats identified a role for nerve growth factor and its
receptors in susceptibility to inflammation-induced neu-
ronal damage.


In addition to SP and VIP, mRNA for a number of pep-
tides is increased in colon tissues from mice undergoing
experimental colitis induced by oil of mustard (OM; allyl
isothiocyanate), a direct stimulant of small nerve fibers
and a potent, acute inflammatory irritant. OM has been
used experimentally to evoke allodynia and visceral hype-
ralgesia following intracolonic administration to mice
[53]. Intracolonic application of a 0.5% solution of OM
produces a severe, transient colitis with the greatest dam-
age within the first three days.


OM colitis has a vital neuronal component, as evi-
denced by elevated expression of mu- and delta-opioids,
and the receptors NK1, cannabinoid receptor 1 (CB1R)
and TRPA1, the receptor for OM and a member of the
transient receptor potential channel family. TRPA1 is
responsible for detecting physical signals such as noxious
cold and directly contributes to the cold hyperalgesia
present in inflammatory states. Intrathecal injection of
TRPA1 antisense oligonucleotides, reduces TRPA1
expression and attenuates visceral hyperalgesia following
TNBS-induced colitis [54].


Neuronal receptor and neuropeptide mRNA expression
are upregulated within the first two hours following OM
colitis [53]. CB1R is transiently increased, consistent with
other reports related to pathways associated with pain
sensation stimulated by colitis, and also consistent with
data demonstrating increased CB1R expression in human
IBD.


Alterations in enteric neural signaling
A number of electrophysiological studies have been per-
formed in animal models of IBD in order to elucidate the
mechanisms underlying inflammation-induced changes
in gut motility. Independent of the method used to
induce colitis, the type of enteric neuron most dramati-
cally affected by inflammation is the afterhyperpolarizing
(AH) neuron.


In the normal guinea pig intestine, the AH neuron,
named for its prolonged afterhyperpolarization, func-
tions as an intrinsic primary afferent neuron in the myen-
teric plexus and is associated with peristalsis, mucosal
secretion, and vasodilation. These neurons very rarely
receive fast synaptic inputs in normal conditions, but in
the guinea pig distal colon more AH neurons receive fast
synaptic inputs following the induction of inflammation
[55]. Similar findings have been reported for a T. spiralis
model of jejunitis. In this model, AH myenteric neurons
exhibit increased excitability, depolarized membrane
potential, and reduced AH potential amplitude and dura-
tion along with increased input resistance [56]. AH neu-
rons in the inflamed ileum also exhibit another form of
prolonged excitation, a prolonged hyperexcitability after
a brief stimulus that lasts up to three hours [57].
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AH neurons characteristically receive slow excitatory
postsynaptic potentials (EPSPs) in the normal bowel.
However, maintained excitation that lasts from 27 min-
utes up to three hours occurs in AH neurons in inflamed
bowel [57]. Such long-term hyperexcitability is not
encountered in enteric neurons of normal intestine. The
maintained excitation indicates that a brief synaptic acti-
vation can trigger a long period of hyperexcitability in AH
neurons after they have been exposed to an inflamed
environment. These findings suggest that perturbation of
the sensory component of intrinsic motor reflexes may
occur during inflammation. Maintained neuronal excita-
tion, observed only in neurons from the inflamed bowel,
may contribute to the dysmotility, pain, and discomfort
associated with intestinal inflammation and IBD in par-
ticular. The mechanisms responsible for the changes in
excitability are not yet understood, but they may involve a
persistent alteration in channel expression and/or a con-
tinuous release of inflammatory mediators due to low-
grade inflammation.


Alterations in sympathetic neural activity
IBD alters the function of the ENS and the sensory inner-
vation of the GI tract. Less is known about whether IBD
affects the sympathetic nervous system, although experi-
mental evidence of sympathetic neural dysfunction in
IBD is increasing [58]. A decrease in the release of nora-
drenaline from sympathetic varicosities in inflamed and
un-inflamed regions of the GI tract has consistently been
reported for animal models of colitis. Recent findings
suggest that the decrease in neurotransmitter release may
be due to inhibition of N-type voltage-gated Ca2 c + cur-
rent in postganglionic sympathetic neurons [59]. How an
alteration of sympathetic function contributes to the
pathogenesis of IBD has not yet been determined.


Neuroimmune factors
It has been known for some time that the ENS and
mucosal immune systems have the ability to regulate one
another's functions. Nerve cells are found in close prox-
imity to immune cells in the mucosa. The two systems
even share several chemical mediators, such as SP. Neu-
ronal activation can lead to degranulation of mast cells
and influx of neutrophils, thereby recruiting elements of
innate immunity to the area. Lymphocytes express recep-
tors for neuropeptides released by enteric nerves, and
stimulation of these cells with SP or VIP can induce their
differentiation and alter their production of immuno-
globulins.


Signaling between immune cells and enteric neurons
can also evoke alterations in gut function. Linden et al.
indicated that the hyperexcitability of intrinsic primary
afferent neurons of inflamed guinea pig colon may be sec-
ondary to activation of cyclooxygenase (COX)-2 and pro-


duction of prostaglandins (PGE2) [60]. Alterations in
electrical and synaptic properties of enteric neurons in
non-inflamed colon of guinea pigs with TNBS-induced
ileitis are accompanied by significantly increased PGE2
tissue levels, despite the lack of overt inflammation in the
colon [61]. Moreover, these increased PGE2 levels are
attenuated in the presence of COX2 inhibitors.


Ileitis also increases the number of colonic 5-HT-
immunoreactive enteroendocrine cells and release of 5-
HT, despite the absence of inflammation in the colon.
Therefore, increased prostaglandin and 5-HT levels may
underlie some of the changes in neuronal properties
observed at sites of gut inflammation. These changes can
occur in non-involved regions during episodes of intesti-
nal inflammation.


Several studies point to the involvement of kinases in
the sustained changes that occur following inflammation
[62]. In previously inflamed colon, PKA activity in nerve
terminals increases and contributes to the facilitation of
fast synaptic transmission, possibly through inhibition of
big conductance K+ channels and an increase in the
release-ready pool of synaptic vesicles. In other studies,
inflammation of the small intestine induced by
Trichinella spiralis causes increased adenylyl cyclase
activity of myenteric neurons 6-9 days after infection
[63].


Mast cells
Mast cells and their chemicals have the potential to medi-
ate the effects of inflammation on enteric nerves because
they function as intermediaries between neurons and the
inflammatory soup in their environment [64]. Both mast
cells and neurons can be increased or decreased by an
inflammatory environment and, upon activation, release
mediators that can act on the gut neuromuscular appara-
tus. Although mast cells are most widely known for their
role in allergic responses, these cells are normally present
throughout the gut and are involved in a range of physio-
logical and pathological activities including mucosal
defense mechanisms and inflammation.


Enteric mast cells are concentrated with granules that
serve as sites of storage for a wide mix of preformed
chemical mediators. Antigens stimulate the mast cells to
release mediators, which then diffuse into the extracellu-
lar space to influence other cell types. Mast cells may
release an array of inflammatory mediators, which may
stimulate the residential macrophages on the one hand
and intrinsic and extrinsic neurons, on the other hand,
which may ultimately result in GI dysfunction and symp-
toms.


Mast cell degranulation evoked by psychological stress
activates an "alarm program" in the ENS to produce
symptoms of diarrhea and abdominal distress. Mast cells
are located close to enteric nerves and provide a struc-
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tural basis for communication between the gut and the
ENS. They release mediators, which signal the ENS that
degranulation has taken place while simultaneously
attracting immune/inflammatory cells into the intestinal
wall from the mesenteric circulation. Blockade of ENS
and sensory afferents by exposure of gut to the nerve
blocker tetrodotoxin, or application of mast cell stabiliz-
ing drugs, prevents the acute inflammatory response to
Clostridium difficile toxin-A. The terminals of vagal and
spinal afferent neurons also express receptors for mast
cell mediators.


There is considerable clinical evidence for mast cell
involvement in human IBD. In the colorectal mucosa
from patients with CD and UC, the amount of mast cell
tryptase is significantly increased as is the number of
mast cells in the lamina propria and submucosa [65].
Increased numbers of mast cells found in the colonic
mucosa of IBD patients are accompanied by dramatically
increased expression of TNF-alpha, IL-16, and SP [66].
Evidence of mast cell degranulation is found in the intes-
tinal wall of IBD patients, suggesting that mast cell
degranulation is involved in the pathogenesis of IBD [66].


Infections with nematode parasites stimulate prolifera-
tion of mast cells in animals, which serve as experimental
models for the investigation of mast cell functions in
detection of and signaling the presence of sensitizing
antigens and infectious invaders that broach the mucosal
barrier.


Mast cells mediators include a number of proinflam-
matory substances (tryptase, histamine, platelet activat-
ing factor, prostaglandins, leukotrienes) and have the
capacity to produce a variety of cytokines. Mast cells
undergo degranulation during intestinal manipulation
and may be part of the mechanisms responsible for trig-
gering cellular infiltration and subsequent altered bowel
motility.


Evidence for communication between mast cells and
the ENS is derived from electrophysiological recordings
in enteric neurons in intestinal preparations from anti-
gen-sensitized animal models and recordings of the
actions of mast cell mediators on the electrical and syn-
aptic activity of ENS neurons. Several mast cell-derived
mediators have neuropharmacological actions on the
electrical and synaptic behavior of neurons in the ENS
including histamine, interleukin-6, leukotrienes, 5-HT,
platelet activating factor, mast cell proteases, adenosine,
interleukin-1β, and prostaglandins [67]. The evidence
suggests that mast cell signals trigger a neural program
for defensive intestinal behavior in response to circum-
stances within the lumen that are threatening the func-
tional integrity of the whole animal. Immunoneural
integration progresses sequentially beginning with
immune detection followed by signal transfer to the ENS,


and then by the selection of a specific neural program for
coordinated mucosal secretion and powerful propulsion
that effectively clears the antigenic threat from the intes-
tinal lumen [67].


Enterochromaffin cells
Studies show that intestinal inflammation is accompanied
by alterations in enteroendocrine cells. The 5-HT-con-
taining enterochromaffin (EC) cells are the most abun-
dant enteroendocrine cells present in the gut. They are
distributed throughout the GI tract, although the greatest
concentrations are located in the small intestine and rec-
tum. Ninety-five percent of GI tract 5-HT is found in EC
cells with the remainder within enteric neurons.


Enterochromaffin cells are interposed between gut epi-
thelial cells, where they act as sensors of the intraluminal
milieu. 5-HT release from EC cells is mediated by luminal
or neuronal stimuli that include stimuli such as mucosal
stroking, and endogenous chemical stimuli such as ade-
nosine. Following its release, 5-HT activates a variety of
receptors and participates in reflex propagation [68].
Enterochromaffin cells are influenced by GI inflamma-
tory conditions. Moreover, changes in the content,
release, and re-uptake of 5-HT have been reported in IBD
[69].


Mucosal EC cell number is increased in clinical and
experimental models of IBD [70]. Enterochromaffin cell
number is increased both in affected and non-affected
sites of the gut. A further factor that may act to increase
5-HT levels is that expression of the serotonin reuptake
transporter (SERT) is reduced.


The SERT molecule is a member of the Na+/Cl- neu-
rotransmitter transporter family and is expressed by epi-
thelial cells and neurons in the gut [68]. 5-HT is removed
from the interstitium by reuptake via SERT. These
changes are important due to the strategic location of EC
cells in the gut mucosa, making it likely that 5-HT has a
direct action on enteric neurons, regulating gut motility
and secretion [70]. Recently, Bischoff et al [71] demon-
strated that deletion of SERT increases the severity of
TNBS colitis in mice. These data suggest that 5-HT sig-
naling and its SERT-mediated termination may be
involved in the pathophysiology of IBD. There is evidence
that SERT expression is decreased in human IBD [41] as
well as in mice as a result of TNBS-induced colitis [71].


5-HT can modify gut motility/sensation is several ways.
5-HT is also present within enteric nerves [72]. It acts
upon 5-HT3 receptors of vagal afferent nerve fibers,
which in turn stimulate intestinal secretion and motor
reflexes. Furthermore, 5-HT can act on 5-HT3, 5-HT4,
and 5-HT1P receptors on enteric neurons thereby con-
tributing to peristalsis and stimulating intestinal transit
[73]. These findings implicate 5-HT signaling in the
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pathophysiology of IBD and suggest that drugs targeting
gut 5-HT receptors could benefit patients suffering from
inflammation-related gut disorders.


Other inflammatory cells in IBD
During an inflammatory flare, lymphocytes and other
inflammatory cells infiltrate the bowel wall, and both
local and circulating cytokine levels (e.g., Il1β, TNF-α, IL-
6) are elevated in patients with IBD. These cytokines,
secreted by circulating and resident inflammatory cells,
may exert direct influences on enteric nerves and are
capable of modulating its neuromuscular function.


In addition to increases in mast cells and EC cells, there
are trends for increases in CD3+ lymphocytes and the
proportion of lymphoid tissue. CD3 is a "pan T-lympho-
cyte marker" and allows one to estimate the overall num-
ber of T-lymphocytes in the lamina propria of patients
with IBD. It is possible that specific subclasses of lympho-
cytes may be altered in IBD (e.g., CD4+ T cells). Recently,
circulating and tissue B cells from CD patients were
shown to demonstrate elevated basal levels of activation
[74].


Post-inflammatory changes in gut function
There is no question that GI inflammation leads to signif-
icant changes in neuron-controlled gut functions, and
that alterations in gut function are accompanied by
changes in neurophysiological, neurochemical, and mor-
phological properties of enteric nerves. It has recently
become apparent that inflammatory changes persist fol-
lowing resolution of the initiating inflammatory event,
suggesting that prior inflammation can alter GI function
and visceral sensation.


In vivo, colitis causes impaired neurotransmitter func-
tion in both inflamed and noninflamed regions of the
bowel [75], and altered neuronal signaling can persist up
to eight weeks after the initiation of colitis, long after
inflammation is apparently resolved, according to histo-
logical examination and assay of myeloperoxidase activity
in tissue extracts [76]. Other animal models also show
that neural function can remain affected by prior damage
for extended periods of time, such as the impaired ACh
metabolism seen at least six months after Trichinella spi-
ralis-induced intestinal inflammation [77]. This implies
that the inflammation may cause a prolonged change in
the intrinsic properties of the neurons. What mediates
the persistent post-inflammatory hyperexcitability of
enteric neurons is not yet known. However, increased
numbers of immune cells in the human rectal mucosa
have been documented for at least a year after an acute
infection with Campylobacter enteritis [78].


A surge of eosinophils and T-lymphocytes associated
with the enteric ganglia occurs at 1-7 days following
TNBS colitis [31]. However, elevated immune cell num-


bers occur in the lamina propria of the mucosa until 56
days. Thus, ongoing mucosal inflammatory reaction may
contribute to the persistence of enteric neuropathy. This
makes sense, since the major neuron type in myenteric
ganglia whose properties are changed by a brief severe
inflammation are the AH neurons [55]. These neurons
have processes in the mucosa that are stimulated by local
mediators, for example 5-HT. The exposure of their nerve
terminal in the mucosa to the products of the immune
cells may contribute to the maintenance of increased
excitability of AH neurons. Questions remain as to what
genes are being activated or inactivated, and as to how
these genes might be influenced to return to normal lev-
els of activity.


Oxidative stress
It is generally hypothesized that IBD is caused by GI tract
immune dysregulation, because the disease is accompa-
nied by a considerable infiltration of inflammatory cells
in the gut mucosa [79]. However, the specific pathways
leading to cellular damage have yet to be fathomed. Oxi-
dative stress is a potential biological and/or triggering
factor for IBD, because the detrimental effects of reactive
oxygen species (ROS) are well established in the inflam-
mation process.


Oxidative stress arises when there is a marked imbal-
ance between the production of ROS and their removal
by antioxidants. In reaction to mild oxidative stress, tis-
sues often respond by producing more antioxidants; how-
ever, severe persistent oxidative stress depletes body
antioxidant resources and overtakes its ability to produce
more antioxidants, leading to lower antioxidant levels
and injury in the tissues.


For example, patients with IBD demonstrate decreased
expression of the anti-oxidant heme-oxygenase-1 (HO-1)
in the intestinal epithelium of inflamed colonic mucosa,
compared to control specimens, suggesting dysregulated
expression in inflammation [80]. HO-1 is the rate-limit-
ing enzyme in the catabolism of heme, which leads to the
generation of biliverdin, iron, and carbon monoxide and
has been shown to have important anti-inflammatory
properties. Moreover, induction of HO-1 protects neu-
rons from oxidative stress-induced cell death, possibly in
response to activation of the transcription factor Nrf2
[81].


In vivo, induction of HO-1 by the HO-1 inducer cobalt
protoporphyrin (CoPP) leads to significant down-regula-
tion of colonic inflammation in acute DSS-induced colitis
[80]. Moreover, the protective effects of HO-1 in experi-
mental colitis are replicated by administration of hemin,
which markedly reduces programmed cell death of
colonic epithelium and attenuates the production of
interleukin 17 [82]. In addition, rectal administration of
tranilast, a mast cell stabilizer, significantly increases
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expression of HO-1 in colonic epithelial cells and is
thought to mediate the anti-inflammatory effects of tra-
nilast in DSS colitis and human IBD [83].


In addition to colonic epithelial cells, HO-1 is expressed
in macrophages. In both mouse and human colon, HO-1
immunoreactivity is displayed by macrophages in close
proximity to SP-containing nerve fibers (Figure 1). Mac-
rophages have pro- and anti-inflammatory activities,
depending on their phenotype. For example, CD206+/
HO-1+ gastric macrophages protect against oxidative
stress-induced damage and are required for prevention of
diabetic gastroparesis in mice [84]. Thus, expression of
HO-1 in macrophages could constitute an important
component of the anti-inflammatory effect by increasing
antioxidant protection and decreasing the inflammatory
component of IBD lesions. Moreover, the expression of
HO-1 in macrophages close to enteric nerves could act as
a natural defense mechanism to alleviate enteric nerve
injury in the GI tract. Therefore, induction of HO-1
expression in macrophages might be a therapeutic option
to protect neurons in patients with IBD; however, this
idea remains to be tested.


The presence of reactive oxygen metabolites, or the
molecules damaged by them, has been extensively stud-
ied in patients with IBD [85]. Although some results are
conflicting, it seems that patients with IBD demonstrate
excessive oxidized molecules compared with healthy con-
trol subjects in a variety of organ systems. This seems to
be more pronounced in patients with CD. In fact, the


most commonly used drug for patients with IBD, 5-amin-
osalicylic acid, has ROS scavenging capabilities [86].


Similar results have been found in animal models of
IBD, which universally show abnormal levels of antioxi-
dants or oxidized molecules [85]. The most striking evi-
dence comes from genetic knockout mice lacking the
antioxidant enzyme of glutathione peroxidase. These ani-
mals display destructive colitis similar to UC as early as
11 days of age [87].


Activation of immune cells and the release of ROS such
as H2O2 are prominent early events in the pathogenesis of
IBD that could affect the ENS. There is a close parallel
between the loss of enteric neurons and their axons after
exposure to H2O2 observed in vitro, and the damage to
the ENS that is seen in the acute phase of initiation of
colitis in vivo, where a significant loss of neurons occurs
by 24 h [24]. The damage produced by H2O2 does not tar-
get a specific neuronal phenotype as the death of myen-
teric neurons is distributed equally among cholinergic
and nitrergic neurons. Thus, the neurotoxic events of
inflammation appear to be nonselective.


A comparison of ROS levels, using DHR fluorescence,
in preparations of myenteric plexus from 12- to 15-
month-old rats showed increased levels of free radical
generation with age, suggesting that aging correlates with
higher levels of intrinsic neuronal ROS. Interestingly, ele-
vated levels of intraneuronal ROS are correlated with
substantial neuron loss suggesting a plausible mechanism
whereby age-related neuron cell death is produced [88].


Enhanced ROS production and oxidative injury play a
cardinal role in the onset and progression of neurodegen-
erative disorders. To maintain a proper redox balance, the
CNS is equipped with an antioxidant defense mechanism
consisting of endogenous antioxidant enzymes. The
expression of most antioxidant enzymes is tightly con-
trolled by the antioxidant response element (ARE) and is
activated by Nrf2, a transcription factor that regulates an
expansive set of antioxidant genes that act in synergy to
remove ROS through sequential enzymatic reactions.
When activated, Nrf2 specifically targets genes bearing
an ARE within their promoters such as HO-1, 1-ferritin,
and glutathione peroxidase, which maintain redox
homeostasis and influence the inflammatory response.
Not surprisingly, Nrf2-deficient mice have an increased
susceptibility to DSS-induced colitis, possibly due to
reduced expression of antioxidant phase II detoxifying
enzymes with a concomitant increased induction of
proinflammatory mediators [89]


Several of the genes commonly regulated by Nrf2 have
been implicated in protection from neurodegenerative
conditions. For this reason, Nrf2 may be considered a
therapeutic target for conditions that are known to
involve free radical damage. Mitochondrial dysfunction


Figure 1 Immunoreactivity to hemeoxygenase-1 (HO-1) and sub-
stance P (SP) in a cryostat section of human colon. An HO-1-posi-
tive macrophage (orange) is seen in close proximity to a SP-containing 
nerve fiber (green) in the colonic mucosa.
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and build-up of ROS are indicative of neurodegeneration;
therefore, targeting Nrf2 may be valuable in combating
neurodegeneration in IBD.


Neuroprotection by enteric glial cells
Enteric glial cells have recently been postulated to have a
novel neuroprotective role in the ENS. Enteric glial cells
are analogous to, and share many similarities with, astro-
cytes of the CNS. Following major ablation of enteric glial
cells, there is a significant decrease in the number of
myenteric neurons compared to control [90]. Notably,
there is a loss of NOS-containing neurons in the myen-
teric plexus, which likely underlies disturbances observed
in smooth muscle relaxation and intestinal transit time.
The mechanisms responsible for neuronal cell loss
remain unknown. However, this may be due to reduced
availability of neuroprotective factors, which could lead
to an increase in susceptibility of enteric neurons to
insults such as oxidative stress, as occurs in IBD.


Enteric glial cells are known to actively participate in
inflammatory processes. They produce and respond to an
array of cytokines. They also protect neurons from oxida-
tive stress in part via reduced glutathione (GSH) [91].
GSH has been identified in the CNS as being synthesized
by astrocytes and exerting neuroprotective effects, espe-
cially during oxidative stress [92].


Conclusion
This review describes changes in the anatomical and
physiological properties of enteric neurons in response to
gut inflammation. In general, inflammation-related
changes in GI function likely involve neurodegeneration
and neuroplasticity in the ENS, as well as changes in the
structure and function of enteric glia. Although the
mechanisms involved in modulation of enteric neural
activity during inflammation are not completely under-
stood, oxidative stress appears to play an important role
in the process. Thus, it is possible that neuroprotective
agents that curtail oxidative stress in the ENS could
restore gut function and could have utility in the treat-
ment of gut dysfunction in IBD.
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A new Purkinje cell antibody (anti-Ca) associated
with subacute cerebellar ataxia: immunological
characterization
Sven Jarius1*, Klaus P Wandinger2,3, Sigrun Horn4, Heike Heuer4, Brigitte Wildemann1


Abstract


We report on a newly discovered serum and cerebrospinal fluid (CSF) reactivity to Purkinje cells (PCs) associated
with subacute inflammatory cerebellar ataxia. The patient, a previously healthy 33-year-old lady, presented with
severe limb and gait ataxia, dysarthria, and diplopia two weeks after she had recovered from a common cold.
Immunohistochemical studies on mouse, rat, and monkey brain sections revealed binding of a high-titer (up to
1:10,000) IgG antibody to the cerebellar molecular layer, Purkinje cell (PC) layer, and white matter. The antibody is
highly specific for PCs and binds to the cytoplasm as well as to the inner side of the membrane of PC somata,
dendrites and axons. It is produced by B cell clones within the CNS, belongs to the IgG1 subclass, and activates
complement in vitro. Western blotting of primate cerebellum extract revealed binding of CSF and serum IgG to an
80-97 kDa protein. Extensive control studies were performed to rule out a broad panel of previously described
paraneoplastic and non-paraneoplastic antibodies known to be associated with cerebellar ataxia. Screening of
>9000 human full length proteins by means of a protein array and additional confirmatory experiments revealed
Rho GTPase activating protein 26 (ARHGAP26, GRAF, oligophrenin-1-like protein) as the target antigen. Preadsorp-
tion of the patient’s serum with human ARHGAP26 but not preadsorption with other proteins resulted in complete
loss of PC staining. Our findings suggest a role of autoimmunity against ARHGAP26 in the pathogenesis of suba-
cute inflammatory cerebellar ataxia, and extend the panel of diagnostic markers for this devastating disease.


Background
Autoimmune cerebellar ataxia (ACA) is an etiologically
and pathologically heterogeneous syndrome. Besides
multiple sclerosis (MS), paraneoplastic neurological dis-
orders (PND) are the most common cause of ACA[1,2].
Many cases of paraneoplastic ACA are associated with
serum or CSF antibodies to neuronal and/or glial anti-
gens such as anti-Hu[3], anti-Yo[4], anti-CV2/CRMP5
[5,6], anti-Tr[7], anti-Zic4[8], anti-protein kinase C
gamma (PKCg)[9], anti-mGluR1[10,11], anti-PCA2[12],
anti-ANNA3[13], or antibodies to voltage gated calcium
channels (VGCC)[14]. In patients with non-paraneoplas-
tic ACA, antibodies to glutamate decarboxylase[15,16],
tissue transglutaminase[17], glutamate receptor δ2
(GluRδ2)[18,19], and Homer-3[20] have been described.


Here we report a newly discovered autoantibody to
Purkinje cells in a patient with subacute cerebellar ataxia
but no tumor. This antibody binds specifically to the
inner membrane and cytoplasm of PC somata, dendrites
and axons. It is produced intrathecally, belongs to the
IgG1 subclass and activates complement in vitro. Prob-
ing of a protein microarray with the patient’s serum and
additional confirmatory experiments identified the Rho
GTPase activating protein 26 (ARHGAP26) as the target
antigen.


Case history
A 33-year-old Caucasian lady was admitted to our hos-
pital with a five-day history of diplopia, slurred speech,
and gait instability. Two weeks before onset of symp-
toms she had recovered from a common cold. Neurolo-
gic assessment revealed horizontal nystagmus,
dysarthria, limb ataxia predominantly affecting the right
upper extremity, and severe gait ataxia. Cranial and
spinal magnetic resonance imaging (MRI), ultrasound
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imaging of cerebral vessels, visual, acoustic, and somato-
sensory evoked potentials as well as nociceptive blink
and trigeminal inhibition reflexes were normal. CSF ana-
lysis disclosed 44 lymphocytes/μl with few plasma cells,
mild blood/CSF barrier dysfunction, increased CSF
ratios of IgG and IgM, and CSF-restricted oligoclonal
bands (OCB). Serology and/or PCR were negative for
HSV1, HSV2, VZV, EBV, HHV6, enterovirus, arbovirus,
HBV, HCV, HIV, borrelia, treponema. Routine blood
analysis (including CRP, blood sedimentation rate, and
chromogranin A) was unremarkable except for a slightly
elevated titer of serum antinuclear antibodies (1:320).
No antibodies to extractable nuclear antigens were
detectable. Testing for anti-neutrophil cytoplasmic anti-
bodies was negative. The presumptive diagnosis was
postinfectious cerebellitis, and the patient was treated
with 3 × 1000 mg methylprednisolone (MP) intrave-
nously followed by oral therapy over three weeks at an
initial dose of 60 mg. The corticosteroid therapy
resulted in marked neurological improvement, but was
associated with restlessness, sleeplessness, depressed
mood, and suicidal thoughts. After tapering corticoster-
oids to 12.5 mg MP per day the patient experienced
worsening of symptoms together with an exaggerated
startle response. Clinical examination demonstrated
tetra-ataxia, severe gait ataxia, oscillopsia, and marked
dysarthria. Moreover, a brisk head retraction reflex was
noted. The CSF had a normal cell count and persistent
intrathecal IgG synthesis. Routine laboratory tests, a
broad panel of tumor markers, thyroid hormones, anti-
thyroid antibodies (anti-thyroglobulin, anti-thyroid
peroxidase, anti-TSH receptor), anti-cardiolipin, and
common anti-neuronal antibodies (anti-Hu, -Yo, -Ri,
-Ma/Ta, -CV2/CRMP5, -GAD, -amphiphysin) were nor-
mal or negative. Whole body positron emission tomo-
graphy (PET) scans three, six and 13 months after
onset, repeat computed tomography (CT) of the chest
and abdomen, abdominal ultrasound and gynecologic
examinations did not show evidence of cancer. Repeat
brain MRI was negative two months after onset, but dis-
closed cerebellar atrophy at month 4 (Figure 1). An
FDG-PET examination at month 6 revealed a relative
hypometabolism of the right cerebellar hemisphere. The
exaggerated startle response was stabilized by lorazepam
(0.5 mg/d). A further course of intravenous MP pulse
therapy (5 × 500 mg) followed by treatment with 3 × 30
g intravenous immunoglobulins (IVIG) did not promote
improvement of neurologic deficits significantly. The
cerebellar syndrome finally stabilized and improved fol-
lowing plasma exchange (two courses of 4 and 3 treat-
ments) and immunoadsorption (two courses of 5 and 6
treatments). At last evaluation, 16 months after onset,
the patient presented with cerebellar signs and hyperek-
plexia without further progression and without evidence


of an underlying malignancy. The study was approved
by the institutional Review Board of the Medical Faculty
of the University of Heidelberg and the patient gave
written informed consent.


Immunological evaluation
Methods
Immunohistochemistry (IHC)
IHC was performed on cryosections of adult mouse cer-
ebellum, cerebrum, and brain stem tissue (Euroimmun,
Luebeck, Germany), on cryosections of adult rhesus
monkey cerebellum, brain stem, cerebrum, hippocam-
pus, hypothalamus, peripheral nerve, and intestine tissue
(Euroimmun), and on cryosections of adult rat cerebel-
lum and brain stem (Zyagen, San Diego, CA). Mouse
and monkey tissue was provided unfixed as snap frozen
sections (4-6 μm) and was fixed with 10% formalin in
phosphate buffered saline (PBS) for 4 min before testing.
For production of rat sections, animals had been per-
fused with 4% paraformaldehyde (PFA), the brains
removed, immersed to the same fixative up to 12 hours,
cryoprotected with sucrose, frozen in OCT, and finally
sectioned at a thickness of 4-10 μm. For some experi-
ments, 0.125% triton-X or 1% 3- [(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) in PBS
were applied to the sections for 4 min. Sections were
then washed in PBS, blocked with 10% goat serum or
with 10% donkey serum, with respect to the secondary
antibodies used, and, after three washes in chilled PBS,
incubated with patient serum for 1 hour or with various
commercial antibodies for three hours at room tempera-
ture (RT) or overnight at 4°C. Binding of human IgG,
IgA and IgM to CNS tissue was detected by use of poly-
clonal goat anti-human IgG antibodies conjugated to
fluorescein isothiocyanate (FITC) (Euroimmun), Alexa
Fluor® (AF) 488 (Invitrogen, Karlsruhe, Germany) or
AF568 (Invitrogen), polyclonal donkey anti-human IgG
antibodies labeled with Rhodamin Red-X (Dianova,
Hamburg, Germany), and polyclonal goat anti-human
IgM and anti-human IgA antibodies conjugated to FITC
(Euroimmun), respectively. Binding of the following
commercial antibodies was detected using goat anti-
rabbit IgG AF568 (1:200-1:300; Invitrogen), goat anti-
mouse IgG AF568 (1:100-1:400; Invitrogen), donkey
anti-chicken IgG Rhodamin-Red × (1:100-1:200; Dia-
nova), or donkey anti-goat IgG AF488 (1:200-1:400) as
secondary antibodies depending on the primary antibo-
dies employed and on further secondary antibodies used
in double labeling experiments: goat anti-Homer3 (1:50;
Santa Cruz, Heidelberg, Germany); rabbit anti-protein
kinase C gamma (PKCg) (1:50; Santa Cruz); mouse anti-
metabotropic glutamate receptor 1a (mGluR1a) (1:200-
1:300; BD Pharmingen, Heidelberg, Germany); rabbit
anti-glutamate receptor delta 2 (GluRδ2) (1:25-1:50;
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Santa Cruz); mouse anti-glutamate receptor 3 (GluR3,
clone 3B3) (1:25-1:500; Millipore, Schwalbach, Ger-
many); rabbit anti-inositol-triphosphate receptor type I
(IP3RI) (1:200; Dianova); chicken anti-glial fibrillary
acidic protein (GFAP) (1:1000; Encor Biotechnology,
Gainesville, FL); rabbit anti-aquaporin4 (AQP4) (1:200;
Sigma Aldrich, Taufkirchen, Germany); mouse anti-cal-
bindin-D (1:50; Swant, Bellinzona, Switzerland); goat
anti-parvalbumin (1:50; Swant); and anti-Rho GTPase-
activating protein 26 (ARHGAP26) (1:75; Santa Cruz).
For selected experiments, the patient’s CSF was incu-
bated with 3 μg of the following recombinant human
proteins for 3 h at RT prior to testing: ARHGAP26
(Abnova, Taipei, Taiwan); IP3RI (Santa Cruz); and
AQP4 (Abcam); the sera were then centrifuged at
11,2000 rpm for 10 min and the supernatants incubated
with cerebellum sections as described above. Sections
were then mounted using glycerol standard immuno-
fluorescence mounting medium containing 4’,6-diami-
dino-2-phenylindole (DAPI) (1:1000) (Euroimmun) or
ProLong Gold antifade reagent (Invitrogen). Slides were
analyzed on a Nikon 90i upright fluorescence micro-
scope and a Nikon A1 confocal microscope (Nikon Ima-
ging Center, University of Heidelberg, Heidelberg,
Germany).
IgG subclass analysis
For evaluation of IgG subclasses, serum and CSF sam-
ples were tested by IHC on mouse cerebellum sections
as described above, with the following modifications
applied: unconjugated sheep anti-human IgG antibodies
specific for IgG subclasses 1 to 4 (Binding site,
Germany) were substituted for the FITC-labeled goat
anti-human IgG antibody, and AF568 labeled donkey
anti-sheep IgG (Invitrogen; absorbed against human
IgG) was used to detect the subclass specific antibodies.


Complement assay
For evaluation of complement activation, mouse cerebel-
lum sections were incubated with heat inactivated serum
samples (60 min at 56°C) from our patient or controls
1:5 dilution for 60 minutes at 37°C. After three washes
in chilled PBS, pooled fresh frozen serum from three
healthy donors was applied as a source of complement
at 1:5 dilution for 45 minutes at 37°C, followed by fixa-
tion with 10% formalin for 15 min on ice and incuba-
tion with CHAPS for 1 min. Sections were then blocked
with 10% heat inactivated goat serum for 60 min and
subsequently incubated with a polyclonal rabbit anti-
human C3c/C3b antibody at a dilution of 1:250 for 45
minutes at 4°C (Dako, Hamburg, Germany), or a rabbit
isotype control (ready for use; Zymed Laboratories, San
Francisco, California) on ice. Binding of the C3c/C3b
specific antibody was visualized using a goat anti-rabbit
IgG AF568 antibody (1:300; 45 min; Invitrogen). Sec-
tions were washed in chilled PBS between incubations
and prior to mounting.
Western blot
Serum and CSF samples were tested for the presence of
antibodies to cerebellar antigens by use of a commer-
cially available western blot assay (Euroimmun, Ger-
many). Briefly, ready-made nitrocellulose membranes
containing rhesus monkey full cerebellum extract were
blocked with a ready-made blocking buffer (Euroim-
mun) for 15 min, incubated overnight at 4°C with
diluted serum (1:25) or CSF (1:4) from the patient or
healthy controls, washed three times in diluted blocking
buffer, and finally visualized using an alkaline phospha-
tase labeled anti-human IgG antibody as conjugate and
BCIP (5-bromo-4-chloro-3’-indolyphosphate p-toluidine
salt) and NBT (nitro-blue tetrazolium chloride) as chro-
mogenes. The reaction of BCIP/NBT to 5-5’-dibromo-


Figure 1 Magnetic resonance imaging of the cerebellum demonstrating marked cerebellar atrophy over the course of disease but no
contrast enhancement. (A) T1-weighted sagittal sequence; image obtained at month 3 after onset. (B) Gadolinium-enhanced sagittal T1-
weighted sequence; image obtained at month 17. Note the widening of the cerebellar sulci and the fourth ventricle.
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4,4’-dichloro-indigo and NBT-formazan was stopped
after 10 min by application of ice cold ddH2O. Addi-
tional membrane stripes originating from the same blot
were incubated with goat anti-Homer3 (1:100), rabbit
anti-PKCg (1:75), mouse anti-mGluR1a (1:200), rabbit
anti-GluRδ2 (1:75), rabbit anti-IP3RI (1:500), rabbit anti-
coilin (Santa Cruz) (1:100), and rabbit anti-ARHGAP26
(Santa Cruz), respectively. Binding of these antibodies to
their respective antigens was visualized using the Odys-
see® Infrared Imaging System after application of goat
anti-rabbit IgG labeled with Infrared dye (IRdye) 800
(Rockland Immunochemicals, Gilbertsville, PA) or goat
anti-mouse AF688 (Invitrogen) as secondary antibodies
(1:5000). A batch-specific evaluation matrix provided by
the manufacturer was used to identify molecular weight
(MW) ranges for proteins detected by the patient’s
serum and CSF or either of the commercial antibodies
used. In addition, bands detected with well established
paraneoplastic antibodies (Ri, 80kDa; Yo, 62 and
34 kDa; Ri, 55 kDa; Hu, 38kDa) were used to further
define MW ranges.
Intrathecal antibody synthesis
Oligoclonal IgG bands were assessed by standard meth-
ods employing isoelectric focusing of serum and CSF at
equal concentrations and subsequent detection of IgG by
immunoblotting. Quantitative expressions of intrathecal
antibody synthesis were based on calculation of the CSF/
serum ratios of Purkinje cell specific IgG antibodies and
total IgG (QIgG [spec] = IgGspec [CSF]/IgGspec
[serum], and QIgG [total] = IgGtotal [CSF]/IgGtotal
[serum]) [21]. Antibody titers were determined semi-
quantitatively by indirect immunofluorescence on mouse
cerebellum sections as described above. Total IgG and
total albumin concentrations in serum and CSF were
determined nephelometrically (BN ProSpec, Dade Behr-
ing, Germany). The intrathecal synthesis of anti-Purkinje
cell antibodies was detected by calculation of the corre-
sponding antibody index (AI): AI = QIgG [spec]/QIgG
[total], if QIgG [total] < Qlim, and AI = QIgG [spec]/
Qlim, if QIgG [total] > Qlim[21]. The upper reference
range of QIgG [total], Qlim, was calculated according to
Reiber’s formula to correct for possible underestimation
of intrathecal specific synthesis due to possible blood-
CSF barrier disturbance[21]. AI values >4 were consid-
ered to be indicative of intrathecal anti-Purkinje cell IgG
production[22].
Testing for co-existing autoantibodies
Commercially available immunoblots were used to test
for antibodies to Hu, Yo, Ri, amphiphysin, glutamate
decarboxylase (GAD), CV2/CRMP5, Ma2/PNMA2,
GM1, GM2, GM3, GD1a, GD1b, GT1b, GQ1b, and
AMA-M2 according to the manufacturer’s instructions
(Euroimmun). ANAs were assessed by immunocyto-
chemistry on HEp2 cells and further characterized by


commercial immunoblots for the detection of antibodies
to nRNP/Sm, Sm, and SS-A, Ro-52, SS-B, Scl-70, PM-
Scl, Jo-1, PCNA, double stranded DNA (dsDNA), cen-
tromer protein B (CEPB), nucleosomes, histones, and
ribosomale P proteins (Euroimmun), and by double-
staining of tissue sections with a rabbit polyclonal anti-
body to p80-coilin (Santa Cruz).
Protein array
A commercially available human protein microarray (Pro-
toarray v5.0; Invitrogen) spotted with >9000 human full
length-proteins purified from a baculovirus-based expres-
sion system was probed with the patient’s serum according
to the manufacturer’s instructions. Briefly, the array was
incubated with blocking buffer containing 50 nM HEPES,
pH 7.5, 200 nM NaCl, 0.08% triton X-100, 25% glycerol,
20 nm reduced glutathione, 1 nM DTT, and a commercial
synthetic block (Invitrogen) for 1 h at 4°C. After washing,
the array was incubated with the patient’s serum at a
1:1500 dilution in washing buffer containing PBS-0.1%
Tween and synthetic block. After more washing steps, a
goat anti-human IgG detection antibody labeled with
AF647 (final concentration, 1 μg/μl) (Invitrogen) was
applied for 90 min at 4°C. A Genepix™ 4000 B microarray
scanner and corresponding application software (Genepix,
Sunnyvale, CA) was used to scan the slide, and Protoarray
v5.0 Prospector software (Invitrogen) to analyze the raw
data.
Dot blot assay
Protran BA79 nitrocellulose membranes (0.1 μm)
(Whatman) were spotted with increasing dilutions (1:2,
1:4, 1:8, 1:16, 1:32) of a 0.14 μg/μl solution of human
full length ARHGAP26 (10 μl/spot) in 0.1% bovine
serum albumin (BSA). After drying, membranes were
blocked with 5% bovine serum albumin (BSA) in Tris-
buffered saline (TBS) for 1 h at RT, washed three times
in TBS with 0.05% Tween (TBS-T), and finally incu-
bated with a 1:20 or 1:200 dilution of the patient’s
serum in 0.1% BSA/TBS-T for 1 h at RT. A donkey
anti-human IgG antibody labeled with IRdye 700DX
(Rockland) was used to detect bound IgG. Stripes were
finally washed in TBS and analysed using an Odyssey™
fluorescence scanner (Licor, Lincoln, NE) and Odyssey™
2.0.40 application software (Licor). As controls, serum
samples from three healthy donors were tested in the
same run.
Mixed cerebellar cultures
Mixed cerebellar cultures were prepared as published
previously[23,24]. Briefly, newborn NMRI mice were
killed by decapitation. Cerebella were dissected in PBS,
and meninges were removed. Tissues were treated with
trypsin (1% in PBS; Worthington, Freehold, NJ) for 3
min at room temperature (RT). After replacing trypsin
with DNase (0.05% in BME; Worthington), cerebella
were triturated successively with three fire-polished
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Pasteur pipettes of decreasing bore sizes. Cells were cen-
trifuged and resuspended in PBS with DNase, and the
cell slurry was passed through a 40 μM nylon mesh fil-
ter. Cells were resuspended in serum containing med-
ium, incubated in uncoated Petri dishes for 30 min at
37°C to remove fibroblast contamination, and finally
plated on coverslips coated with 500 μg/ml poly-D-
lysine. Plated cells were allowed to attach overnight, and
then the medium was changed to complete serum-free
medium composed of BME, BSA (10 mg/ml; A-8806,
Sigma), glutamax (10 mM), glucose (32 mM), 1 nM
triiodothyronine (Sigma-Aldrich), penicillin-streptomy-
cin (29 U/ml each, Invitrogen) and Sigma I-1884 supple-
ment. Thereafter, medium was replaced every 3-4 d
during culture period of 14 days.
Immunocytochemistry
Purkinje cell cultures were fixed with 4% paraformalde-
hyde and 0.05% triton-X at RT for 30 min and immu-
nostained with the patient’s serum (1:1000) or a mouse
monoclonal antibody against calbindin D28k (1:500;
Sigma-Aldrich) followed by incubation with an AF488-
or AF555-labeled goat anti-mouse or goat anti-human
IgG antibody (1:1000; Invitrogen). Cells were then
photographed with an AxioCam digital camera (Zeiss,
Germany) on a Zeiss Axio Imager microscope (63×
objective).


Results
Detection of a Purkinje cell-specific antibody in the CSF
Immunohistochemistry on formalin-fixed frozen adult
mouse, monkey and rat tissue sections demonstrated
strong reactivity of CSF and serum to structures in the
molecular layer (ML), the Purkinje cell layer (PCL), and
the white matter (WM) of the cerebellum (Figure 2).
More detailed analysis at higher magnification revealed
binding of IgG to somata, dendritic trunks, dendritic
branches, and possibly dendritic spines of Purkinje cells
(PCs). In addition, axons in the WM were stained by
the patient’s CSF and serum. Specific binding to Pur-
kinje cells (PC) was indicated by morphology and con-
firmed by double labeling of PCs with the patient
antibody and an anti-calbindin antibody (Figure 3). Dou-
ble labeling with anti-GFAP and anti-AQP4 revealed no
binding of the patient antibody to astrocytes in the WM
and the granular layer (GL), or to Bergman glial cells in
the PCL and ML (Figure 4). Binding to the soma of
interneurons such as stellate cells, basket cells and Golgi
cells or to granular cells was excluded by double label-
ing with parvalbumin and the patient’s CSF and serum
(Figure 5). Testing of formalin-fixed tissue sections of
cerebral cortex and white matter, brain stem, hippocam-
pus, hypothalamus, peripheral nerve, and plexus myen-
tericus under identical conditions was negative except
for single cell somata in the brain stem and cerebral


white matter (not shown). We decided to refer to the
specific staining pattern described here as to anti-Ca
throughout the manuscript, following a widely accepted
convention to name newly described antibodies with
reference to the index patient.


The antibody is produced intrathecally
A titer of 1:2000 was found with the first CSF sample
obtained (taken five days after onset of symptoms). A
paired serum sample taken at the same time yielded a
titer of 1:6000. This corresponded to an anti-Ca index
of 68 when related to CSF and serum albumin (Qlim;
see method section) in the same samples (Table 1), indi-
cating autochthonous production of the antibody within
the CSF. Intrathecal production of total IgG was further
indicated by the presence of CSF-restricted oligoclonal
bands and an increase of both Reiber’s IgG ratio (QIgG


= 6.44; QAlb = 6.66)[21] and Link’s IgG index (0.97).
Sustained, though markedly reduced, intrathecal produc-
tion of both total IgG and the PC-specific antibody was
demonstrated in a paired follow-up sample obtained two
months after commencement of corticosteroid therapy
(Table 1).


The antibody belongs to the IgG1 subclass and activates
complement in vitro
The antibody belonged mainly to the IgG1 subclass both
in the CSF and in the serum with only very weak stain-
ing for IgG3 and IgA (Figure 6). In line with this find-
ing, use of fresh human serum as complement source
resulted in C3b deposition with a distribution highly
similar to that of the IgG1 antibodies (Figure 6), indicat-
ing complement activation by the patient’s antibody. No
IgM, IgG2, or IgG4 antibodies to PCs were detectable in
CSF and serum.


The antibody recognizes a 80-97 kDa protein
A distinct single band between 80 kDa and 97 kDa was
detected when the initial CSF sample taken five days
after onset was tested using a commercial western blot
of primate total cerebellum extract. The same single
band was present in a follow-up CSF sample obtained
two months after onset of symptoms (Figure 7). Serum
analysis demonstrated a corresponding band at the same
position.


The antibody targets an antigen sited at the plasma
membrane and in the cytoplasm of Purkinje cells
Immunohistochemistry demonstrated binding of IgG
from the patient’s CSF to the cytoplasm of PC somata
(Figure 2) as well as to the plasma membrane of PC
dendrites and PC axons (Figure 8 and 9). No nuclear
staining (except for coilin in the serum but not CSF; see
below) was detectable (Figure 10). However,
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permeabilization was found to be a prerequisite of bind-
ing to cultured PCs, indicating that the antigen is not a
trans-membrane protein but rather located at the inner
side of the membrane (Figure 9). In contrast, fixation
and permeabilization was not required for membrane
binding in the IHC assay, most likely due to most PCs
having being transected during preparation of the 4-7
μm cryosections. This is important for potential future
diagnostic applications, since it allows testing for anti-
Ca on the same unfixed tissue sections that are already
used for the detection of most previously described anti-
cerebellar antibodies by indirect immunofluorescence.


Evidence for additional serum antibodies
While serum showed additional reactivity to capillaries
in the ML and the WM, no such binding was found
with CSF (Figure 2). The endothelial signal but not the
PC staining disappeared after preadsorption with guinea
pig liver powder (not shown). In addition, a fine punc-
tate staining in the nuclei (nuclear dots) was found only


with serum but not with CSF (Figure 10). However, no
such fluorescence was present when the serum samples
were tested at higher dilution, though the PC-specific
fluorescence was still clearly detectable. Double labeling
experiments identified the nuclear dot pattern found on
brain cells as p80-coilin antibodies (Figure 10). Binding
of the patient’s serum to human full length coilin pro-
tein was also found in the protein microarray assay
(median fluorescence units [FU] at 635 nm, 15676; med-
ian fluorescence of all proteins, 181; F-score, 10.62703;
F-score cut-off, 3). Furthermore, serum antibodies to
SS-A/Ro52 were detected, though no clinical signs of
connective tissue disorders, such as Sjoegren syndrome
or systemic lupus erythematodes, or of myositis were
present in the patient, and no further extractable
nuclear antigens such as nRNP/Sm, Sm, and SS-A/Ro-
60, SS-B, Scl-70, PM-Scl, Jo-1, PCNA, double stranded
DNA (dsDNA), centromer protein B (CEPB), nucleo-
somes, histones, and ribosomale P proteins were
detectable.


Figure 2 Binding of CSF IgG to the molecular layer (ML), the Purkinje cell layer (PCL) and the white matter (WM) on a mouse
cerebellum tissue section. An AlexaFluor® 488 labeled goat anti-human IgG antibody was used to visualize bound patient IgG. GL = granular
layer, P = pia mater.
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No evidence of previously described CNS autoantibodies
Using two independent commercial line blot assays and
a cerebellum western blot assay for the detection of
classical paraneoplastic antibodies, no evidence was
found for anti-Hu, anti-Ri, anti-Yo, anti-Ma, anti-Ta,
anti-CV2/CRMP5, or anti-amphiphysin. Moreover, the
PC-specific staining pattern found in our study did not
correspond to the typical fluorescence patterns of any of
those antibodies as described in the previous literature,
or to that of ANNA-3[13], PCA-2[12], or anti-Tr[7,25].


Antibodies to Homer3[20], PKCg [9], mGluR1[11,26],
and GluRδ2[18,19], which were described in occasional
patients with subacute cerebellar degeneration, and
which are known to bind to PC somata and/or den-
drites, and antibodies to GluR3 were ruled out by wes-
tern blot analysis (Figure 7) and by double labeling
experiments employing mouse and rat cerebellum tissue
sections (Figure 1112). Antibodies to VGCC, which are
a rare cause of ataxia, were excluded in a commercial
radioimmunoprecipitation assay (Euroimmun).


Figure 3 Double labeling with an antibody to calbindin, a specific marker of Purkinje cells (PCs), proved that the cellular structures
targeted by the patient’s CSF IgG correspond to PC somata, PC dendrites (upper panel), and PC axons (lower panel). Anti-calbindin
reactivity is depicted in red (AlexaFluor® 568); the patient’s antibody in green (AlexaFluor® 488); and yellow color indicates overlay of the two
antibodies. Nuclei are shown in blue (DAPI). Note that the patient’s antibody spared the PC nucleus.
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Figure 4 The patient’s antibody bound selectively to Purkinje cells but not to astrocytes such as the Bergman glial cells (BGC) as
demonstrated by double staining with an antibody to anti-glial fibrillary acidic protein (GFAP). The anti-GFAP antibody, staining
astrocytes in the granular layer (GL) as well as the processes of the BGCs in the molecular layer (ML) and along the pia mater (P), is depicted in
red (AF568); and the patient’s antibody is labeled in green (AF488); yellow color would indicate overlay of the two antibodies, but is absent.
Nuclei are shown in blue.


Figure 5 Double staining of the cerebellar cortex with an antibody to parvalbumin (green; AF488), a general marker of cerebellar
neurons, demonstrates that the patient’s antibody (red; AF568) binds neither to interneurons (arrow heads) in the molecular layer
(ML) nor to granular cells in the granular layer.
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Antibodies to NMDA receptors (subunit NR1a and
NR2b) and AMPA receptors (subunits GluR1 and
GluR2) were ruled out by indirect immunofluorescence
on primate hippocampus tissue sections and by use of a
cell-based assay employing HEK cells transfected with
the respective antigens (Euroimmun). Commercial
immunoblot assays revealed no evidence for ganglioside
antibodies to GM1, GM2, GM3, GD1a, GD1b, GT1b, or
GQ1b; antibodies against deaminated gliadin and anti-
bodies to tissue transglutaminase were negative as well.
Homer-3, PKCg, Zic4, GAD, amphiphysin, and GluR2
were included also in the protein microarray, but were
not recognized by the patient’s IgG.


Co-localization with the inositol-3-phosphate receptor
type I
On cerebellum sections, we found an almost perfect
overlay of the staining pattern found with the patient
antibody in the molecular layer and that found with a
commercial antibody to the inositol-3-phosphate recep-
tor type I (IPR3I) (Figure 13A-C and 13D), which was
used as a well established marker of PCs. However, an
only partial overlay was found in the white matter (Fig-
ure 13E-F), indicating that the patient antibody targets
an antigen that is spatially closely associated with IP3RI
in some parts of the cerebellum but not identical to
IP3RI. Accordingly, no band corresponding to the mole-
cular weight of IP3RI (~300 kDa) was found by western
blotting. Moreover, dot blot assays with three different
IP3RI peptides (Santa Cruz) and a partial recombinant
IP3RI protein (Abnova) were negative (not shown).


Identification of ARHGAP26 as the target antigen
Probing of a commercial protein microarray containing
>9000 human full-length proteins revealed strong bind-
ing of the patient’s serum to Rho GTPase activating pro-
tein 26 (ARHGAP26; alternative designations include
GTPase regulator associated with focal adhesion kinase
pp125, GRAF, and oligophrenin-1-like protein) (median
fluorescence units [FU] at 635 nm, 55323; median FU of
all proteins, 181; F-score, 38.7627; F-score cut-off, 3)
(Figure 14A). In line with this finding, IgG from the
patient’s serum (lane 1; increasing protein dilutions
from bottom of top) but not from healthy controls (lane
2-4) bound also to commercially available recombinant
human full length ARHGAP26 from another manufac-
turer in a dot blot assay (Figure 14B). Accordingly,
probing of a western blot of primate cerebellum extract
with the patient’s CSF revealed binding of IgG to a band
running at the same height as a band detected with a
commercial antibody to ARHGAP26 (Figure 14C). The
same commercial ARHGAP26 antibody bound to the
Purkinje cell layer and the molecular layer in an immu-
nofluorescence assay and displayed overlay with theTa
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Figure 6 Subclass analysis revealed that the antibody belongs mainly to the IgG1 subclass (panel A). In addition, antibodies of the IgA
subclass were detectable (panel B). In line with the presence of IgG1 antibodies, fixing of complement C3b was found (panel C; the two upper
images show negative control experiments with an isotype control and without complement, respectively). Only very weak IgG3 reactivity and
no IgG2, IgG4, or IgM antibodies were detectable in serum or CSF (not shown).


Figure 7 A commercial western blot of primate cerebellum extract revealed binding of CSF IgG to a 80-97 kDa band, which does not
correspond to bands found with antibodies to inositol-triphosphate receptor type I (IP3RI), protein kinase C gamma (PKCg),
glutamate receptor delta 2 (GluRδ2), metabotropic glutamate receptor 1a (mGluR1a), or Homer3.
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patient’s IgG (Figure 14D-E). Finally, preadsorption of
the patient’s CSF with human ARHGAP26 protein but
not preadsorption with control proteins resulted in
complete loss of binding to cerebellum tissue sections
(Figure 14F-H).


Discussion
We identified a new serum and CSF autoantibody to
Purkinje cells (PCs) in a patient with subacute cerebellar
ataxia. Further experiments revealed ARHGAP26 as its
target antigen. Our findings expand the panel of diag-
nostic serum markers of autoimmune ataxia and suggest
a role of ARHGAP26 autoimmunity in the pathogenesis
of this condition.
Autoantibody-associated subacute cerebellar ataxia is


frequently of paraneoplastic nature[1,2]. Despite broad
diagnostics, including repeat FDG-PET-CT scans, no
tumor has been found in our patient 17 months after
onset. However, paraneoplastic antibodies and the asso-
ciated syndromes can precede tumor diagnosis by sev-
eral years. In a large study on patients with anti-Yo
antibodies, the most common paraneoplastic serum
reactivity associated with autoimmune cerebellar ataxia,
the neurologic syndrome preceded the diagnosis of can-
cer by up to 15 months and in many led to that diagno-
sis[4]. We can therefore not yet completely exclude a
paraneoplastic origin of the syndrome.


Ataxia developed two weeks after a common cold in
our patient. The close temporal relationship could indi-
cate a causal link between the two events. Molecular
mimicry has indeed been discussed to play a role in the
pathogenesis of other autoimmune disorders of the ner-
vous system such as the Guillain Barré syndrome[27].
Alternatively, infections can operate as a disease trigger
in autoimmune disease[28]. Viral infections are well
known to prompt disease activity in MS, and antecedent
signs of viral infections were reported in 15-35% of neu-
romyelitis optica cases[29,30]. However, given the high
prevalence of viral infections, the two events might well
be causally unrelated.
The antibody bound almost exclusively to PCs. In


good agreement with this finding, MRI and PET-CT
did not display any sites of inflammation outside the
cerebellum. However, it is of notice that our patient
developed an increased startle response and a brisk
head retraction reflex two months after onset, sugges-
tive of symptomatic hyperekplexia, a condition mainly
found in patients with brain stem disease[31]. More-
over, severe depression, restlessness, and anxiety
occurred in our patient, which could indicate an invol-
vement of the limbic system. We can therefore not
completely rule out that other areas of the CNS were
affected as well. On the other hand, rare cases of sec-
ondary hyperekplexia due to cerebellar pathology have


Figure 8 High magnification revealed binding of IgG from the patient’s CSF to membranes of PC dendrites and axons. Panel A shows
transverse sections and panel B depicts longitudinal sections of distal PC dendrites (mouse tissue). Panel C shows three longitudinal sections of
proximal PC dendrites (monkey tissue). Panel D consists of a composite of transverse and longitudinal sections of monkey PC axons. A goat anti-
human IgG antibody labeled with AF488 was used to visualize bound IgG.
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Figure 9 Double staining of cultured Purkinje cells (PC) with the patient’s serum revealed binding of IgG to PC somata and to
membranes of PC dendrites and axons. Calbindin is depicted in green (A; AF488); the patient’s antibody in red (B; AF555); yellow color
indicates overlay of the two antibodies (C). Binding was only observed after fixation with 4% paraformaldehyde and 0.05% triton-X (A-C), but not
on living cells (D-E), suggesting an intracellular localization of the target antigen. Panel D shows fluorescence of a GFP-transfected living (i.e.
unfixed) PC; Panel E demonstrates lack of binding of the patient’ serum to the same cell.


Figure 10 Double staining of cerebellum tissue sections with a commercial antibody to p80-coilin identifies the dotted nuclear
staining seen with the broad majority of cerebellar neurons following incubation with the patient’s serum (but not CSF) as anti-coilin
immunoreactivity. The patient’s antibody is depicted in green (A; AF488); the commercial coilin antibody in red (B; AF568); yellow color
indicates overlay of the two antibodies (C). The p80-coilin antibody recognized a ~80 kDa protein band (lane 1) in a western blot of primate
cerebellum tissue, which was not identical to the 80-97 kDa band found with the patient’s serum and CSF (lane 2).
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indeed been reported in the literature[32], and a com-
bination of steroid-induced and reactive depression
sufficiently explains the patient ’s psychiatric
symptoms.
There is some evidence for a direct role of the anti-


body in the pathogenesis of the condition. First, the
antibody is highly specific for PCs. PCs are GABAergic
neurons located in the cerebellar cortex and constitute
the only output of motor coordination from the


cerebellar cortex. Secondly, the antibody is produced
intrathecally and at high titers. We found an extraordi-
narily high antibody index (AI) at onset (Table 1),
strongly indicating that it is produced by clonally
expanded B cells within the CNS[21]. Thirdly, it belongs
to the IgG1 subclass and is capable of initiating comple-
ment C3b deposition in vitro, suggesting that it may act
on PCs via complement-dependent mechanisms. Anti-
body-induced complement-mediated cytotoxicity is a


Figure 11 No evidence for antibodies to Homer3 (A) or the metabotropic glutamate receptor 1 alpha (mGluR1a) (B) in the patient’s
CSF as demonstrated by double staining with commercial antibodies to these antigens. While the patient’s CSF preferentially stained
Purkinje cell dendrites on mouse (Panel A and B) and monkey (Panel A, inset) tissue, Homer3 and mGluR1a immunoreactivity was widely
restricted to dendritic spines. IgG antibodies to Homer3 and mGluR1a are depicted in red (AF568); the patient’s IgG is labeled in green; yellow
color indicates overlay of the two antibodies. Nuclei are shown in blue (DAPI).
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Figure 12 No evidence for antibodies to the glutamate receptor delta 2 (GluRδ2) (A) or the protein kinase C type gamma (PKCg) (B) in
the patient’s CSF as demonstrated by double staining with commercial antibodies to these antigens. Note that the anti-GluRδ2 antibody
as well as the anti-PKCg antibody stained interneurons on mouse (A and B; arrows) and primate (B, left upper inset; arrows) cerebellar tissue,
which were spared by the patient’s antibody (cf. Figure 5). The anti-PKCg antibody also bound to dendritic spines on monkey tissue that were
not stained by the patient’s antibody (B, right upper inset). In contrast to the patient’s CSF, anti-PKCg stained capillaries in primate brain (asterisk).
Moreover, the cytoplasmic staining found with the anti-PKCg antibody exceeded that caused by the patient’s antibody and appeared to include
the nuclear membrane (B, lower inset; left and right images represent different exposure times). IgG antibodies to GluRδ2 and PKCg are depicted
in red (AF568); the patient’s IgG is labeled in green; yellow color indicates overlay of the two antibodies. Nuclei are shown in blue (DAPI).
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Figure 13 Double labeling of a primate cerebellum tissue section with a commercial antibody to inositol-triphosphate receptor I
(IP3RI), depicted in red (AF568), and the patient’s CSF, shown in green (AF488). Nuclei are shown in blue (DAPI). An almost perfect
overlay (yellow) of the two antibodies was found in the molecular layer and the Purkinje cell (PC) layer (Panels A-C), indicating that the patient’s
antibody targets an antigen expressed in close spatial proximity of IP3RI. Higher magnification (40×; D) suggests that the two antibodies might
also bind to dendritic spines of PCs, though not all spines were stained by both antibodies. A fair, though less impressive, overlay was found in
the white matter, where the two antibodies stained the same axons (E-G).
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well established feature in other autoantibody-associated
disorders with presumed humoral pathogenesis such as
neuromyelitis optica[33,34], though other direct effects
such as antibody-dependent cell-mediated cytotoxicity
or induction of apoptosis might have played a role as
well. Finally, plasma exchange (PEx) and immunoad-
sorption (IA) was followed by clinical stabilization and
moderate improvement. Unfortunately, no CSF or
serum samples obtained shortly after PEx/IA were avail-
able for analysis. Testing of a paired CSF and serum
sample taken after treatment with intravenous methyl-
prednisolone and IVIG showed a decline of the Purkinje
cell antibody index (AI) from 68 at month 1 to 12 at
month 6, and normalization of the cell count and the
blood brain barrier function. Interestingly, however, the


decline of the AI value was mainly due to a decrease of
the CSF titer from 1:2000 to 1:200, while the serum titer
of the antibody did not change significantly.
However, passive transfer experiments, which alone


could prove a direct pathogenic effect of the antibody,
have not yet been performed. We can therefore not fully
exclude that the antibody represents only an epipheno-
menon, similar to the situation in many paraneoplastic
neurological diseases, while the actual tissue damage is
caused by other components of the immune system
such as T cells. Indeed, the antibody targets a protein
that resides at the inner side of the plasma membrane
and in the cytoplasm. This is important since some
authors believe that intracellular antigens might not be
accessible to antibodies in vivo. Most neurological


Figure 14 Probing of a commercial protein microarray revealed strong binding of the patient’s sera to human ARHGAP26 (Panel A). In
accordance with this finding, binding of IgG from the patient’s serum (Lane P), but not from three healthy controls (Lane C1-C3), to a
recombinant human full length ARHGAP26 protein was found (Panel B). Western blotting confirmed the presence of ARHGAP26 in primate
cerebellar extract (Panel C, lane 2), and incubation with the patient’s CSF resulted in a band running at the same height as the ARHGAP26 band
(Panel C, lane 1); the significance of the additional band recognized by the commercial antibody is unknown. The commercial ARHGAP26
antibody bound to the Purkinje cell layer and the molecular layer (Panel D) and showed a good overlay with the patient’s IgG depicted in
yellow (Panel E). Finally, preadsorption of the patient’s CSF with the ARHGAP26 protein (Panel H), but not preadsorption with a control protein
(Panel G), resulted in complete loss of binding to cerebellar tissue sections in an indirect immunofluorescence assay; panel F shows binding of
IgG from a non-preadsorbed aliquot of the same CSF sample (exposure time was 2 sec in all cases to detect also low fluorescence signals).


Jarius et al. Journal of Neuroinflammation 2010, 7:21
http://www.jneuroinflammation.com/content/7/1/21


Page 16 of 19







autoantibodies of proven pathogenic impact, such as
antibodies to AQP4 in neuromyelitis optica [34-36],
acetylcholine receptor in myasthenia gravis, VGCC in
Lambert Eaton syndrome[37], and mGluR1 in paraneo-
plastic cerebellar degeneration[10] in fact target trans-
membrane proteins. Moreover, passive transfer of
antibodies to nuclear antigens such as anti-Yo [38-40]
have not produced clinical disease in animal studies.
Instead, T cell-mediated immune mechanisms directed
against the target antigen of the accompanying antibody
have been proposed to play a role in those disorders
[41-44].
However, there is still little direct evidence for a major


role of T cells. Moreover, there are conditions in which
antibodies against intracellular antigens were indeed
shown to be of pathogenic impact, as proven by passive
transfer. Sommer et al. found dose-dependent stiffness
with spasms resembling human stiff-person syndrome in
rats after injection of human serum containing high
titers of antibodies to amphiphysin, a protein associated
with the cytoplasmic surface of synaptic vesicles[45].
Interestingly, both amphiphysin and ARHGAP26 are
involved in endocytosis[46]. One of the main roles of
amphiphysin is to recruit dynamin to sites of clathrin-
mediated endocytosis in GABAergic neurons[47]. Dyna-
min, a protein with GTPase activity, is important also in
the clathrin-independent endocytic pathway, which is
regulated by ARHGAP26[46], and ARHGAP26 is a
strong interactor of dynamin[46]. Both proteins, amphi-
physin and ARHGAP26, contain a BAR domain and a
SH3 domain, though cross-reactivity of the patient’s
antibody with amphiphysin was excluded in our study
by three independent methods (protein microarray;
commercial line blot; and IHC). The patient ’s IgG
indeed precipitated ARHGAP26 and co-precipitated
dynamin from a mouse cerebellar extract as demon-
strated by mass spectroscopy (data not shown), which is
in perfect accordance with a recent study reporting co-
precipitation of dynamin from rat brain cytosol by a
non-human, ARHGAP26-specific antibody[46]. Besides
anti-amphiphysin, a direct pathogenic effect of antibo-
dies on intracellular proteins has also been shown for
recoverin, which is located inside of retinal cells[48].
Anti-recoverin antibodies were demonstrated to enter
retinal cells actively, probably by endocytosis, and
uptake of anti-recoverin (but not of control IgG)
induced caspase-dependent apoptosis[48]. Endocytotic
uptake of antibodies has also been shown for a subset of
anti-DNA antibodies [49-51]. Finally, a recent study
demonstrated that PCs incorporate immunoglobulins of
both the IgG and the IgM classes in vitro, independent
of the immunoglobulin’s reactivity with Purkinje cell
surface antigens, giving raise to speculation as to


whether paraneoplastic or other autoantibodies reactive
with cytoplasmic or nuclear Purkinje cells antigens
might be taken up intracellularly and could potentially
produce cell injury and death[52].
ARHGAP26 has not previously been described as an


autoimmune target in human or animal disease. How-
ever, mutations of ARHGAP26 are a rare cause of juve-
nile myelomonocytic leukemia[53], one of the most
common pediatric myelodysplastic syndromes.
Further research is now needed to evaluate the exact


role of anti-ARHGAP26 antibodies in the pathogenesis
of cerebellar ataxia, involving the development of a pas-
sive transfer animal model. Moreover, diagnostic tests
are to be developed to assess the frequency of anti-
ARHGAP26 antibodies in patients with subacute ataxia.


Conclusion
We describe a new autoantibody to Purkinje cell
somata, dendrites and axons associated with subacute
cerebellitis. The antibody targets ARHGAP26 and is
produced intrathecally. Our findings indicate a role of
autoimmunity to ARHGAP26 in the pathogenesis of
subacute inflammatory cerebellar ataxia and expand the
panel of diagnostic markers for this devastating
condition.
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Abstract
Calcium is a key signaling ion involved in many different intracellular and extracellular processes
ranging from synaptic activity to cell-cell communication and adhesion. The exact definition at the
molecular level of the versatility of this ion has made overwhelming progress in the past several
years and has been extensively reviewed. In the brain, calcium is fundamental in the control of
synaptic activity and memory formation, a process that leads to the activation of specific calcium-
dependent signal transduction pathways and implicates key protein effectors, such as CaMKs,
MAPK/ERKs, and CREB. Properly controlled homeostasis of calcium signaling not only supports
normal brain physiology but also maintains neuronal integrity and long-term cell survival. Emerging
knowledge indicates that calcium homeostasis is not only critical for cell physiology and health, but
also, when deregulated, can lead to neurodegeneration via complex and diverse mechanisms
involved in selective neuronal impairments and death. The identification of several modulators of
calcium homeostasis, such as presenilins and CALHM1, as potential factors involved in the
pathogenesis of Alzheimer's disease, provides strong support for a role of calcium in
neurodegeneration. These observations represent an important step towards understanding the
molecular mechanisms of calcium signaling disturbances observed in different brain diseases such
as Alzheimer's, Parkinson's, and Huntington's diseases.


Calcium signaling and neuronal functions in the 
healthy brain
Brain functions are manifested at specific synapses
through release of neurotransmitters inducing a number
of biochemical signaling events in postsynaptic neurons.
One of the most prominent of these events is a rapid and
transient rise in calcium levels. This local increase in cal-
cium concentrations results in a number of short-term
and long-term synapse-specific alterations. These include
the insertion or removal of specific calcium channel sub-
units at or from the membrane and the post-translational
modification or degradation of synaptic proteins [1-3].
Beside these local events at the synapse, calcium elevation


in postsynaptic neurons activates a cascade of signaling
events that result in gene expression and that are essential
for dendritic development, neuronal survival, and synap-
tic plasticity [4,5] (Figure 1).


Under resting conditions, free cytosolic calcium levels in
neurons are maintained around 200 nM. Upon electrical
or receptor-mediated stimulation, calcium levels rise to
low micromolar concentrations by a mechanism of extra-
cellular calcium influx or calcium release from intracellu-
lar stores. Extracellular calcium concentrations are several
magnitudes higher compared to cytosolic calcium levels.
Thus, calcium can enter the cells during opening of spe-
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cific ion channels, which include the voltage-gated cal-
cium channels (VGCCs) and several ligand-gated ion
channels, such as glutamate and acetylcholine receptors
[6,7]. The main intracellular calcium store is the endo-
plasmic reticulum (ER) from where calcium can be
released into the cytosol via activation of the inositol
1,4,5-triphosphate receptors (InsP3Rs) or ryanodine
receptors (RyRs) [6]. Basal cytosolic calcium levels are in
part maintained by powerful calcium-binding and cal-
cium-buffering proteins (e.g. calbindin or parvalbumin)
or by active uptake into internal stores by the Sarco/ER
calcium-ATPase (SERCA) at the ER membrane or by the
mitochondrial uniporter [6].


Calcium signaling and synaptic activity
Synaptic plasticity is thought to be crucial for information
processing in the brain and to underlie learning and mem-
ory. Widely studied models for synaptic plasticity are
long-term potentiation (LTP) and long-term depression
(LTD). LTP is a cellular model underlying learning and
memory, which has been described in all excitatory path-
ways in the hippocampus and in different other brain
regions [8,9].


LTP is usually divided into three temporal phases. The first
stage is initial LTP or referred as short-term potentiation
(STP) and is characterized as being protein-kinase and
protein-synthesis independent. The next phase is early
LTP (E-LTP) and its expression is mediated by activation
of various protein kinases and the insertion of glutamate
receptors into the postsynaptic membrane [10,11]. The


third phase is late LTP (L-LTP) and lasts from a few hours
to several days and is correlated to long-term memory.
The critical biochemical feature for L-LTP is a requirement
for new gene expression and protein synthesis [12-14]. An
essential event necessary for the induction of all types of
LTP appears to be the influx of calcium into the postsyn-
aptic spine. Indeed, LTP induction can occur when posts-
ynaptic hippocampal neurons are loaded with calcium
[15]. Conversely, LTP can be blocked with calcium chela-
tors preventing the postsynaptic rise in calcium [15-19].
Extracellular calcium influx is not, however, the only
event controlling LTP. Depletion of ER calcium stores can
block LTP, suggesting that calcium release from intracellu-
lar stores is also critical for LTP induction (see next para-
graph and Ref. [9]).


In the majority of synapses that support LTP, the postsyn-
aptic increase in calcium is mediated by the N-methyl-D-
aspartate receptor (NMDAR) [20-22]. The requirement for
NMDAR activity in LTP was not only demonstrated in the
hippocampus, but also in other brain regions, such as the
amygdala [23] and frontal cortex [24]. In addition animal
studies confirmed the importance of NMDAR for learning
and memory, by showing that NMDAR inhibition
blocked spatial and associative learning [25-28]. LTP
induction, however, can also occur in the CA1 region as a
result of L-type VGCC activation [29,30]. Furthermore,
several studies have shown that intracellular calcium
stores may also play a role in the increase of postsynaptic
calcium levels upon synaptic activity. Indeed, depletion of
ER calcium stores with thapsigargin has been shown to
inhibit the induction of LTP in brain hippocampal slices
[31-33] and inhibition of the ER calcium channels RyRs or
InsP3Rs appeared to affect specific LTP forms [30,33,34].


Calcium signaling and CaMKs
The rise in intracellular calcium levels upon synaptic activ-
ity triggers the activation of several kinases critical for the
induction and expression of LTP. These include the cal-
cium/calmodulin-regulated protein kinases CaMKII and
CaMKIV [35], the cAMP-dependent protein kinase A
(PKA) [36], PKC [37,38] and MAPK/ERKs. A broad range
of evidence from molecular, cellular, and transgenic ani-
mal studies established CaMKII as a key factor in LTP.
Postsynaptic injection of CaMKII inhibitors or genetic
deletion of a critical CaMKII subunit blocked the ability to
generate LTP and impaired learning in mice
[10,37,39,40]. In addition, enhancing postsynaptic CaM-
KII activity in CA1 neurons was able to induce synaptic
potentiation and subsequent induction of LTP [41,42].
Some of the consequences of CaMKII activation are an
increase of the calcium conductance of the glutamate
receptor AMPAR (α-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid receptor), and this by a mechanism of
phosphorylation of the channel by CaMKII and by


Calcium signaling in synaptic plasticityFigure 1
Calcium signaling in synaptic plasticity. Synaptic activity 
results in the elevation of cytosolic calcium levels by promot-
ing extracellular calcium influx (through opening of specific 
cell surface calcium channels, e.g. VGCCs or NMDAR) or ER 
calcium efflux (via activation of RyRs or InsP3Rs). Increased 
cytosolic calcium concentrations initiate the activation of sev-
eral kinase-dependent signaling cascades leading to CREB 
activation and phosphorylation at Ser133, a process critical 
for protein synthesis-dependent synaptic plasticity and LTP.
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increasing AMPAR recycling. Both of these effects repre-
sent a way to regulate the strength of glutamergic synapses
[43-45].


Calcium signaling and MAPK/ERKs
One of the protein kinase families critical for the expres-
sion of LTP is the MAP kinase family, specifically the extra-
cellular signal-regulated kinases (ERKs). ERKs belong to
the large family of mitogen-activated protein kinases
(MAPKs) which have a vital role in differentiation and
proliferation in dividing cells. ERKs are also highly
expressed in the adult brain, specifically in mature neu-
rons, which are terminally differentiated and do not
divide [46].


The MAPK/ERK cascade involves a consecutive and
sequential activation of 3 kinases. The upstream MAPK
kinase-kinases Raf phosphorylate MAPK/ERK-kinases
(MEKs). MEKs are dual specific kinases that trigger the
activation of MAPKs by phosphorylating a threonine and
tyrosine. Phosphorylation of both residues is required for
ERK activation. ERK is phosphorylated during NMDAR
activation in the hippocampal CA1 region during LTP
[47,48] and in cultured embryonic hippocampal neurons
[49], demonstrating ERK involvement in synaptic plastic-
ity [50-53].


It appears that activation of the MAPK/ERK cascade by cal-
cium can be mediated by different pathways. One of these
pathways is Ras-dependent. Ras represents one super-
family of small GTPases, which function as a molecular
switch by cycling between an inactive GDP-bound state
and an active GTP-bound state. This process is facilitated
by guanine nucleotide exchange factors (GEFs) for activa-
tion and GTPase-activating proteins (GAPs) for inhibition
of Ras. RasGRF1, a calcium/CaM-dependent GEF, inter-
acts with the NR2B subunit of NMDAR and mediates acti-
vation of the calcium channel and of the Ras/Raf/ERK
cascade in hippocampal neurons [54,55]. A novel Ras-
GAP, p135 SynGAP, which is highly abundant at
glutaminergic synapses, is reversibly inhibited by CaMKII
[56]. This inhibition could stop the inactivation of GTP-
bound Ras and thus initiate MAPK/ERK cascade activa-
tion.


In addition to Ras, PKA and PKC appear to be required for
MAPK activation in cell culture models and hippocampal
slices [57-59]. Further experiments also showed that PKA
is required for nuclear translocation of ERK. The abundant
crosstalk between these different kinase pathways suggests
that the ERK cascade may represent a point of convergence
from several kinases activated as a consequence of LTP
induction and calcium elevation in the post-synaptic ter-
minal [9,60] (Figure 1).


Even though the ERK family comprises 5 different iso-
forms, ERK1 through ERK5, ERK1 and ERK2 are the most
studied in synaptic plasticity. The two kinases show nearly
85% sequence identity and are both highly expressed
throughout the brain and in postmitotic neurons [46,61].
In some cases, however, ERK1 and ERK2 activation is dif-
ferentially regulated. ERK2, but not ERK1, is activated in
the CA1 region of the hippocampus after LTP induction
[47]. In rats, ERK2 was selectively activated after contex-
tual fear conditioning [62]. Whereas genetic ablation of
ERK1 has no severe general phenotypic consequences
[63,64], an ERK1 knockout mouse model was found to
display significant enhancement of striatum-dependent
long-term memory/LTP [65]. In contrast to ERK1, ERK2
knockout animals are embryonic lethal [51]. Conditional
ERK2 inactivation revealed that ERK2 deficiency in the
brain results in a reduction of cortical brain thickness and
in the generation of fewer neurons [66]. Together, these
data clearly suggest a different role for both ERK isoforms,
with ERK1 possibly playing an accessory function to ERK2
during LTP and neuronal calcium signaling.


Calcium signaling and CREB
It is well established that changes in intracellular calcium
levels in neurons are transduced into protein synthesis
through activation of specific signaling pathways and
transcription factors. Protein synthesis is indeed required
for persistent forms of synaptic plasticity, including LTP,
via potential interactions between the mTOR (mamma-
lian target of rapamycin) and ERK pathways in hippocam-
pal neurons [67]. One of the transcription factors
involved, cAMP-responsive element binding (CREB), has
been identified as critically important for protein synthe-
sis during LTP and long-term memory formation.


The first indications for a role of CREB in synaptic plastic-
ity came from studies with the snail Aplysia, which exhibits
a memory-like behavior for gill withdrawal reflex known
as long-term facilitation (LTF, reviewed in [68]). A couple
of studies demonstrated the requirement and sufficiency
of the CREB pathway for LTF [69-73]. Similar results were
obtained from studies in Drosophila [74,75]. In rodents,
CREB inactivation leads to a decrease in long-term mem-
ory [76-78].


Phosphorylation of Ser133 in CREB was identified as the
key event that must occur in order for CREB to function as
a stimulus-dependent transcriptional activator. After
phosphorylation at Ser133, CREB recruits CREB binding
protein (CBP) to act as a transcriptional coactivator
[79,80]. A number of calcium-dependent signaling path-
ways were shown to result in the nuclear phosphorylation
of CREB at Ser133. Among these are CaMKIV [81-83] and
MAPK/ERKs [57,84-87]. In contrast to CaMKs, ERKs can-
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not directly phosphorylate CREB. Two families of related
kinases were reported to translate the signal from acti-
vated ERKs to CREB. These are the ribosomal S6 kinases
(RSKs) and mitogen- and stress-activated protein kinases
(MSKs) [88,89]. MAPK/ERKs are coupled to CREB activa-
tion by RSK2 [84,90,91]. A role for MSK1 was also
reported in vivo in mice where activation of MAPK, MSK1,
and CREB was found to be absolutely dependent on cal-
cium-stimulated adenylyl cyclase and PKA activities
[92,93]. It appears that CaMKIV- and ERK-induced CREB
stimulation follows different kinetics, with CaMKIV dom-
inating the rapid activation of CREB, whereas MAPK/ERKs
being slower, suggesting that ERKs are required for the
maintenance of CREB phosphorylation and activation
[94,95]. In addition, CREB activation through MAPK/
ERKs seems to be connected to PKA and PKC signaling.
Activation of both PKA and PKC targets ERKs and thereby
phosphorylates CREB. This PKA- and PKC-dependent
phosphorylation of CREB is significantly inhibited by
MEK inhibition indicating that MAPK/ERKs are mediators
of both signals [57].


Thus, calcium is critically involved in synaptic activity and
memory formation by regulating specific signal transduc-
tion pathways that implicate key protein effectors, such as
CaMKs, MAPK/ERKs, and CREB (Figure 1). Properly con-
trolled homeostasis of this calcium signaling not only
supports normal brain physiology but also maintains nor-
mal neuronal integrity and long-term cell survival.


Calcium homeostasis perturbations in 
neurodegenerative diseases
Perturbations in calcium homeostasis were observed in
several neurodegenerative disorders including Alzhe-
imer's disease (AD) [96-100], Parkinson's disease (PD)
[101-103], Huntington's disease (HD) [104-107], and
amyotrophic lateral sclerosis (ALS) [108-111] (see Table
1). Calcium homeostasis disruption implicates several
mechanisms, such as alterations of calcium buffering
capacities, deregulation of calcium channel activities, or
excitotoxicity. Rare examples support a direct causative
role of calcium homeostasis deregulation in neurodegen-
eration. However, compelling evidence supported by an
increasing number of publications on this topic, high-
lights the importance of calcium deregulation in the neu-
rodegenerative process [98,112]. We will focus in this
section on how calcium homeostasis is affected in neuro-
degenerative disorders by taking non exhaustive examples
in AD, PD, HD, and ALS (Figure 2).


Weakening of cell calcium buffering capacity
Different populations of neurons are selectively affected
in different neurodegenerative diseases. The selective vul-
nerability of some neuronal populations can be explained
in part by the decreased expression of some calcium buff-


ering proteins including calbindin-D28K, calmodulin,
and parvalbumin. Calbindin-D28K and parvalbumin are
absent in motoneuron populations lost early in ALS (e.g.
cortical and spinal motoneurons, lower cranial nerve
motoneurons), while motoneurons rarely affected or
damaged late during the disease express markedly higher
levels of these calcium-buffering proteins [110]. The
importance of calcium buffering protein levels for calcium
homeostasis in ALS was confirmed in vivo in parvalbumin
transgenic mice interbred with mutant copper/zinc super-
oxide dismutase SOD1 (mSOD1) transgenic mice, an ani-
mal model for familial ALS. These mice present a
significant reduction in motoneuron loss, had a delayed
disease onset, and a prolonged survival when compared
with mSOD1 transgenic mice [113]. Interestingly, a dra-
matic reduction in calbindin-D28K mRNA and protein
levels has been described in the substantia nigra, hippoc-
ampus, and nucleus raphe dorsalis in brains of patients
with PD [114]. Furthermore, an overall decrease in the
levels of calbindin-D28K and calmodulin has been found
in the temporal, parietal, and frontal cortex of brains of
AD patients [115,116]. In brains of HD patients, a loss of
neurons containing calbindin-D28K has also been
observed [117]. These findings indicate that the decline in
the calcium buffering capacity in brain areas known to be
particularly affected in each of these diseases may contrib-
ute to the neurodegenerative process.


Increased vulnerability to excitotoxicity
Glutamate is the most abundant excitatory neurotrans-
mitter of the mammalian nervous system. At the neuronal
membrane, glutamate binds to ionotropic and metabo-
tropic receptors. Ionotropic receptors include NMDA, kai-
nate, and AMPA receptors. Activation of the ionotropic
receptors leads to channel opening at the plasma mem-
brane and permeability to calcium. Functional AMPARs
are homo- and hetero-oligomeric assemblies composed
of various combinations of 4 possible subunits. The cal-
cium permeability of AMPARs differs markedly according
to whether the GluR2 subunit is present or not in the pro-
tein complex: The presence of GluR2 interfering with the
channel permeability to calcium. In contrast with iono-
tropic receptors, metabotropic receptors are not ion chan-
nels but are also regulators of calcium homeostasis by
mobilizing calcium from internal stores via GTP binding
protein-dependent mechanisms.


Excessive activation of glutamate receptors can result in
neuronal dysfunction and cell death, a process called exci-
totoxicity [118]. Uncontrolled activation of ionotropic
receptors leads to an excessive influx of calcium through
the plasma membrane, which along with impairments of
synaptic activation and neuronal plasticity, activate a
number of calcium-dependent enzymes involved in the
catabolism of proteins, phospholipids, and nucleic acids,
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as well as in the synthesis of nitric oxide (NO). These alter-
ations can potentially lead to cell death through different
pathways, such as membrane break-down, cytoskeletal
alterations, and NO-derived free radical production.
Increased activation of glutamate receptors has been
described in AD, PD, ALS, and HD.


In the case of ALS, in vitro and in vivo findings suggest that
motoneurons are more vulnerable to AMPAR-mediated
excitotoxicity than are other neuronal subclasses [119].
This vulnerability in part reflects the absence of detectable
GluR2 subunit in spinal motoneurons implicating that
they express calcium-permeable AMPARs [120,121]. Exci-
totoxicity appears to be also involved in familial cases of
ALS where mutations in the SOD1 gene are found.
Motoneurons from the SOD1 mutant mice exhibit greatly
increased vulnerability to glutamate toxicity by AMPARs,
which are associated with sustained elevations of intracel-
lular calcium levels, enhanced oxyradical production, and
mitochondrial dysfunction [122].


Many lines of evidence support a role of excessive activa-
tion of glutamate receptors by excitatory amino acids in
the pathogenesis of HD. Neurons expressing high levels of
NMDAR are lost early in the striatum in HD individuals,
and injection of NMDAR agonists into the striatum of
rodents or non-human primates recapitulates the pattern


of neuronal damage observed in HD [106]. Interestingly,
Sun and colleagues showed that polyQ expansions (exp) in
huntingtin (Htt) may promote glutamate-mediated exci-
totoxicity. Normal Htt inhibits channel receptor activity
by binding to NMDA and kainate receptors via post syn-
aptic density 95 (PSD-95). The binding of PSD-95 to
NMDA or kainate receptors causes the clustering of the
receptors at the postsynaptic membrane to regulate
NMDA-dependent LTP and LTD. Httexp was found to
interfere with the ability of Htt to interact with PSD-95,
causing sensitization of NMDAR and thus promoting neu-
ronal apoptosis induced by glutamate [123].


PD is characterized by a loss of dopamine-containing neu-
rons in the substantia nigra pars compacta. During nigros-
triatal dopaminergic depletion, the glutamatergic
projections (from subthalamic nucleus to the basal gan-
glia output nuclei) become overactive [124]. Several stud-
ies have shown that a pharmacological inhibition of
glutamatergic neurotransmission can ameliorate motor
abnormalities in experimental models of PD [125-128].
Alterations of NMDAR functions in PD include impair-
ments in binding of several NMDAR ligands, including L-
glutamate or the NMDAR interacting antagonists CPP and
MK-801 [102]. Other impairments of NMDAR function in
PD include alterations in NMDAR subunits gene expres-
sion, protein abundance, and phosphorylation [102].


Excitotoxicity also appears to play an important role in the
pathogenesis of AD. The AD brain is characterized by the
presence of lesions, including senile plaques that are
mainly formed by aggregated amyloid-β (Aβ) peptides
[97,129]. Aβ seems to be able to increase the vulnerability
of neurons to excitotoxicity mediated by NMDAR
[96,130]. Aβ oligomers have been found to cause an
increase in NMDAR activity, which might require direct
association between Aβ oligomers and the NR1 subunit of
NMDAR [131]. There is also evidence that glutamate or
other endogenous glutamate receptor agonists are
increased in AD. Furthermore, NMDAR subunits NR1,
NR2A, and NR2B protein levels and phosphorylation are
selectively reduced in AD and these abnormalities corre-
late with the cognitive impairments [132]. Finally, it is
important to note that memantine, a low- to moderate-
affinity NMDAR antagonist, is approved for the treatment
of moderate to severe AD. Clinical trials have shown that
memantine treatment leads to functional improvement in
AD patients [133].


Deregulation of calcium channels
The deregulation of calcium channels other than gluta-
mate receptors is also described in some neurodegenera-
tive diseases. Studies have demonstrated that
autoimmunity may be involved in ALS pathogenesis
[134]. Delbono and colleagues have shown that most


Calcium homeostasis deregulations in neurodegenerative dis-easesFigure 2
Calcium homeostasis deregulations in neurodegen-
erative diseases. AD, PD, HD, and ALS affect cytosolic cal-
cium levels by deregulating different homeostatic control 
mechanisms. NMDAR or AMPAR activities, calcium buffering 
proteins, and mitochondrial functions were found to be 
deregulated in the 4 neurodegenerative conditions. α-Synu-
clein and Aβ peptides, the building blocks of Lewy bodies in 
PD and of senile plaques in AD, respectively, can form cal-
cium-permeable ion channels at the plasma membrane. 
Abnormal ER calcium efflux by a mechanism of oversensitiza-
tion of InsP3R (in HD and FAD) and RyR (in FAD), or of 
inactivation of the ER pump SERCA (in FAD), was also 
observed.
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patients with sporadic ALS possess immunoglobulins
(IgGs) directed against VGCCs and that the titers of these
antibodies correlate with disease progression rates
[135,136]. Interestingly, ALS IgGs passively transferred
into mice selectively increased intracellular calcium and
produced similar ultrastructural changes in motoneurons
than those observed in ALS [137,138]. These results sup-
port the idea that calcium is central in the selective vulner-
ability of motoneurons in ALS. It is important to note,
however, that the notion of autoimmunity in ALS remains
controversial [139,140].


Tang and collaborators have demonstrated that Httexp can
facilitate InsP3R activity. The authors showed that there
are functional interactions at the molecular and cellular
levels between Htt and InsP3R. The expended version of
Htt binds to InsP3R much stronger than the wild type Htt.
This biochemical association is correlated with increased
sensitivity of InsP3R to InsP3 in single channel recordings
of isolated receptors exposed to Httexp and in measure-
ments of calcium transients in medium spiny neurons
transfected with Httexp. The authors have suggested that
Htt directly interacts with the InsP3R1 cytosolic carboxy-
terminal tail and that binding to this limited region of
InsP3R1 is highly dependent on the presence of polyQ
expansions within Htt [141].


Alterations in calcium homeostasis in some neurodegen-
erative diseases could also be the consequence of muta-


tions in ion channels. Our group has recently identified
and characterized a new calcium channel involved in AD
pathogenesis [142]. We have showed that a polymor-
phism in the gene coding for CALHM1 leads to a decrease
in the activity of the channel and is genetically associated
with the risk of developing late-onset AD in large Euro-
pean populations (see section "CALHM1: A novel regulator
of calcium homeostasis and AD pathogenesis"). In ALS
patients, a genome-wide association study identified the
inositol 1,4,5-triphosphate receptor 2 gene (ITPR2) as a
candidate susceptibility gene [143,144]. ITPR2 is a main
regulator of intracellular calcium concentrations. It is also
important to mention that spinocerebellar ataxia type 6
(SCA6) is a neurodegenerative disorder caused by CAG
repeat expansions within the P/Q type calcium channel
CaV2.1 gene and is characterized by predominant degen-
eration of cerebellar Purkinje cells [145-148].


Disruption of mitochondrial calcium homeostasis
Mitochondria are important calcium regulators. Indeed,
mitochondria can take up calcium by an energy-depend-
ent process through the uniporter and thus reduce
cytosolic calcium concentrations. Mitochondria can also
release their calcium content through a Na+/Ca2+


exchanger and the mitochondrial permeability transition
(MPT) pore upon appropriate stimulation. Various fac-
tors, including high mitochondrial calcium levels and
mitochondrial depolarization, trigger MPT pore opening.
Prolonged opening of this pore has been associated with


Table 1: General description of the neurodegenerative diseases discussed in this article


Disease Clinical 
manifestations


Neuronal populations 
affected


Protein aggregates Genetic factors References


Alzheimer's 
disease (AD)


Memory loss and 
behavioral abnormalities.


Loss of neurons and 
synapses in the cerebral 
cortex and certain 
subcortical regions.


Amyloid plaques and 
neurofibrillary tangles.


APP, PS1, PS2, 
APOE4, 
CALHM1...


[96-100]


Parkinson's 
disease (PD)


Resting tremor, postural 
instability, gait 
disturbance, 
bradykinesia, and rigidity.


Dopaminergic neurons of 
the substantia nigra pars 
compacta (SNpc).


Aggregated protein deposits 
named Lewy bodies (LB) 
composed of α-synuclein.


Parkin, DJ-1, 
PINK1, LRRK2


[101-103]


Huntington's 
disease (HD)


Chorea, psychiatric 
disturbances, and 
cognitive impairments.


Loss of medium spiny 
neurons (MSN). The area 
affected are mainly the 
striatum (caudate nucleus, 
putamen, and globus 
pallidus), and also the 
frontal and temporal 
cortex.


Accumulation and aggregation of 
mutant Huntingtin (containing 36 
or more polyglutamine (polyQ) 
expansions in the N-terminal of 
Huntingtin).


Htt [104-107]


Amyotrophic 
lateral sclerosis 
(ALS)


Muscle weakness, 
muscular atrophy, 
spasticity, and eventually 
paralysis.


Motoneurons of the spinal 
cord, cortex and brain 
stem.


Intraneuronal aggregates 
including Bunina bodies, 
ubiquitinated inclusions, 
neurofilament-rich "hyaline 
conglomerate inclusions".


SOD1 [108-111]


PINK1, PTEN-induced putative kinase 1; LRRK2, leucine-rich repeat kinase 2; SOD1, Cu/Zn-superoxide dismutase 1.
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the release of apoptotic factors and cell death. Malfunc-
tions of mitochondria have been associated with various
neurodegenerative diseases. Excitotoxity is one mecha-
nism that eventually leads to mitochondrial dysfunction
and cell death. Other mitochondrial defects independent
of excitotoxicity have also been found [149].


A clear connection has been established between mito-
chondria, calcium, and neurodegeneration in HD. Panov
and colleagues have found that lymphoblast mitochon-
dria from patients with HD have a lower membrane
potential and depolarize at lower calcium loads than
mitochondria from controls do. A similar defect in brain
mitochondria from transgenic mice expressing mutant
Htt has been described [150,151]. The authors suggest
that mitochondrial abnormalities may be due to a direct
binding of mutant Htt on the organelle in neurons [150].
Mutant Htt interaction with mitochondria has later been
confirmed and a recombinant truncated mutant Htt pro-
tein was found to directly induce MPT pore opening in
isolated mouse liver mitochondria. Importantly, the
mutant Htt protein significantly decreased the calcium
threshold necessary to trigger MPT pore opening [152]. A
marked decrease in mitochondrial complex II activity
(succinate dehydrogenase, SD) has been found in the
brains of HD patients. This inhibition of mitochondrial
complex II induces a long-term potentiation of NMDA-
mediated synaptic excitation in the striatum and is
dependent on dopamine [153].


In sporadic ALS, defective electron transport chain func-
tion, perturbed mitochondrial calcium buffering, oxida-
tive stress, and altered mitochondrial ultra-structure have
been observed [154]. Mitochondrial abnormalities have
also been found in patients with ALS and in transgenic
mice with mutant SOD1 [155,156]. In G93A SOD1
mutant transgenic mice, a significant decrease in mito-
chondrial calcium loading capacity in brain and spinal
cord was found [157]. Mutant SOD1 may also affect intra-
cellular calcium levels through a direct toxic effect on
mitochondria [158,159].


Defects in mitochondria have also been observed in AD.
Mitochondria from AD patient fibroblasts take up less cal-
cium compared to normal controls and they sequester
more calcium following oxidative stress [160]. Pyramidal
hippocampal neurons show increased levels of mitochon-
drial DNA and proteins in the cytoplasm and lysosomes
[161]. Besides, the Aβ peptide was found in mitochondria
from brains of transgenic mice and AD patients and is
associated with diminished enzyme activity of the respira-
tory chain complexes III and IV, and with a reduction in
the rate of oxygen consumption [162]. Recent evidence
also indicates that Aβ can be transported into mitochon-
dria via the translocase of the outer membrane TOM


[163]. Furthermore, Aβ oligomers were proposed to
induce a mitochondrial calcium overload resulting in a
massive calcium influx and toxicity in neurons [164].
Mitochondrial Aβ accumulation in AD neurons may thus
potentiate calcium-induced opening of the MPT pore and
mitochondrial swelling [165,166].


Strong evidence also implicates mitochondria impair-
ments in PD pathogenesis. Dysfunctional mitochondria
with reduced activities of complex I and of NADH cyto-
chrome c reductase in neurons from the substantia nigra
have been observed in PD [167]. Evidence that mitochon-
dria defects are involved in PD also comes from toxic sub-
stances known to induce Parkinson-like symptoms, such
as MPTP and rotenone [168-170]. The active metabolite
of MPTP, the 1-methyl-4-phenylpyridinium ion (MPP+),
is an inhibitor of the mitochondrial electron transport
chain complex I and a substrate of the dopamine trans-
porter. Thus, MPP+ can accumulate in dopaminergic neu-
rons, where it confers toxicity and leads to neuronal death
through complex I inhibition. This has many deleterious
consequences, including increased free radical produc-
tion, oxidative stress, and decrease ATP production, caus-
ing increased intracellular calcium concentrations,
excitotoxicity, and NO-related cellular damage. Likewise,
rats administered with the highly selective complex I
inhibitor rotenone developed a PD-like syndrome charac-
terized by neuronal degeneration and formation of α-
synuclein rich inclusion bodies [171].


Calcium homeostasis deregulations in AD
A large body of literature supports the notion that a
deranged intracellular calcium signaling occurs in AD and
may be involved in both APP processing deregulation and
neurodegeneration [7,99,172]. Several in vitro and in vivo
studies have identified calcium signaling pathways rele-
vant to AD pathogenesis.


Recently, two studies have addressed the important ques-
tion of neuronal calcium dynamics in vivo in the brain of
APP-expressing mouse models. Using brain injections of
calcium indicator dyes, the authors observed a calcium
overload in dendritic spines [173] and an increase in the
frequency of spontaneous calcium transients [174] in
neurons adjacent to cortical amyloid plaques. Kuchib-
hotla and colleagues showed that senile plaques impaired
neuritic calcium homeostasis in vivo and result in a struc-
tural and functional disruption of neuronal networks
[173]. Busche and colleagues used double transgenic
APP23xPS45 mice to visualize in vivo amyloid plaques
and cortical neurons. They sequentially injected the cal-
cium indicator dye Oregon Green 488 BAPTA-1 AM in
order to monitor calcium transient and firing of action
potentials in neurons and thioflavin S to label fibrillar
amyloid deposits. In the transgenic mice, they found that
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only half of the neurons were active in the normal fre-
quency range, whereas the remaining neurons were either
silent or hyperactive. They further demonstrated that
these hyperactive neurons were found in close proximity
to the plaque borders, whereas the proportion of silent
cells gradually increases at greater distances from the
plaques. They observed a strict correlation between the
formation of amyloid plaques, the appearance of hyperac-
tive neurons, and the impairment of the animal's learning
capability [174]. These data are important because they
provide in vivo evidence for a calcium-dependent mecha-
nism of disturbed neuronal and synaptic function in AD.
They also represent an intriguing observation because cal-
cium homeostasis in neurons and in dendritic spines sup-
ports neural networks directly relevant to learning and
memory.


Specific soluble oligomeric species of Aβ were found to be
synaptotoxic by affecting LTP and memory in rodents
[175-179]. Several studies demonstrated that Aβ-induced
synaptic dysfunction is linked to altered calcium signal-
ing. Exposure of cortical neurons to Aβ peptides destabi-
lized calcium homeostasis and rendered neurons more
vulnerable to excitoxicity [130,180]. Application of Aβ40
to cortical synaptosomes and cultured neurons was also
found to increase calcium influx via activation of VGCCs
[181]. CaMKII autophosphorylation and subsequent
phosphorylation of the AMPAR GluR1 subunit was
strongly inhibited by application of Aβ42 peptides during
hippocampal LTP [182]. Furthermore, soluble oligomeric
Aβ isolated from AD patient brains was proposed to be
toxic by affecting mGluRs and NMDARs [183]. Similar to
α-synuclein, Aβ adopts a β-sheet structure and was also
proposed to act by forming calcium pores [100,184-187].
Together, these studies support the notion that defects in
calcium-dependent synaptic activity are likely to be
responsible for the neurotoxic effect of Aβ. Although prox-
imity to senile plaques, which mostly contain deposited
Aβ, seems to affect calcium-dependent synaptic functions
in vivo, it is conceivable to believe that plaques might con-
stitute a reservoir for soluble Aβ species, including oligo-
meric neurotoxic species. The "calcium poisoning" effect
observed in vivo in neurons surrounding the amyloid
deposits might therefore be due to released soluble neuro-
toxic oligomeric Aβ species.


APP, tau, and calcium homeostasis
A sustained increase in intracellular calcium can, per se,
lead to neurodegeneration and cell death. However, cal-
cium homeostasis deregulation can also affect the fate of
proteins involved in the pathogenesis of the disease, as it
is the case for tau and Aβ in AD. In addition to the Aβ
plaques, histopathological studies of the AD brain have
revealed the presence of dramatic ultrastructural changes
triggered by other lesions, the neurofibrillary tangles,
which consist of aggregated hyperphosphorylated tau pro-


teins [97,129,188]. The state of tau phosphorylation and
proteolysis can be regulated by calcium-dependent mech-
anisms. CaMKII can phosphorylate tau [189]. Cyclin-
dependent kinase 5 (cdk5), another kinase involved in tau
phosphorylation [190], is indirectly activated by the cal-
cium-activated protease calpain. Indeed, cdk5 has to be
associated with its regulatory subunit, p35 to be activated.
Conversion of p35 to p25 deregulates cdk5 activity, result-
ing in an increased cdk5 kinase activity [191]. Calpain
cleaves p35 into p25, and thus controls cdk5 activation
[192]. Furthermore, tau is dephosphorylated by the cal-
cium/calmodulin-dependent phosphatase, calcineurin
[193]. Calpain was also proposed to directly participate in
tau proteolysis and degradation [194]. Interestingly, inhi-
bition of calpains was recently found to improve memory
and synaptic transmission in a mouse model of AD [195].
Pharmacological inhibition of calpains restored normal
synaptic function in both hippocampal cell cultures and
hippocampal slices from APP/PS1 mice. Calpain inhibi-
tion also improved spatial working memory and associa-
tive fear memory in these mice. These beneficial effects of
calpain inhibition were associated with restoration of nor-
mal phosphorylation levels of CREB [195]. Interestingly,
overexpression of tau-tubulin kinase-1 (TTBK1), a kinase
phosphorylating tau and activating calpain I and cdk5, led
to the formation of neurofilament aggregates and age-
dependent memory impairments in a transgenic animal
model [196]. The authors also determined that TTBK1
expression resulted in a downregulation of hippocampal
NMDAR NR2B subunits, suggesting a potential cross-talk
between tau phosphorylation, calcium homeostasis
deregulations, and memory deterioration.


Sequential endoproteolysis of APP (amyloid-β precursor
protein) by the aspartyl protease β-secretase/BACE1 and
by the presenilin/γ-secretase complex leads to the produc-
tion of Aβ [197,198]. In an alternative non-amyloidog-
enic pathway, APP is endoproteolyzed within the Aβ
region by α-secretase to generate the soluble N-terminal
fragment sAPPα, a protein that might possess some neu-
roprotective properties [198]. APP processing can be regu-
lated by calcium signaling and inversely, APP metabolism
can influence calcium signaling. It was shown that cal-
cium influx mediated by calcium ionophores or by mem-
brane depolarization and channel opening, leads to
increased production of Aβ [199,200]. Conversly, inhibi-
tion of SERCA pumps with thapsigargin and increased
cytosolic calcium levels from ER calcium depletion,
diminished Aβ generation [201]. It seems that the effect of
calcium on APP processing might depend on the source of
the ions and on the mechanism involved. Calcium has
also been involved in the stimulation of sAPP release
[142,201,202]. Moreover, sAPPα can cause a rapid and
prolonged reduction in intracellular calcium concentra-
tions and can protect neurons against glutamate neuro-
toxicity by raising the excitotoxic threshold [180,203]. In
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addition, carboxy-terminal fragments (CTs) of APP can
disrupt calcium homeostasis and render neuronal cells
vulnerable to excitotoxicity. It was found that a recom-
binant CT105 of APP could inhibit Na+/Ca2+ exchanger
activity in SK-N-SH cells [204] and rendered SK-N-SH
cells and rat primary cortical neurons more vulnerable to
glutamate-induced excitotoxicity [205]. Importantly, both
Aβ and CT105 have been shown to shorten the duration
of high frequency stimulation-induced LTP in rat hippoc-
ampus in vivo [206]. Moreover, adult transgenic mice
expressing the CT104 of APP demonstrated spatial learn-
ing deficits and defects in the maintenance of LTP [207].
Calcium signaling alterations are also observed in preseni-
lin-1-/- and APP-/- cells and can be reversed by reintroduc-
tion of AICD, the C-terminal domain of APP produced by
γ-secretase. This suggests that AICD could also be involved
in the regulation of calcium signaling [208].


Presenilins in calcium homeostasis
Presenilins (PSs) are multipass transmembrane proteins
involved in many cases of early-onset familial AD (FAD)
and represent the catalytic core of the γ-secretase activity


[197]. In 2006, it has been proposed that PS holoproteins
have calcium leak properties at the ER membrane. The
authors showed that PSs could form low-conductance
divalent-cation-permeable ion channels in planar lipid
bilayers, a property significantly reduced by several FAD-
linked PS mutations [209,210]. Furthermore, it has been
shown that PSs can physically interact with the InsP3
[211] and ryanodine [212] receptors and facilitate their
calcium gating activity at the ER membrane. Overexpres-
sion of several FAD PS mutants consistently generated a
robust increase in the gating of InsP3R, as compared to
wild type PSs [211], suggesting that the pathogenic muta-
tions exaggerate cellular calcium signaling in response to
ligand activation. The ER calcium pump SERCA was also
found to form a protein complex with endogenous PSs, an
interaction that influences SERCA function by controlling
ER calcium sequestration and InsP3-mediated calcium
liberation [213]. Several of these studies have also pro-
posed that increased ER calcium release via InsP3Rs or
RyRs or via modulation of SERCA may modulate APP
processing and facilitate Aβ accumulation. Together these
studies indicate that disease-linked PS mutations could
impact APP metabolism by affecting ER calcium dynamics
at multiple levels (Figure 2). Nevertheless, APP metabo-
lism involves a complex series of events and the direct
influence of calcium signaling on this process remains to
be clearly addressed [7].


CALHM1: A novel regulator of calcium homeostasis and 
AD pathogenesis
A number of neurodegenerative disorders are caused by
mutations in genes expressed principally in the central
nervous system. This is the case for the brain proteins tau
and α-synuclein, which are genetically linked to auto-
somal dominant forms of frontotemporal dementia [214]
and PD [215], respectively. Recently, we postulated that
susceptibility to AD could come from genes predomi-
nantly expressed in affected brain regions, such as the hip-
pocampus. By using a tissue-expression profiling method
to screen for genes predominantly expressed in the hip-
pocampus and located in linkage regions for AD, our
group identified the CALHM1 gene, located on chromo-
some 10. CALHM1 codes for a protein of neuronal origin
that shares sequence similarities with NMDAR and that
controls both cytosolic calcium concentrations [142] and
ERK1/2 activation [216]. Voltage-clamp analyses further
revealed that CALHM1 generates a calcium-selective cat-
ion current at the plasma membrane [142]. Importantly,
we also determined that the frequency of the rare allele of
the rs2986017 SNP (single nucleotide polymorphism) in
CALHM1, which results in the P86L substitution, is signif-
icantly increased in AD cases in five independent cohorts.
Further investigation demonstrated the functional signifi-
cance of the rs2986017 SNP by showing that the P86L
polymorphism promotes Aβ accumulation via a loss of


The role of CALHM1 in calcium signaling: Relevance for APP metabolism and AD pathogenesisFigure 3
The role of CALHM1 in calcium signaling: Relevance 
for APP metabolism and AD pathogenesis. CALHM1 
is a cell surface protein of neuronal origin that shares 
sequence similarities with NMDAR. CALHM1 expression 
generates a calcium-selective cation current at the plasma 
membrane and controls cytosolic calcium concentrations, a 
mechanism that may lead to ERK1/2 activation (left panel). 
Importantly, the P86L mutation in CALHM1, which we found 
associated with an increased risk for AD in European popula-
tions, leads to an inhibition of the control of APP processing 
by CALHM1 (right panel). Consequently, the P86L mutation 
leads to a derepression of the effect of CALHM1 on Aβ 
accumulation and thus to an increase of Aβ levels. P86L-
CALHM1 promotes Aβ accumulation via a loss of CALHM1 
control on calcium permeability and cytosolic calcium levels 
[142]. Therefore, CALHM1 is a component of a novel cere-
bral calcium channel family involved in calcium signaling and 
Aβ metabolism, and thus may represent an important player 
in the calcium homeostasis deregulations observed in AD 
pathogenesis.
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CALHM1 control on calcium permeability and cytosolic
calcium levels [142]. Together, this work provides strong
evidence that CALHM1 is a component of a novel cerebral
calcium channel family involved in Aβ metabolism and
that CALHM1 polymorphisms may influence AD risk. The
identification of CALHM1 as a key modulator of calcium
homeostasis and Aβ levels provides strong support for the
calcium hypothesis of AD. This work is also an important
step towards understanding the potential pathological
cross talk between calcium signaling disturbances, path-
ways of Aβ accumulation, and neurodegeneration (Figure
3).


Conclusion
The central role of calcium signaling in brain functions
underlines its potential relevance for neurodegeneration.
This notion is now supported by overwhelming evidence
in several neurodegenerative disorders of the CNS, such as
AD, PD, or HD, and in the motoneuron disorder ALS. The
apparent complexity of the different calcium-dependent
mechanisms involved in neuronal death in these diseases,
reflects the sophistication of the pathways available to
control normal calcium homeostasis. This complexity
makes the identification of precise and common neuro-
toxic molecular events between these disorders challeng-
ing. Nevertheless, it is likely that a precise definition of the
calcium signaling failure in neurodegeneration will one
day emerge and facilitate the identification of novel ther-
apeutic targets.
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Abstract
Resveratrol, a polyphenol present in grapes and red wine, has been studied due to its vast
pharmacological activity. It has been demonstrated that resveratrol inhibits production of
inflammatory mediators in different in vitro and in vivo models. Our group recently demonstrated
that resveratrol reduced the production of prostaglandin (PG) E2 and 8-isoprostane in rat activated
microglia. In a microglial-neuronal coculture, resveratrol reduced neuronal death induced by
activated microglia. However, less is known about its direct roles in neurons. In the present study,
we investigated the effects of resveratrol on interleukin (IL)-1β stimulated SK-N-SH cells.
Resveratrol (0.1-5 μM) did not reduce the expression of cyclooxygenase (COX)-2 and microsomal
PGE2 synthase-1 (mPGES-1), although it drastically reduced PGE2 and PGD2 content in IL-1β-
stimulated SK-N-SH cells. This effect was due, in part, to a reduction in COX enzymatic activity,
mainly COX-2, at lower doses of resveratrol. The production of 8-iso-PGF2α, a marker of cellular
free radical generation, was significantly reduced by resveratrol. The present work provides
evidence that resveratrol reduces the formation of prostaglandins in neuroblastoma cells by
reducing the enzymatic activity of inducible enzymes, such as COX-2, and not the transcription of
the PG synthases, as demonstrated elsewhere.


Findings
Neuroinflammation is an important component of neu-
rodegenerative diseases and different inflammatory medi-
ators contribute to the process of these disorders. The
prostanoids produced from the arachidonic acid (AA) cas-
cade seem to play important roles in these pathological
conditions. Among all prostanoids formed from the AA
cascade, prostaglandin (PG) E2 seems to play an impor-


tant role in the development of neuroinflammation. In
inflammatory conditions, the two enzymes that contrib-
ute the most to PGE2 production are cyclooxygenase
(COX)-2, which converts AA into PGG2 and PGH2, and
microsomal PGE2 synthase-1 (mPGES-1), which converts
PGH2 into PGE2 [1]. The involvement of PGE2, COX-2
and mPGES-1 in neurodegenerative diseases has been
extensively demonstrated [2,3].
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Resveratrol (trans-3, 5, 4'-trihydroxystilbene) is a
polyphenol found in many plants and in the red wine that
reveals several pharmacological actions, including anti-
inflammatory properties. Recent reports have evaluated
the potential protective role of resveratrol in neurodegen-
erative conditions. Resveratrol reduces the expression of
different inflammatory mediators involved in the progres-
sion of neuropathological conditions and it has been
shown to provide neuronal protection in different models
[4].


Although resveratrol has been shown to reduce the expres-
sion of different inflammatory mediators in some cells,
including glial cells, its influence in the production of
these molecules in neuronal cells has been less studied.
Therefore, in the present study, we investigated the effect
of resveratrol on the production of prostanoids induced
by IL-1β in SK-N-SH cells, a human neuroblastoma cell
line.


SK-N-SH cells were obtained from the American Type Cul-
ture Collection (HTB-11, Rockville, USA) and were grown
in MEM-Earle's medium (PAA, Cölbe, Germany), which
does not contain any anti-inflammatory substance.
Medium was supplemented with 5% fetal calf serum
(PAN, Aidenbach, Germany), 2 mM L-glutamine, 1 mM
sodium pyruvate, 40 units/ml penicillin/streptomycin (all
purchased from PAA Laboratories, Cölbe, Germany),
0.4% MEM vitamins and 0.4% MEM nonessential amino
acids (both purchased from Invitrogen GmbH, Karlsruhe,
Germany). Confluent monolayers were passaged rou-
tinely by trypsinization. Cultures were grown at 37°C in
5% CO2 until 80% confluence, and the medium was
changed the day before treatment.


To investigate the effect of resveratrol on the production
of inflammatory mediators in neuronal cells, SK-N-SH
neuronal cells were pre-incubated with different concen-
trations (0.001-5 μM) of resveratrol (Sigma-Aldrich,
Taufkirchen, Germany) for 30 minutes followed by stim-
ulation with IL-1β (10 U/ml) for 24 h. In control experi-
ments, cells were pre-incubated for 30 min with the
following COX inhibitors: SC-560 (5-(4-chlorophenyl)-1-
(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole)
(Cayman Chemical Co., Ann Arbor, Michigan, USA), DFU
([5,5-dimethyl-3-(3-fluorophenyl)-4-(4-methylsulpho-
nyl)phenyl-2(5H)-furanone]) and L745,337 ((5-meth-
anesulfonamido-6-(2,4-difluorothiophenyl)-1-
indanone)) (both from Merck Frosst, Montreal, Canada).
After the 24 h stimulation period, supernatants were har-
vested for the measurement of the levels of 8-iso-PGF2α
(IUPAC nomenclature: 15-F2t-IsoP), PGD2 (both from
Cayman Chemicals, Ann Arbor, MI, USA), and PGE2
(AssayDesign, distributed by Biotrend, Köln, Germany).
All measurements were performed according to the man-


ufacturer's instructions. The standards were used in the
interval of 3.9-500 pg/ml (detection limit of 5 pg/ml) for
8-iso-PGF2α and 39-2500 pg/ml (sensitivity of the assay
was 36.2 pg/ml) for PGD2 and PGE2.


The same stimulation was used for Western blot analysis
of mPGES-1, COX-1 and COX-2. For mPGES-1, COX-2
and COX-1 immunoblotting, 30 to 50 μg of protein from
each sample was subjected to SDS-PAGE (polyacrylamide
gel electrophoresis) on a 15% gel under reducing condi-
tions. Primary antibodies were goat anti-COX-2 and anti-
COX-1 (M-19 and M-20, respectively, Santa Cruz, Heidel-
berg, Germany) diluted 1:500 in Tris-buffered saline
(TBS) containing 0.1% Tween 20 (Merck, Darmstadt, Ger-
many) and 1% bovine serum albumin (BSA, Sigma), rab-
bit anti-mPGES-1 (Cayman, 1:500), rabbit anti-actin
(Sigma 1:5000).


An AA assay was performed to determine the effect of res-
veratrol on COX-1 and COX-2 enzymatic activity [5]. To
measure total COX activity, SK-N-SH cells were plated in
24-well cell culture plates and pre-incubated with IL-1β
(10 U/ml) for 24 h to induce COX-2 protein synthesis.
After the pre-incubation, medium was replaced by serum-
free medium. Resveratrol was added for 15 min prior to
the addition of AA (15 μM final concentration), which
was supplemented for another 15 min. In control experi-
ments, cells were pre-incubated for 15 min with the fol-
lowing COX inhibitors: SC-58125 (1-[(4-
methysufonyl)phenyl]-3-tri-fluoromethyl-5-(4-fluoroph-
enyl)pyrazole), valeroyl salicylate (VAS) (both com-
pounds obtained from Cayman Chemical Co., Ann Arbor,
Michigan, USA) and SC-560. To measure COX-1 activity,
the procedure was similar, except that no pre-incubation
with IL-1β was performed. Supernatants were collected for
determination of PGE2. The procedure to measure COX
activity by quantification of the PGE2 production by enzy-
matic conversion of AA has been widely used and is well
accepted as a method to evaluate potential COX inhibi-
tors [6-10]. Since AA is exogenously added, this assay is
largely independent of phospholipase activity.


At least three independent experiments were used for data
analysis. All the original data were converted into %-val-
ues of IL-1β control and mean ± S.E.M. were calculated.
IC50 (concentration of the resveratrol that inhibited 50%
of the prostaglandin production) was calculated by com-
puterized non-linear regression analysis. Values were
compared using one-way ANOVA with post-hoc Student-
Newman-Keuls test (multiple comparisons).


Resveratrol did not show toxicity at the doses used as eval-
uated by the ability of the cells to produce ATP (CellTiter-
Glo® luminescent cell viability assay kit, Promega, Man-
nheim, Germany, data not shown).
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Considering that resveratrol possesses antioxidant activity
[11], we first evaluated whether resveratrol was able to
reduce free radical production in IL-1β-stimulated SK-N-
SH. Isoprostanes are formed from the arachidonate perox-
idation catalysed by free radicals [12] and 8-isoprostanes
are accepted as a reliable and sensitive measure of free rad-
ical formation [13].


IL-1β increased the production of 8-iso-PGF2α, which was
strongly reduced by resveratrol (Fig. 1A), even at very low
concentrations (IC50 = 0.1337 μM), confirming its role as
a natural antioxidant.


We have recently shown that resveratrol inhibits the pro-
duction of PGE2 in LPS-stimulated rat microglia [14]. To


evaluate whether a similar effect occurs in neuronal cells,
we investigated whether resveratrol reduces PGE2 produc-
tion in IL-1β-stimulated SK-N-SH cells. IL-1β (10 U/ml)
strongly induced the production of PGE2 in neuronal
cells. The increased PGE2 production at 24 h was drasti-
cally reduced by resveratrol, even at very low doses (IC50 =
0.05707 μM, Fig. 1B). Moreover, resveratrol also strongly
reduced the production of PGD2 (IC50 = 0.03883 μM, Fig.
1A). To evaluate whether COX inhibitors were able to
reduce the production of PGE2 in the same conditions, we
used COX-1 (SC-560) and COX-2 (L745,337 and DFU)
inhibitors. Interestingly, both the COX-1 and the COX-2
inhibitors reduced the production of PGE2 in IL-1β-stim-
ulated SK-N-SH cells (Fig. 1B), which indicates that COX-
1 activity may also contribute to the production of prosta-


Resveratrol dose-dependently inhibited IL-1β-induced production of 8-iso-PGF2α, PGD2 (A) and PGE2 (B) in SK-N-SH cellsFigure 1
Resveratrol dose-dependently inhibited IL-1β-induced production of 8-iso-PGF2α, PGD2 (A) and PGE2 (B) in SK-
N-SH cells. Selective inhibitors of COX-2 (L745,337 and DFU) and COX-1 (SC-560) were included as controls (B). Cells 
were incubated with the compounds for 30 minutes and subsequently treated with IL-1β (10 U/ml) for 24 h. Data are 
expressed as mean ± S.E.M. of at least 3 independent experiments.
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noids in stimulated cells. Because this experimental set up
did not clarify the mechanism of inhibition of the produc-
tion of prostanoids by resveratrol, we performed further
experiments to investigate this issue.


Since PGE2 is produced mainly by COX-2 and mPGES-1
in stimulated cells, we investigated whether the inhibitory
effect of resveratrol on PGE2 was due to regulation of the


synthesis of these two enzymes. IL-1β increased the pro-
tein synthesis of mPGES-1 and COX-2 (Fig. 2A and 2B).
Resveratrol, at doses that significantly inhibited PGE2 pro-
duction, did not significantly reduce mPGES-1 and COX-
2 immunoreactivities (Fig. 2A and 2B). In addition, COX-
1 protein also remained unaffected (Fig. 2A).


A and B: Immunoblot analysis of the protein levels of mPGES-1, COX-2 and COX-1 in IL-1β-stimulated SK-N-SH cells treated with resveratrolFigure 2
A and B: Immunoblot analysis of the protein levels of mPGES-1, COX-2 and COX-1 in IL-1β-stimulated SK-N-
SH cells treated with resveratrol. Resveratrol does not inhibit IL-1β-induced levels of mPGES-1, COX-2 in SK-N-SH cells. 
Cells were incubated with resveratrol for 30 minutes and subsequently treated with IL-1β (10 U/ml) for 24 h. Data are 
expressed as mean ± S.E.M. of at least 3 independent experiments.
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To further clarify the mechanisms responsible for the
reduction of PGE2 and PGD2, we investigated whether res-
veratrol reduces COX activity. Although resveratrol is a
well-known COX-1 inhibitor, it did not inhibit the COX-
1 activity at the same doses that reduced PGE2 production
in SK-N-SH cells (Fig. 3A). A similar effect was obtained
with SC-58125 (COX-2 inhibitor), which did not reduce
the PGE2 production in this assay (Fig. 3B). On the other
hand, SC-560 and VAS (COX-1 inhibitors), strongly
reduced PGE2 formation (Fig. 3B).


Although low concentrations of resveratrol did not inhibit
COX-1 activity (Fig. 3A), it significantly reduced total
COX activity even at low doses (0.01-5 μM) as shown in
an assay used to test both COX-1 and COX-2 activities
(Fig. 3C). A strong reduction of PGE2 was also observed
with SC-58125, a COX-2 inhibitor. However, only a par-


tial reduction in PGE2 content was observed with a high
concentration of SC-560 (10 μM) and no reduction was
observed with VAS, both COX-1 inhibitors (Fig. 3D), con-
firming our previous results [15]. It is known that the IC50
values for SC-560 are 9 nM and 6.3 μM for COX-1 and
COX-2, respectively [16]. Therefore, although COX-1
might play a role in this assay, it is possible that at the
higher concentration (10 μM), SC-560 also partially
inhibits PGE2 production by interfering with COX-2 activ-
ity. Since at low doses resveratrol did not reduce COX-1
activity (Fig. 3A), inhibition of COX-2 might account for
the significant reduction of total COX activity seen at low
doses of resveratrol (Fig. 3B).


In the present study, we show that resveratrol, a flavonoid
present in some plants and in the red wine, reduced pros-
tanoid synthesis and free radical generation without


Effect of resveratrol on COX-1 (A) and total COX (C) activity in SK-N-SH cellsFigure 3
Effect of resveratrol on COX-1 (A) and total COX (C) activity in SK-N-SH cells. The arachidonic acid assay was 
performed as described in the text. Selective inhibitors of COX-1 (SC-560 and VAS) and COX-2 (SC-58125) were included in 
the COX-1 (B) and total COX (D) activity assays to assess the relative contribution of each isozyme to the overall COX enzy-
matic activity. Data are expressed as mean ± S.E.M. of at least 3 independent experiments. *p < 0.05, **p < 0.01 and ***p < 
0.001 with respect to IL-1β control (One-way ANOVA followed by the Student-Newman-Keuls post-hoc test).
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affecting the expression of COX-2 and mPGES-1 in neuro-
nal cells. This effect may be attributed to the inhibition of
COX activity, mainly COX-2, and antioxidant properties.


The search for compounds that have a potential to reduce
neuroinflammation has increased exponentially. Resvera-
trol is in focus for this purpose, because of its plethora of
pharmacological effects and since there are evidences sug-
gesting that its metabolites can cross the blood-brain bar-
rier [17-20], although this availability might not be
achieved by a dietary administration [21].


The pharmacological properties of resveratrol are of a
great interest, since it goes beyond its antioxidant proper-
ties. Resveratrol has been shown to reduce the synthesis of
iNOS [22] and cytokines [23-25] in different cells. How-
ever, just a few papers showed the direct effects of resver-
atrol on neuronal cells [26-29]. SK-N-SH cells, because of
their similarity with primary neuronal cells, are a useful
cellular model for studying neuropathological processes
that might play a role in neurodegenerative disorders.


Here we demonstrated that resveratrol strongly reduced
prostaglandin synthesis without affecting COX-2 and
mPGES-1 expression. Recently, using six different human
uterine cell lines, Sexton et al. [30] showed that resvera-
trol, although having opposite effects on COX-2 expres-
sion depending on the cell line, reduced PGE2 in almost
all cell types tested. On the other hand, resveratrol
reduced COX-2 promoter activity and expression and
PGE2 production in different cells [31-34]. We also have
recently demonstrated that resveratrol reduces mPGES-1
expression, PGE2 and 8-iso-PGF2α generation, without
interfering with COX-2 expression in LPS-stimulated
microglia [14]. Therefore, the effect of resveratrol on
COX-2 and mPGES-1 expression might be dependent on
the cell type.


Similar to our results, resveratrol has been shown to
inhibit PGD2 production induced by IgE in bone marrow-
derived mouse mast cells in vitro [35] and PGD2 and
COX-2 expression in the colon in a rat model of chronic
colitis [36].


Although resveratrol is known as a COX-1 inhibitor, it did
not reduce COX-1 activity at the doses that PGE2 and
PGD2 content were reduced. However, COX-2 activity was
reduced even at low concentrations that might be impor-
tant to the reduction of the prostanoids. Other studies
have also demonstrated that resveratrol is able to reduce
COX-2 activity [14,33,37,38]. Although in our experimen-
tal set up resveratrol reduced PG formation in the AA assay
probably by inhibiting COX-2 activity, it is possible that it
reduced the activity of other PGE synthases, such as
mPGES-1, even considering that the experimental condi-


tions used were not appropriated to measure mPGES-1
activity, which demands glutathione and other reagents
[39-41]. Moreover, a reduction in the phospholipase A2
activity and AA release might also contribute to the reduc-
tion in the prostanoid formation [42].


Resveratrol also diminished isoprostane formation in IL-
1β-stimulated SK-N-SH cells. This ability can be explained
by its antioxidant activity and by the reduction of COX-2
activity induced by resveratrol. We and others have dem-
onstrated that 8-iso-PGF2α formation can also be depend-
ent on COX-2 activity [13,15,43].


Recently, Jin et al. [44] demonstrated that chronic per os
administration of resveratrol significantly improved the
neurobehavioral deficit and reduced the expression of
COX-2 in the substantia nigra in rats administered with 6-
hydroxydopamine, a substance used to simulate an ani-
mal model of Parkinson's disease. Since the COX-2 levels
were measured in a brain region, it is not possible to
establish its major cellular source, which could be neu-
rons or glial cells. Resveratrol also reduced the apoptotic
dopaminergic neuronal death induced by microglia acti-
vation in a microglial-neuronal coculture [29]. The neuro-
protection conferred by resveratrol might be related to the
ability to reduce the production of prostaglandins and
free radicals in neurons and microglia.


In summary, we conclude that resveratrol reduced the
prostaglandin formation in neuronal cells probably by
inhibiting the activity of inducible PG synthesizing
enzymes, such as COX-2, but with a weak influence on
COX-1 activity and not interfering with the expression of
COX-1, COX-2 or mPGES-1. These effects further support
the interest of resveratrol as a potential tool in the treat-
ment of neuroinflammatory conditions.
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ANOVA: analysis of variance; BSA: bovine serum albu-
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ABSTRACT 


Background 


Diverse Mouse genetic models of neurodevelopmental, neuropsychiatric, and neurodegenerative 


causes of impaired cognition exhibit at least four convergent points of synaptic malfunction:  1) 


Strength of long-term potentiation (LTP), 2) Strength of long-term depression (LTD), 3) Relative 


inhibition levels (Inhibition), and 4) Excitatory connectivity levels (Connectivity).   


Results 


To test the hypothesis that pathological increases or decreases in these synaptic properties could 


underlie imbalances at the level of basic neural network function, we explored each type of 


malfunction in a simulation of autoassociative memory.  These network simulations revealed that 


one impact of impairments or excesses in each of these synaptic properties is to shift the trade-


off between pattern separation and pattern completion performance during memory storage and 


recall.  Each type of synaptic pathology either pushed the network balance towards intolerable 


error in either pattern separation or intolerable error in pattern completion.  Imbalances caused 


by pathological impairments or excesses in LTP, LTD, inhibition, or connectivity, could all be 


exacerbated, or rescued, by the simultaneous modulation of any of the other three synaptic 


properties.   


Conclusions 


Because appropriate modulation of any of the synaptic properties could help re-balance network 


function, regardless of the origins of the imbalance, we propose a new strategy of personalized 


cognitive therapeutics guided by assay of pattern completion vs. pattern separation function.  


Simulated examples and testable predictions of this theorized approach to cognitive therapeutics 


are presented. 
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BACKGROUND 


Impaired cognition occurs in many different neurodevelopmental, neuropsychiatric, and 


neurodegenerative diseases.  The identification of numerous disease-linked gene mutations has 


led to the creation of various transgenic mouse models that replicate the phenotypes of human 


patients, especially learning and memory impairments.    Our analysis begins with a review of 


existing neurophysiological and neuroanatomical experiments in diverse genetic models of 


impaired cognition that include memory deficits.  This synthesis of the literature highlights four 


properties of synaptic or neural network function that are commonly altered in these conditions:  


1) Strength of LTP, 2) Strength of LTD, 3) Relative inhibition, and 4) Connectivity levels (Table 


1). 


 To explore potential network level impacts of these four convergent points of synaptic 


pathology, we examined the performance of a neural network simulation of autoassociative 


memory while varying the strength of each synaptic property.  Associative memory requires 


binding separate elements of a sensory experience into a single memory that can be later recalled 


in its entirety, even when cued by only some of the original elements.  Autoassociation is the 


ability of neural networks to perform associative memory without any external guidance, via 


changes in synaptic strengths caused by neuronal activity.  Autoassociative memory in area CA3 


of the hippocampus in particular, is perhaps the best example of a convergence of theoretical 


predictions [1-3] and experimental evidence [4-8] for how neural networks store memories, and 


is thought to represent a basic process essential to the learning capabilities of interconnected 


brain networks [9, 10].  Two key features supported by autoassociative memory are pattern 


separation, and pattern completion.  Pattern separation is the ability to keep distinct memory 


patterns separate during storage (Fig. 1A,B), while pattern completion is the ability to recall an 
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entire stored memory pattern in response to a degraded or partial observation of elements of the 


stored pattern (Fig. 1C,D). Analytical models of autoassociation have described a trade-off 


between pattern completion and separation functions that is influenced by the strength of LTP 


and LTD [11].  Previous work also indicates that autoassociative network capacity is dependent 


on both excitatory connectivity levels and the properties of synaptic inhibition [12, 13].  


Therefore, we hypothesize that the cognitive diseased-linked synaptic pathologies of LTP, LTD, 


inhibition, and connectivity should all converge in affecting memory performance by shifting the 


underlying trade-off between pattern completion and pattern separation.  In particular we predict 


that while the net effect of some constellations of pathologies will be severe deficits in pattern 


separation, other constellations of pathologies will impair memory performance due to severely 


impaired pattern completion.  Moreover, regardless of the underlying deficits, appropriate 


manipulation of any of the four synaptic functions could help correct imbalanced autoassociative 


function.  These hypotheses of pathology and therapeutics were tested using network simulations 


based on current concepts of autoassociative function.  


 


RESULTS 


Diverse disease models exhibit convergent synaptic and circuit alterations 


Examples of neurodevelopmental diseases that can include memory deficits, where causative 


genes have been identified and mouse models have been created, include Angelman syndrome, 


Down syndrome, Fragile X syndrome, FRAXE Syndrome, Rett Syndrome, Neurofibromatosis, 


Tuberous Sclerosis, and various X-linked Mental Retardations (XLMR) (Table 1, top).  


Transgenic mouse models have also been created that are relevant to neuropsychiatric conditions 


including schizophrenia, a disease where memory impairment is an important endophenotype 
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(Table 1, middle).  In addition to Alzheimer’s disease, other neurodegenerative diseases often 


more noted for their hallmark motor symptoms, also feature important cognitive phenotypes, and 


mouse models of neurodegenerative conditions with memory alterations include Amyotrophic 


Lateral Sclerosis (ALS), Huntington’s disease, Parkinson’s disease, and Spinocerebellar Ataxia 


(SCA) (Table 1, bottom).  Together, these diverse mouse models provide a comparative window 


into potential substrates of memory impairment.  In particular reoccurring points of pathological 


changes include: 1) Strength of LTP, 2) Strength of LTD, 3) Relative inhibition, and 4) 


Connectivity levels. 


 


Neural Network Simulation of Autoassociation 


To explore the impact of synaptic alterations on autoassociative functions, we used a 


neurobiologically realistic, reduced network model of autoassociation that allowed modulation of 


each of the four points of synaptic pathology.  This model was based on a published model of 


hippocampal area CA3, in which the subpopulations of neurons that are active during distinct 


gamma cycles are the substrates of memory storage and recall [13, 14].  While replicating the 


concept of this previous model, our implementation used simplified biophysically realistic 


neurons with properties taken from a model of rhythm generation in the hippocampus [15] (see 


methods, Fig. 2).  It should be noted that the model used here resembles previous models that use 


biophysically detailed individual neurons within a simplified neural circuit [16, 17], rather than 


models with more complex network interactions and more sophisticated memory function, but 


simpler single neuron representations [18-20].  All of our simulations focused on networks of 


100 excitatory neurons with feedback inhibition, and each pattern to be stored and recalled 


consisted of the activation of a set of 10 individual neurons (Fig. 2,3).  Each of the four synaptic 
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phenotypes observed to be increased or decreased in mouse models of cognitive impairment 


corresponded directly to variables within the simulations as follows: 


Connectivity:  The connectivity level of the recurrent excitatory synapses was set to a 


given value (for example 50%; Fig. 3A), which was implemented by constraining the average 


number of randomly selected postsynaptic target neurons for each presynaptic neuron.   


LTP and LTD:  In the absence of any stored memories, all potential synaptic connections 


were silent with no AMPA receptor (AMPAR) conductance.  LTP was implemented by 


potentiating synapses between presynaptic and postsynaptic neurons that both fired action 


potentials within the time window of a single gamma cycle during pattern storage.  The strength 


of LTP was defined by the maximal excitatory synaptic conductance variable, g
Max


AMPA.  LTD 


was implemented by depressing synapses between presynaptic neurons and postsynaptic neurons 


that were active during storage of different stimulus patterns within a set of simultaneously 


stored patterns.  The parameter, γ
LTD


, defined the strength of LTD (see methods, Fig 3B).  The 


result of these plasticity mechanisms is that as larger numbers of patterns are simultaneously 


stored in the network, more silent synapses are potentiated, and more of those potentiated 


synapses are also reduced in strength by LTD due to accumulated overlap of the stimulus 


patterns (Fig. 3C,D).    


Relative Inhibition:  The strength of the feedback inhibitory conductance, gGABA, 


received by each pyramidal neuron was set relative to the average maximal excitatory 


conductance received by excitatory neurons, as defined by the Inhibition Ratio variable (see 


methods). Thus, the strength of LTP, LTD, connectivity, and inhibition could all be varied to 


simulate pathological conditions or therapeutic modulation via manipulation of single variables. 
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Measuring Pattern Completion and Pattern Separation  


Sensory stimulus patterns representing distinct memories each consisted of the direct activation 


of 10 of the 100 neurons in the network.  Sets of stimulus patterns, equivalent to a list of multiple 


memories to be maintained simultaneously, were selected at random with larger sets having 


greater average overlap between the stimulus patterns.  Sets of patterns were stored in the 


network by calculating and applying the synaptic plasticity resulting from the storage of an entire 


set of stimulus patterns (for example a set of 5 patterns each consisting of the activation of 10 


neurons).  Since interleaved learning was assumed, the dynamics of sequential storage of 


different patterns were not modeled [13].  Pattern separation was tested by activating the 10 


neurons of each stored pattern, and evaluating any spurious firing in the remainder of the 


network during the time window corresponding to the peak of a single gamma cycle (Fig. 4A).  


Activation of one or more neurons not participating in a pattern was considered separation failure 


for that pattern.  Pattern completion was evaluated by activating 9 out of 10 neurons in a stored 


pattern, and checking for evoked firing of the 10
th


 neuron of that pattern within the same gamma 


cycle (Fig. 4B).   Lack of firing of the 10th neuron during that gamma cycle was considered 


pattern completion failure.  This reduced network of 100 neurons using stimuli consisting of 


activation 10 neurons was sufficiently complex to model pattern completion and separation 


analogous to that depicted in Fig. 1.  Rates of pattern completion and pattern separation errors 


per memory pattern as a function of the number of simultaneously stored stimulus patterns were 


measured for each set of simulation conditions (see methods, Fig. 4C,D).  Initial simulations 


revealed that both pattern completion and pattern separation error rates increased as the number 


of simultaneously stored memories increased. 
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Wild-type Synaptic Properties  


While biologically plausible values of each synaptic property serve as a good starting point for 


the baseline model, the necessary simplifications of the model make it difficult to predict exact 


wild-type values of synaptic properties.  For example, relative inhibition is specified using the 


ratio of GABAA receptor (GABAAR) to AMPAR conductance in each spatially reduced neuron.  


However the dynamics of synaptic interaction in spatially complex neurons, can enhance the 


ability of inhibition to oppose excitation [21, 22], suggesting amplified GABAAR to AMPAR 


conductance ratios may be needed in the simplified simulation.  Because of such considerations, 


we decided to determine wild-type network parameters via an empirical assessment of storage 


and recall performance.  To avoid focusing on a non-unique set of optimal parameters we 


explored network performance over a broad range of parameter space by creating a database with 


960,000 combinations of parameter values (g
Max


AMPA, γLTD, Relative Inhibition, and 


Connectivity %) and memory storage conditions (see methods).  While different metrics could be 


used to assess network performance, we defined optimal networks based on the maximal error 


rate, which was calculated as the greater of pattern completion or pattern separation error rates.  


Using this measure, pattern completion and pattern separation errors were equal in their ability to 


limit network performance. 


 In the initial evaluation of optimal parameter combinations, 100% connectivity levels 


were always found to allow the best performing networks, although this required extremely low 


values of LTP, and extremely high values of LTD and inhibition.  However, anatomically-based 


estimates of in vivo connectivity within CA3 are more sparse, with estimates ranging from very 


low up to 50% [13, 23].The higher value of 50% connectivity is consistent with physiological 


observations of ~50% in cultured brain slices that have re-grown CA3 connections severed 
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during slice preparation, but maintain the total synaptic input levels seen in acutely prepared 


slices [24, 25].  Supporting an upper limit on total connectivity, pathological increases in 


connectivity within neuronal subpopulations are often accompanied by decreased connectivity in 


other subpopulations [24-26].  Therefore, to maintain biological realism and minimize neuronal 


number in the simulations, while defining wild-type networks, we searched the parameter space 


of the other three synaptic properties, while constraining wild-type connectivity levels to 50%.   


Optimal balanced networks were found by searching for parameter combinations that produced 


the lowest maximal error (the higher error in either pattern separation or pattern completion). 


This analysis revealed that a relatively broad contour of LTP, LTD, and inhibition, parameter 


space could support optimal balanced network function (Fig. 5A).  Thus, the illustrated 100 best 


parameter combinations reflect a diversity of approximately equally well-balanced wild-type 


networks, perhaps analogous to variability in the in vivo networks of healthy individuals (Fig. 


5B).  Accordingly, in assessing the impact of simulated synaptic pathologies, we considered the 


average effect of pathologies to each of these 100 optimal ‘wild-type’ parameter combinations.   


 


Pattern Separation and Completion with Single Synaptic Pathologies 


To test the isolated impact of each synaptic pathology on memory performance, we analyzed 


pattern completion and separation error rates as LTP, LTD, inhibition, and connectivity, were 


each varied relative to the optimal wild-type networks (Fig. 6).  These simulations revealed a 


striking trade-off between pattern completion errors and pattern separation errors.  In particular, 


increasing or decreasing the value of any given synaptic function could decrease one type of 


error, but at the expense of increasing the other.  High connectivity, strong LTP, weak LTD, or 


weak inhibition, all reduced pattern completion errors, but did so at the expense of increased 
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errors in pattern separation.  Conversely, low connectivity, weak LTP, strong LTD, and strong 


inhibition could all reduce pattern separation errors, but at the expense of increased errors in 


pattern completion (Fig. 6). The observed extreme error rates in either pattern completion or 


separation, resulting from the synaptic pathologies are predicted to be sufficient to impair 


performance on standard memory tasks.  On one hand, low rates of separation errors during 


storage are irrelevant in the face of intolerable rates of completion failure during recall.  


Conversely, low rates of completion error during recall would be masked by intolerable rates of 


separation failure during storage.  Thus, imbalanced networks with a bias towards either pattern 


separation or pattern completion are potential substrates of the learning and memory impairments 


observed in neurological disease. 


 


Interaction Between Multiple Synaptic Alterations 


Because the synaptic pathologies all shifted the trade-off between completion and separation, we 


examined the interaction of multiple simultaneous pathologies (Fig. 7).  This analysis of 


simultaneous increases or decreases in all combinations of the four synaptic properties showed 


that any two synaptic alterations that could both alone caused a separation or completion bias, 


would together cause an exacerbation of the bias.  Conversely any two synaptic alterations that 


caused opposites shifts in network balance had the potential to at least partially offset each other.  


This finding of interchangeable effects of simultaneous synaptic alterations has implications for 


compensatory mechanisms and therapeutic re-balancing of network function.   Given that 


intolerable levels of error in either pattern separation or pattern completion could be limiting 


factors in memory performance, manipulations that shift the balance so as to ameliorate extreme 


imbalances should be of therapeutic benefit.  Specific examples of imbalances causing increased 
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maximal error resulting from various synaptic pathologies, along with therapeutic ameliorations 


of these effects by manipulation of independent synaptic properties are shown in Fig. 7.  In such 


attempts to correct networks disrupted by one abnormal synaptic property via manipulations of 


independent synaptic properties, more balanced minimization of both types of error can be 


achieved, even if some residual increased errors relative to the optimal networks remain. 


 


DISCUSSION and CONCLUSIONS 


Substrates of Imbalanced Network Performance 


The simulation results demonstrate that increases or decreases in LTP, LTD, inhibition, or 


connectivity, as observed in mouse models of disease-linked mutations, can shift the balance of 


autoassociative function towards intolerable error in either pattern completion or pattern 


separation.  However, in individual patients, the impacts of disease-linked mutations will likely 


be modulated by multiple genetic and environmental factors.  For example, even when identical 


mutations are examined in different background mouse strains (different genetic contexts) 


opposite pathologies in connectivity are observed within models of Fragile X Syndrome [27, 28] 


or AD [29].  In addition, many synaptic phenotypes develop with age, indicating that disease-


linked mutations have different impacts during development and aging, perhaps in part due to 


induction of compensatory mechanisms [30].   The various factors that could contribute to 


manifestation of pathology in the four synaptic phenotypes are illustrated in Fig. 8A.  Regardless 


of the underlying origins, however, the ability of multiple synaptic alterations to compound or 


counteract each other in shifting the balance between pattern completion vs. separation errors 


(Fig. 7) suggests that a large number of combinations of synaptic pathologies will have a net 


effect of a bias towards either pattern completion or pattern separation. 
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To intuitively understand the basis of the interactions between the different points of 


synaptic pathology it is important to appreciate that the underlying substrates of successful 


pattern completion (and failed separation) necessarily converge at action potential generation, 


while essential to pattern separation (and failed completion) is lack of inappropriate spiking.  


Thus while the effects of LTP, LTD, inhibition and connectivity levels all impinge on the ability 


of synaptic inputs to drive output spiking, other perturbations that also effect input-output 


coupling will also alter the balance between completion and separation.  For example, while 


beyond the scope of the present analysis, neuromodulatory influences that alter intrinsic 


excitability are also aberrant in disease states and are expected to alter pattern separation and 


completion functions [19, 31]. 


 


Theory of Personalized Therapeutics 


That the four examined points of synaptic pathology all further converge in causing one of two 


distinct network imbalances provides a potential point of therapeutic intervention (Fig. 8B).  In 


particular, a pattern completion bias predicts one direction of therapeutic manipulation for each 


synaptic property, while a separation bias predicts therapeutic value for the opposite directions of 


manipulation (Fig. 8C).  If pattern completion vs. pattern separation performance were to be 


extensively evaluated in cognitive disease, two general possibilities exist:  1) Some causes of 


disease will consistently involve a separation bias, while other causes will always involve a 


completion bias, 2) Even within the same disease, the complex interaction of genetics and 


environment with disease progression will result in some patients with a completion bias and 


others with a separation bias.   
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In the case of uniform biases within a disease this model is useful in predicting cross-


therapeutic value of drugs with different targets.   All of the reported synaptic phenotypes in AD 


would push network balance towards a separation bias predicting unambiguous therapeutic 


targets (Fig. 8C, top), which is supported by the observation that decreasing inhibition rescues 


memory performance in mice modeling AD [32].  However, in other disease models, phenotypes 


causing opposite biases co-exist (Table 1), and the appropriate therapeutic targets are thus 


unclear because they will depend on the relative magnitude of the different pathologies.  For 


example Down syndrome model mice exhibit AD-like phenotypes of reduced LTP, enhanced 


LTD, and enhanced inhibition, but also exhibit enhanced recurrent connectivity that would favor 


a completion bias.  Insight comes from the observation that as with AD model mice, GABAAR 


antagonists can rescue impaired memory in the Down syndrome model mice [33, 34] which is 


consistent with a net pattern separation bias.   Therefore, in addition to drugs decreasing 


inhibition, the theory predicts that drugs enhancing LTP, and connectivity, and/or reducing LTD 


should also be of therapeutic value in Down syndrome (Fig. 8C, top; Table 2).  In another 


example, schizophrenia models exhibit phenotypes both supporting a separation bias (impaired 


LTP, and decreased connectivity) and supporting a completion bias (impaired LTD, and 


decreased inhibition).  In this case, that enhancement of GABAAR function can rescue impaired 


memory in Schizophrenia patients[35, 36], suggests a net completion bias dominates.  Therefore, 


along with positive modulators of GABAARs, drugs that would selectively reduce LTP, enhance 


LTD, and/or decrease connectivity are also predicted to be valuable for treating cognitive deficits 


in Schizophrenia (Fig. 8C, bottom; Table 2).  Further examples of extrapolating cross-


therapeutic efficacy come from mouse models that have been treated with manipulations that can 


increase LTP.  In particular, enhancements of LTP by PAK inhibition in Fragile X Syndrome 
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model mice [37], by BDNF increases in Huntington’s disease model mice [38, 39], or by 


reduction of αCaMKII inhibitory phosphorylation in Angelman syndrome model mice [40], are 


all accompanied by rescued memory performance.  These findings are consistent with an 


underlying pattern separation bias in these conditions, and predict efficacy of the corresponding 


list of therapeutic targets (Fig. 8C, top; Table 2).  


In the case of non-uniform biases within a disease group, assaying pattern completion vs. 


separation would be especially valuable for prescribing personalized therapeutics.  Moreover, 


this approach could allow therapeutic prescription even in patients with learning and memory 


impairments with unknown etiologies and no clear disease diagnosis.  Fig. 9 illustrates this 


personalized therapeutics approach using the example of a heterogeneous group of patients with 


the type of pathologies seen in Schizophrenia models (Table 1).  Genetic and environmental 


diversity is represented by starting with the 100 optimal networks with different underlying 


combinations of synaptic properties, and by implementing varying degrees of the pathological 


decreases in each synaptic pathology as observed in mouse models of Schizophrenia.  While the 


average autoassociative function in the simulated Schizophrenia cohort reflects a completion 


bias, high variability between the individuals is evident  (Fig. 9B).  Simply treating the entire 


group with manipulations such as enhanced inhibition, would results in some therapeutic 


rebalancing of the group on average, consistent with the findings that GABAAR positive 


modulators can improve memory performance in schizophrenia patients.  However, assay of 


individual autoassociative biases in each simulated patient leads to the identification of both 


patients with completion biases that would especially benefit from manipulations including 


increased inhibition, as well as a some patients with separation biases who would benefit from 


opposite manipulations including decreased inhibition (Fig. 9C,D). 
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How pattern separation and pattern completion deficits in neural networks will read out 


in indirect behavioral measurements such as tests of prospective interference may be 


complicated, but could be determined by experiments correlating behavior and read-outs of 


neural network separation/completion function.  However, the promise for implementing such an 


approach of assay-based therapeutic prescription is good, since non-invasive touchscreen-based 


memory tests already exist, including explicit measurement of pattern separation function, in 


both mouse models [41] and human patients [42, 43].  While higher-order processing strategies 


could confound behavioral read-outs of basic network functions [42], direct assay of 


autoassociative function can be performed in rodent models using recordings of neuronal 


ensemble activity [4-6], and has been demonstrated in humans using functional imaging [7].  


Although the current simulations focused on autoassociative function in the key region of CA3, 


interactions across multiple neural circuits are known to underlie cognitive behaviors like 


learning and memory.  Nonetheless, much of the cortex is organized in recurrent circuits, and 


could process and store information in a sparser but analogous manner to CA3.  Therefore, 


especially in cases contributed to by genetic disruptions with potentially widespread effects, the 


predicted manipulations aimed at rebalancing function could be broadly beneficial across neural 


networks underlying a pathologically extreme cognitive style.  Ultimately tests of the types of 


predictions outlined in Fig. 8 and detailed above, will support or refute this theorized approach 


of personalized cognitive therapeutics. 
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METHODS  


Network Simulations 


Network simulations were constructed using NeuroConstruct [44] and simulations were run 


using Neuron [45].  Custom Matlab (Mathworks) scripts were used to generate stimulus pattern 


sets, calculate synaptic plasticity, and analyze simulation output.  Each neuron was modeled as 


an isopotential sphere with a radius of 10 µm and had a membrane capacitance of 1.0 µF/cm
2
 


and contained a leak conductance with Eleak = –67 mV (GLeak = 0.1 µS/cm
2
), and Fast Na


+
 (GNa = 


100 µS/cm
2
), and Delayed Rectifier K


+
 (GK = 80 µS/cm


2
) conductances, based on a reduced 


model of hippocampal rhythm generation [15] (see Fig. 2).  Na
+
 current was calculated as: INa = 


GNam
3
h(Vm-ENa), with ENa = 90 mV, K


+
 current was calculated as: IK = GKn


4
(Vm-EK), with EK = 


-100.   AMPA conductances of excitatory synapses had time courses described by GAMPA = exp
(-


t/tau2) 
– exp


(-t/tau1)
, with tau1 = 1 and tau2 = 4, EAMPA = 0 mV, and GABAA conductances had time 


courses described by: GGABA = exp
(-t/tau2)


–exp
(-t/tau1)


, with tau1 = 2 and tau2 = 8, EGABA = -80 mV.  


Synaptic delays were 1 ms and axonal conduction times were considered negligible. 


 


Connectivity 


For each simulation of a given connectivity level, three different connectivity profiles were 


generated using different random seeds in NeuroConstruct.  The average performance of 


simulations using 10 different random sets of memories in each connectivity profile was 


calculated.  Error rates are presented as mean ± SEM of the average performance in three 


connectivity profiles. 
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Synaptic Plasticity 


The weight of associational connections (W) following synaptic plasticity was determined using 


an adaptation of the equation used in the model of autoassociation we based our simulations on 


[13]: Wij=nij
11


/(nij
11


*γ
11


+nij
10


*γ
10


+nij
01


* γ
01


), where nij
11


 is the number of patterns where 


presynaptic(i) and postsynaptic(j) neurons fire together, and nij
10


 and nij
01


 are the number of 


patterns where presynaptic or postsynaptic neurons fire independently within a set of stored 


patterns.  For simplicity in our implementation, γ
11


 was set to a value of 1, and  γ
10


 and γ
01


 shared 


the same value, γ
LTD


.  This yielded the equation; Wij= g
Max


AMPA *nij
11


/(nij
11


+(nij
10


+nij
01


)*γ
LTD


), 


where the normalized strength of maximal potentiation, g
Max


AMPA, defines the strength of LTP, 


and the single parameter, γ
LTD


, defines the strength of LTD (Fig. 3B).   


 


Inhibition 


The strength of the excitatory synapses onto the inhibitory neuron was set to 90% of g
Max


AMPA.  


The strength of inhibitory synaptic conductances in the network was set relative to the maximal 


total excitation received by a pyramidal neuron during a stimulus pattern involving 10 neurons 


such that: gGABA=g
Max


AMPA*10*Connectivity Level*Relative Inhibition.   


 


Database Generation 


Parameter permutations consisting of 20 connectivity levels spaced between 5 and 100%, 20 


g
Max


AMPA values spaced between 2.78 and 55.56 nS, 20 logarithmically spaced Inhibition Ratio 


values between 0.01 and 100 (corresponding to 1.83 fold increments), and γLTD values 


logarithmically spaced between 0.1 and 10 (corresponding to 1.27 fold increments) were 


evaluated.  For each of these 160,000 permutations of synaptic properties, 6 different sized 
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pattern sets were assessed using multiple connectivity and stimulus pattern random seed 


conditions (see connectivity), for a total of 180 simulations per parameter combination.  To 


facilitate the required large number of simulations, an approximation was made, based on the 


fact that the presence or absence of a spike in each individual neuron (which determines pattern 


storage or pattern completion success or failure), is determined entirely by, 1) the total excitatory 


conductance resulting from the properties of synaptic plasticity in the context of connectivity, 


and 2) the strength of inhibition.  Therefore, a table of spike thresholds as a function of both total 


excitatory and inhibitory conductance received by a neuron was generated from a set of 


simulations with systematic variations in these properties.  During creation of the database, 


pattern separation and pattern completion errors were assessed based on neuronal firing patterns 


determined by comparing values of total excitatory and inhibitory conductances in each neuron 


to the table of firing thresholds.  Validation of this efficiency measure was performed by directly 


comparing several key parameter combinations using the threshold-table approximation with full 


explicit simulations.  Optimal balanced networks were defined as the parameter combinations 


with the lowest maximal error (the higher error in either pattern separation or pattern 


completion), thus reflecting an even breakdown of pattern separation and completion for a given 


number of stored patterns. 
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Table 1. Key Synaptic Phenotypes in Mouse Models of Diseased Cognition 


Disease Model LTP LTD Inhibition Connectivity 


Neurodevelopmental 


Angelman synd. 


   Ube3A KO 


Decreased 
[40, 46] 


  Decreased 
[47] 


Down synd. 


   Trisomy 


Decreased 
[48-50] 


Increased 
[51] 


Increased 
[24, 49] 


Decreased/Increased* 
[24, 52, 53] 


Fragile X synd. 


   Fmr1 KO 


Decreased/Increased 
[54-56] 


Increased 
[57] 


Decreased 
[58-60] 


Decreased/Increased* 
[25, 27, 28] 


FRAXE synd. 


   Fmr2 KO 


Increased 
[61] 


   


Neurofibromat. 


   Nf1 het 
Decreased 


[62-64] 


 Increased 
[62, 63] 


 


Rett synd. 


   Mecp2 KO 


Decreased 
[65, 66] 


Decreased 
[65] 


Increased 
[67] 


Decreased 
[68, 69] 


Tuberous Scler. 


   Tsc1 KO 


   Tsc2 KO  (rat) 


Decreased 
[70] 


Decreased 
[70] 


 Decreased 
[71, 72] 


Various XLMR 


   Ophn1 KO 


   Pak3 KO 
   Gdi1 KO 


Decreased 
[73, 74] 


Decreased 
[75] 


  


Neuropsychiatric 


Schizophrenia 


   Disc1 mut 


   Reelin het 


   22q11 del 


Decreased 
[76, 77] 


Decreased 
[78] 


Decreased 
[78] 


Decreased 
[76, 79-81] 


Neurodegenerative 


ALS 


   Sod1 mut 


Increased 
[82] 


  Decreased 
[83] 


Alzheimer’s  


   App mut.  


   Ps1/Ps2 KO 


   App/Ps1 mut. 


Decreased 
[30, 32, 84-86] 


 Increased 
[30, 32] 


Decreased/Increased* 
[26, 84, 87-89] 


Huntington’s  


   Htt mut 


Decreased 
[38, 90, 91] 


Decreased/Increased 
[92, 93] 


  


Parkinson’s. 


   Dj-1 KO 


  Parkin KO 


Decreased/Increased 
[94, 95] 


Decreased 
[94] 


  


SCA  


   Sca1 mut 


   Fgf14 KO 


Decreased 
[96, 97] 


  Decreased 
[98] 
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The first column lists neurological conditions associated with impaired cognition, along with 


corresponding diseased-linked mutations that have been modeled in mice.  The remaining 


columns list reported alterations to LTP, LTD, synaptic inhibition, and connectivity in each 


group of mouse models.  Asterisks indicate reports of increased connectivity that are 


accompanied by concomitant decreases in connectivity in different neuronal subpopulations.  As 


well as direct physiological measurement of synaptic connectivity, indirect findings of altered 


dendritic spine density or axonal projections were considered indications of altered connectivity.  


While the connections within CA3 are the primary focus of our simulations, studies of synapses 


throughout the hippocampus are listed to allow a comprehensive comparison of existing data.  


When no hippocampal data was available, studies of other cortical neuron populations were 


included. 
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Table 2.  Example Cross-Therapeutic Predictions for Overall Averages of Disease 


Populations 


Disease or model Memory rescue observed with Other predicted targets 


Alzheimer’s mouse 


Down synd. mouse 


↓ Inhibition [32-34] ↑ LTP, ↑ connectivity, ↓ LTD 


Human Schizophrenia ↑ Inhibition [35, 36] ↓ LTP, ↓ connectivity, ↑ LTD 


Angelman mouse 


Fragile X mouse 


Huntington’s mouse 


 


↑ LTP [37-40] 


 


↓ Inhibition, ↓ LTD, ↑ connectivity 


 


The first column lists disease conditions or mouse models where therapeutic rescue of memory 


has been observed.  The second column lists the synaptic property that was targeted or observed 


to be altered by the treatment (see discussion for details).  The third column lists other predicted 


targets that should function to rebalance memory performance by altering the pattern completion 


vs. pattern separation bias with the same polarity as the observed effective treatment (see Figure 


8).  Note that while differential involvement of compensatory mechanism, genetic context, etc., 


between individuals is expected to result in heterogeneity within a given disease group, that 


significant improvements were seen on averaged measures of memory function in these studies 


supports these coarse predictions of therapeutic efficacy within groups.   The potential need for 


personalized assay of completion vs. separation function is illustrated in Figure 9.  
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LEGENDS 


 


Figure 1. Autoassociative Memory: Pattern Storage, Completion, and Separation 


Autoassociative memory involves the rapid automatic generation of internal representations of 


sensory stimuli.  Key functions of autoassociative memory are depicted with stimulus patterns 


consisting of visualized airplane silhouettes.  A) Pattern storage includes the ability to 


simultaneously store representations of multiple stimuli, such as similar yet distinct airplane 


silhouettes.  B) Pattern separation fails during pattern storage when multiple distinct stimuli 


cannot be simultaneously stored without interference.  C) Pattern completion is the ability to 


recall a stored representation when cued by a partial or degraded observation of the stimulus, 


such as when an airplane is obscured behind a cloud.  D) Pattern completion fails when the 


degraded stimulus is insufficient to result in recall of the entire stored representation.   


 


 


Figure 2. Autoassociative Network Model 


(A) The architecture of the 100 neuron network is illustrated with four exemplar excitatory 


neurons (blue).  The recurrent interconnections (associational synapses) in a network with full 


connectivity are shown with blue triangles.  Excitatory synapses are also made from each 


excitatory neuron onto a single interneuron that represents the total inhibition of the network (red 


neuron).  Feedback inhibitory connections made by the interneuron onto each excitatory neuron 


are shown with red circles.  Feedback inhibition onto the interneuron is represented using an 


autaptic connection.  Depicted in green is the input to each neuron used to activate a neuron as 


part of a stimulus pattern.  Each biophysically reduced model neuron had membrane properties 


based on a model of rhythm generation in the hippocampus [15] (see methods). (B) Voltage-
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gated Fast Na
+ 


conductance steady state activation and inactivation (top) and time constants 


(bottom) of the m and h gating variables are shown.  (C) Voltage-gated Delayed Rectifier K
+ 


conductance steady state activation (top) and time constant (bottom) of the n gating variable is 


shown.  (D) AMPA conductance time courses are shown.  (E) GABA conductance time courses 


are shown.   


 


 


Figure 3. Synaptic Connectivity and Plasticity 


A) Example matrix of potential synaptic interconnections between the 100 excitatory neurons in 


a network with 50% connectivity.   Gray squares show possible (silent) synapses, and white 


squares indicate the absence of anatomical synapses, as a function of postsynaptic (x axis) and 


presynaptic (y axis) neuron identity.  B) Synaptic plasticity was implemented with the parameter, 


g
Max


AMPA specifying the strength of a fully potentiated synapse resulting from co-activation of 


a presynaptic and postsynaptic neuron during storage of a stimulus pattern.  The parameter  γ
LTD


 


determined the strength of depression resulting from asynchronous activation of a presynaptic 


and postsynaptic neuron during different stimulus patterns within a set of stored memories.  The 


resulting profile of plasticity for different numbers of asynchronous activations per synchronous 


activation is show for γ
LTD


 values logarithmically spaced between 0.1 (top series) and 10 (bottom 


series).  C) The synaptic strength matrix of the example network with 50% connectivity is shown 


after 5 patterns have been stored, using an intermediate value of γ
LTD


.  Un-strengthened (silent) 


synapses are white, and the strengths of synapses ranging from fully potentiated to strongly 


depressed are illustrated with the color scale from red to blue.  D) The synaptic strength matrix 


of the example network is shown after 30 patterns have been stored.  Note that while more 
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synaptic connections have been potentiated, accumulation of overlap between the patterns has 


resulted in stronger average depression in the network compared to the storage of 5 patterns. 


 


Figure 4. Simulated Pattern Separation and Completion 


Simulated autoassociative functions are illustrated (after deAlmeida et al., 2007).  A) The 


simulated membrane potentials of all 100 excitatory neurons (blue) are illustrated (top) for the 


time window corresponding to the peak of a single gamma cycle.  Green symbols indicate the 10 


neurons activated during storage of a stimulus pattern.  Also shown (bottom) on an expanded 


voltage scale are the overlaid near-threshold membrane potentials of the 10 neurons participating 


in the stimulus pattern (green symbol), the other 90 excitatory neurons in the network, and the 


inhibitory neuron (red).  Pattern separation is successful when, as new memories are stored, only 


the 10 stimulated neurons fire action potentials, without extraneous firing in the network during 


the cycle.  Pattern separation fails when extraneous firing in one or more neurons outside of the 


stimulus occurs during pattern storage (black).  B) Pattern completion is tested by stimulating 


only 9 of the 10 neurons in a stored pattern.  The neuron that is part of a pattern but not 


stimulated during the degraded stimulus presentation is depicted with an open green symbol.  


Pattern completion is successful when synaptic input from the other 9 neurons is able to elicit 


firing in this neuron (black) within the restricted time window shown, corresponding to a single 


gamma cycle.  Failure of pattern completion occurs when the degraded stimulus is unable to 


induce firing in the un-stimulated neuron.  C) The rate of pattern separation errors is shown as a 


function of the number of stored patterns for an example set of network parameters.  D) The rate 


of pattern completion errors as a function of the number stored patterns is shown. 
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Figure 5. Multiple Synaptic Parameter Permutations Support Optimal Balanced Function 


A) Optimal balanced networks were found by searching for parameter combinations that 


produced the lowest maximal error (the higher error in either pattern separation or pattern 


completion) during the storage of 30 patterns.  The 100 best combinations of the parameters 


defining LTP, LTD, and inhibition, are shown with connectivity constrained to 50%.  The 


maximal error rate is shown in grayscale.  The ability of parameter combinations spanning a 


broad range or parameter space to achieve similar performance is evident.  B) The balances of 


pattern completion errors (increasing from 0 at the center to the left) and pattern separation errors 


(increasing from 0 at the center to the right) are shown for the 100 best parameter combinations 


and for their average.  Different shades of red and blue are overlaid to show the error rates for 


different numbers of stored patterns for pattern completion, and pattern separation, respectively. 


 


Figure 6. Each Synaptic Pathology Alters the Trade-Off  between Completion and 


Separation 


The average performance of the 100 best parameter combinations illustrated in Figure 5, were 


used to represent optimal autoassociative performance.  To simulate pathological changes in 


each synaptic property, parameter values were increased or decreased by various degrees in each 


of the 100 optimal networks, and the error rates in pattern completion and separation were re-


assessed.  A) Changes in the strength of LTP were implemented by increases or decreases in 


g
max


AMPA, relative to optimal values (opt, y axis).   B) Changes in the strength of LTD were 


implemented by multiplying optimal γ
LTD


 values by different amounts.   C) Connectivity levels 


were increased or decreased relative to the optimal level (50%).  D) Changes in relative 


inhibition were implemented by multiplying optimal values by different amounts.  Each 
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simulated pathology shifted the trade-off between completion and separation, with opposite 


effects when the synaptic properties were increased or decreased. 


 


Figure 7. Concomitant Synaptic Modulations Can Exacerbate or Rescue Imbalances 


A-F) Changes to optimal network balance are shown for each permutation of simultaneous 


changes in two of the four synaptic properties.  Grayscale values illustrate increases in max error 


rate relative to the optimal networks.  Optimal networks are central in the 2D plots, bordered 


with a black box.  Increasing max error rates resulting from alterations to single parameters are 


seen in the vertical or horizontal deviations from the optimal networks, while the remainder of 


each plot shows the effects of concomitant alterations to both parameters.   Examples of 


pathological shifts towards intolerable pattern completion error (separation performance bias, red 


circles), or pathological shifts towards intolerable pattern separation error (completion 


performance bias, blue circles) are highlighted for individual synaptic pathologies.  Error rates 


for these highlighted data points are shown, with pale red and blue bars illustrating completion 


and separation error rates within tolerable limits defined by optimal network performance.  


Completion or separation error rates exceeding tolerable limits are illustrated with dark red or 


dark blue, respectively.  For each highlighted pathology, examples of therapeutic shifts towards 


more tolerable error rates that could be achieved by manipulating the other synaptic property are 


shown with red arrowheads (amelioration of separation biases) or blue arrowheads (amelioration 


of completion biases).  Note that while increases in connectivity are included for completeness, 


that upper limits are likely biologically constrained, limiting the plausibility of the low error 


regions of parameter space seen with high connectivity (see text).  
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Figure 8. Personalized Therapeutics Based on Assay of Network Imbalance 


A) The origins of pathological changes in the synaptic phenotypes of LTP, LTD, inhibition, and 


connectivity are indicated.  In addition to direct effects of disease-linked mutations (Table 1), 


and other genetic or environmental factors, effects of feedback due to developmental or age-


related changes, as well as homeostatic compensatory mechanisms, are indicated.  B) The key 


prediction of the simulations is that the summed impact of any constellation of synaptic 


pathologies will be to imbalance network performance in one of two directions, 1) Separation 


bias, where despite very low pattern separation error, intolerable errors in pattern completion 


underlie memory impairment, or 2) Completion bias, where despite very low completion error, 


intolerable errors in pattern separation underlie memory impairment.  C) The proposed approach 


of using assays of network imbalance to prescribe therapeutic targets is illustrated.  


Manipulations of each of the synaptic properties predicted to have therapeutic benefits are listed 


for each type of network imbalance (large arrows).  The dashed box is to emphasize that the 


approach of predicting therapeutics based on assay of network imbalance is agnostic to the 


underlying synaptic phenotypes and their causes.   


 


 


Figure 9. Example of Personalized Therapeutics in Groups with Heterogeneous Pathologies 


The personalized therapeutics approach is illustrated using the example of a group of patients 


with pathological decreases in LTP, LTD, Inhibition, and Connectivity, as have been reported in 


various models related to Schizophrenia, for example (Table 1).  To provide analogy with the 


heterogeneous genetic and environmental factors seen in human patients, the 100 optimal neural 
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networks were each perturbed with randomly varying degrees of decreases in each synaptic 


property, such that an average pattern completion bias was seen in the population, consistent 


with average rescue of memory impairment by increased inhibition in populations of 


Schizophrenia patients (see Discussion).  A) The maximal error in each of the pathologically 


perturbed networks is illustrated.  For direct comparison with the wild-type networks in Figure 5, 


values of LTP, LTD, and inhibition are illustrated, while connectivity rates are not shown.  B) 


The pattern completion and separation error rates with 30 patterns stored are illustrated for each 


of the individual pathological networks.  Completion or separation error rates exceeding average 


tolerable limits of wild-type networks are illustrated with dark red or dark blue, respectively.  


Red arrowheads indicate assayed pattern separation biases, where GABAAR antagonists would 


be prescribed, while blue error heads indicate pattern completion biases, where GABAAR 


positive modulators would be prescribed (majority of individuals).  C) The maximal error rates 


in each network following therapeutic correction as indicated in panel B, is shown.  D) The 


pattern completion and separation error rates following therapeutic improvement with drugs 


targeting inhibition are shown for the individual networks.  
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A fine interplay exists between sensory experience and innate


genetic programs leading to the sculpting of neuronal circuits


during early brain development. Recent evidence suggests that


the dynamic regulation of gene expression through epigenetic


mechanisms is at the interface between environmental stimuli


and long lasting molecular, cellular and complex behavioral


phenotypes acquired during periods of developmental


plasticity. Understanding these mechanisms may give insight


into the formation of critical periods and provide new strategies


for increasing plasticity and adaptive change in adulthood.
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Introduction
During early development, neuronal circuits are created


and connections between neurons undergo remodeling as


they develop their adult functional properties in response


to the surrounding environment. The adult brain loses


this extraordinary plasticity. Recent findings support a


key role of epigenetic factors in mediating the effects of


sensory experience on site-specific gene expression,


synaptic transmission, and behavioral phenotypes. Here


we review recent evidence implicating multiple epige-


netic mechanisms in experience-dependent changes


during development and discuss their role in critical


period expression in the developing and adult brain.


Epigenetics: molecular mechanisms of gene
regulation
The term ‘epigenetic’ refers to chromatin modifications


which alter gene expression without affecting DNA


sequence. The factors that contribute to the epigenetic


regulation of transcriptional activity are numerous and

Please cite this article in press as: Fagiolini M, et al. Epigenetic influences on brain developmen


www.sciencedirect.com

include microRNA [1], DNA methylation [2,3] and post-


translational modifications of nucleosomal histones [2,4].


DNA methylation refers to a chemical modification to


DNA whereby cytosine is converted to 5-methylcytosine


with the consequence of reduced accessibility of the


DNA to transcription factors (Figure 1a–d). These modi-


fications can be stable and heritable and provide a critical


mechanism in cellular differentiation [3]. The process of


methylation is dependent on the presence of methyl


donors (provided by nutrients such as folic acid, meth-


ionine and choline) and methyltransferases which med-


iate either maintenance (i.e. DNMT1) or de novo DNA


methylation (i.e. DNMT3). Transcriptional repression


associated with DNA methylation is further sustained


through methyl-binding proteins such as MeCP2 [5].


Epigenetic control of gene expression is also mediated


through multiple post-translational modifications of


histone proteins, including methylation, acetylation and


ubiquination, which can alter the accessibility of DNA


and the density of chromatin structure (Figure 1e,f). In


particular, histone acetylation is associated with increased


transcriptional activity whereas histone deacetylation is


associated with transcriptional repression. The acety-


lation state of these nucleosomal proteins is controlled


by the presence of histone acetyltransferases (HATs),


histone deacetylases (HDACs), which are recruited by


methyl-binding proteins, and by HDAC inhibitors, which


effectively increase gene expression through shifting


histones to an acetylated state [2,6]. The timing and


degree of gene expression are controlled through these


complex mechanisms, thus providing a link between


single genotypes and multiple phenotypes.


Epigenetic factors and the influence of early
life experiences
In mammalian development, the prenatal and postnatal


periods are characterized by rapid changes in neuronal


organization, thus providing a critical window of oppor-


tunity during which environmental experiences can lead


to long-term influences on brain and behavior. There is


increasing evidence for the role of epigenetic factors in


mediating the relationship between these experiences


and long-term outcomes. Mueller and Bale [7��] have


recently demonstrated decreased DNA methylation of


the corticotrophin-releasing-factor (CRF) gene promotor


and increased methylation of the glucocorticoid receptor


(GR) exon 17 promotor region in hypothalamic tissue of


adult male mice born to gestationally stressed females.


These epigenetic modifications are associated with


exposure to stress during the early stages of prenatal


development and may involve dysregulation of placental


gene expression. The nutritional environment during

t and plasticity, Curr Opin Neurobiol (2009), doi:10.1016/j.conb.2009.05.009
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Figure 1


Illustration of the epigenetic regulation of gene expression. (a) The structure of the nucleosome includes DNA wrapped around a histone core of


proteins. These proteins have extensions called ‘tails’ that protrude outside the core. (b) Transcriptional activation requires the unwrapping of DNA


from the histone core to promote binding of RNA polymerase. (c) DNA methylation involves the attachment of a methyl (–CH3) group to cytosines


within the DNA sequence. This chemical reaction is mediated by DNA methyltransferases. (d) Methylated DNA attracts methyl-binding proteins which


further condense the structure of the nucleosome and prevent transcription. (e) Histone acetylation involves the addition of an acetyl (–COCH3) group


to the histone tails and is mediated by histone acetyltransferase. Histone acetylation is associated with a more open and accessible nucleosomal


structure. Removal of the acetyl group is mediated by histone deacetlylase (HDAC) and leads to a more compact and less accessible nucleosomal


structure that is not transcriptionally active. (f) Increasing levels of HDAC inhibitors can block the actions of HDAC and thus promote greater access to


the DNA.

fetal development has likewise been demonstrated to


influence growth, metabolism and brain development


and there is increasing evidence that dietary levels of


methyl-donors can epigenetically alter gene expression in


offspring [8,9]. In rats, Lillycrop et al. [10] illustrate that


GR 110 and PPARa (peroxisome proliferator-activated


receptor alpha) gene promotor methylation is reduced in


the hepatic tissue of offspring born to protein restricted

Please cite this article in press as: Fagiolini M, et al. Epigenetic influences on brain developmen


Current Opinion in Neurobiology 2009, 19:1–6

dams whereas methylation is increased in offspring of


dams whose diet is supplemented with methyl donors


[10,11�]. These effects may be related to DNMT1


expression, which is likewise decreased with dietary


protein restriction [11�]. Prenatal nutritional regulation


of DNA methylation has similarly been observed in


brain tissue associated with levels of DNMT1 expression


[12], suggesting that in the rapid period of cell division
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occurring during fetal development, the level of methyl


donors can have a significant impact on transcriptional


activity that is maintained into adulthood.


The role of epigenetic modification in sustaining the


effects of environmental experience has also been


demonstrated in the context of postnatal mother–infant


interactions. Individual variations in maternal care


during the immediate postpartum period in rats are


associated with changes in offspring hypothalamic-pitu-


itary-adrenal (HPA) activity, neuroendocrine systems


involved in reproduction and hippocampal plasticity


[13]. Analyses of levels of promotor methylation within


the hippocampal GR 17 and hypothalamic ERa genes in


offspring of rat dams that provide high vs. low levels of


maternal care indicate that high levels of care are associ-


ated with decreased promotor methylation and thus


increased gene expression [14,15]. Though the route


through which these epigenetic changes are mediated is


not yet clear, there is evidence for increased binding of


nerve growth factor-inducible protein A (NGFI-A) to


the GR exon 17 promoter amongst offspring who receive


high levels of care in infancy [15] and in vitro models


suggest that NGFI-A up-regulation is associated with


histone acetylation, DNA demethylation, and activation


of the exon 17 GR promoter [16]. The relevance of these


effects in humans has recently been demonstrated by


Oberlander et al. [17�] in the analysis of methylation


status of the GR promotor at NGFI-A binding sites in


cord blood mononuclear cells of infants exposed to third


trimester maternal depressed or anxious mood. Maternal


depression was found to be associated with increased


GR 1F promotor methylation in fetal blood samples and


these methylation patterns predicted HPA reactivity in


infants at 3 months of age [17�]. Analysis of hippocampal


tissue from suicide victims with a history of childhood


abuse similarly indicates lower GR expression and


higher GR 1F promotor methylation associated with


disruptions of the early environment and confirms the


findings from rodent studies that differential NGFI-A


binding is a functional consequence of these epigenetic


effects [18��]. However, the impact of perinatal mother–
infant interactions is not limited to GR regulation as


illustrated by Roth et al. [19�] examining the effects of


postnatal abuse on offspring brain derived neurotrophic


factor (BDNF) methylation [19�]. In rats, an increase in


methylation of exon IV of the BDNF promotor and


consequent decrease in BDNF mRNA in the prefrontal


cortex was found in association with exposure to periods


of abusive maternal care (dragging, rough handling,


etc.). As was the case with the effects of individual


differences in maternal care, these effects emerged in


infancy and were sustained into adulthood. Moreover,


these effects on BDNF exon IV methylation are


perpetuated to the F1 generation suggesting a role


for epigenetic mechanisms in transgenerational effects


[20].
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Development across the lifespan: epigenetics
and experience-dependent plasticity
The previous section highlights the stable effects of early


life experiences and how these events become encoded at


a molecular level. Another approach to the study of


epigenetics and development comes from studies of


synaptic plasticity during the expression of long-term


potentiation (LTP) and memory consolidation. High


levels of maternal care and exposure to juvenile environ-


mental enrichment (EE) have been demonstrated to


improve capacity for learning and memory associated


with LTP enhancement [21,22]. Moreover, recent evi-


dence suggests that EE modulates NMDAr/p38/LTP


signaling pathways in the hippocampus and improves


contextual fear memory formation across generations


such that offspring of enriched mothers likewise show


enhanced LTP even when cross-fostered at birth to non-


enriched mothers [23�]. Environmental enrichment has


been associated with increased histone acetylation in the


hippocampus and improved spatial memory [24�,25].


Pharmacological targeting of the epigenome has been


used to demonstrate the role of histone acetylation and


DNA methylation in the consolidation of long-term mem-


ory [26]. Treatment with zebularine (an inhibitor or DNA


methyltransferases) has been shown to block memory


formation and reduce histone acetylation following con-


textual fear conditioning in adult rats [27��] whereas


treatment with the HDAC inhibitor sodium butyrate lead


to enhanced formation of contextual fear memories [28].


The particular HDAC target of these inhibitors may be


HDAC2 as recent evidence has emerged illustrating


decreased synaptic plasticity and memory formation in


mice over-expressing HDAC2 but not HDAC1; with the


converse effect in HDAC2-deficient mice [29�]. These


studies illustrate a possible relationship between synaptic


activity and histone acetylation/DNA methylation in


mature neurons, suggesting that there is continued


plasticity in these epigenetic systems beyond the prenatal


and postnatal periods of development.


Epigenetic mechanism and the regulation of
synaptic transmission
Activity-dependent changes in gene expression within


neuronal pathways during development may serve as a


critical pathway linking experience of the external


environment and epigenetic modifications within the cell


nucleus. In a recent study, Monteggia and colleagues


elegantly demonstrated that spontaneous synaptic trans-


mission in hippocampal neurons is regulated by altera-


tions in DNA methylation that occur in response to


synaptic activity [30��]. Treatment with a DNMT inhibi-


tor lead to a significant decrease in frequency of miniature


excitatory post-synaptic currents (mEPSCs) and rate of


spontaneous synaptic vesicle fusion correlated with a


decrease in BDNF promoter I methylation and increased


BDNF expression. This effect was blocked with inhi-


bition of synaptic activity and reductions in mEPSCs
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were prevented in the absence of MeCP2. These results


strongly suggest a role for DNA methylation/MeCP2


pathways in the control of synaptic function. Activity-


dependent phosphorylation of MeCP2 via Ca2+-calmo-


dulin-dependent kinase II has been shown to cause


MeCP2 dissociation from target genes and relieve tran-


scriptional repression [31]. Consequently, genes such as


BDNF are increased in expression leading to normal


dendritic patterning and dendritic spine development


[32]. These findings suggest an epigenetic mechanism


through which neurons can monitor alterations in activity


level and adjust neurotransmitter output via altered gene


expression with consequences for network excitability


and circuit refinement. Impairments in these MeCP2


pathways may lead to several neurodevelopmental


abnormalities including Rett syndrome, infantile autism,


mental retardation, and schizophrenia [33] and targeted


deletion of MeCP2 in the amygdala has recently been


demonstrated to impair learning and memory and lead to


increased anxiety-like behavior in mice [34].


Epigenetic control of critical period plasticity
Though epigenetic mechanisms have certainly been


implicated in mediating the high levels of plasticity in


early development, it is also possible to view the


decreased plasticity and sensitivity that occurs later in


development from an epigenetic perspective. Neocortical


circuits are extremely sensitive to manipulations of the


sensory environment during restricted temporal windows


of postnatal development called ‘critical periods’. For


example, an imbalance in binocular vision during child-


hood affects perception leading to amblyopia or ‘lazy


eye’. Monocular deprivation (MD) reproduces this clas-


sical paradigm of experience-dependent plasticity [35].


The striking physiological effect of MD is a shift in visual


cortical neuron response in favor of the non-deprived eye;


an example of ocular dominance (OD) plasticity. The


critical period during which this OD plasticity occurs is


defined by the activation and subsequent inhibition of


specific molecular pathways involving signaling mol-


ecules such as aCaMKII, calcineurin, PKA, ERK, and


CREB [36]. Recently, Pizzorusso and colleagues ident-


ified rapid increases in ERK-dependent phosphorylation


of histones associated with activation of the juvenile


visual cortex and a developmental downregulation of this


effect in older mice [37�]. In adult mice, the reduced OD


plasticity can be reinstated through treatment with the


HDAC inhibitor trichostatin A (TSA). Multiple cellular


mechanisms might contribute to experience-dependent


plasticity expression [38]. Further work is necessary to


understand if epigenetic mechanisms are generally acting


in all cellular substrates or only within a specific subset.


Myelin maturation has also been proposed as one of the


major factors contributing to decreased neuronal


plasticity. During the onset of critical period plasticity,


oligodendrocytes start to express specific myelin struc-
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tural proteins, including myelin basic protein (MBP),


myelin-associated glycoprotein (MAG), myelin oligoden-


drocyte glycoprotein (OMgp) and myelin-associated oli-


godendrocyte basic protein (MOBP) [39]. As myelination


reaches adult levels, OD plasticity is strongly reduced or


absent. MAG and OMgp may contribute to critical period


closure through activation of Nogo receptors. Indeed,


mice lacking Nogo receptors exhibit OD plasticity even


in adulthood [40]. Manipulation of epigenetic status of


oligodendrocytes may also be an effective strategy for


modulating plasticity. Casaccia-Bonnefil and colleagues


have shown that histone modifications are involved in


oligodendrocyte precursor cell (OPC) differentiation


during development and in recovery from injury [41–
43]. Administration of the HDAC inhibitor valproic acid


during the critical period of myelination onset was found


to prevent the OPC maturation into myelinating cells.


These results suggest that HDAC activity during a


specific temporal window of postnatal development is


required for OPC differentiation and myelination. At later


developmental stages, histone deacetylation subsides and


is replaced by repressive histone methylation and the


establishment of a compact chromatin structure, charac-


teristic of the differentiated oligodendrocyte phenotype


[43]. Shen et al. [44��] found that in response to damage


of oligodendrocytes, robust remyelination occurred in


juvenile but not in older animals with the new myelin


synthesis preceded by downregulation of oligodendrocyte


differentiation inhibitors and neural stem cell markers


and the recruitment of HDACs to promoter regions. This


HDAC recruitment is inefficient in older brains, allowing


for the accumulation of transcriptional inhibitors and


prevention of myelin gene expression. This age-depend-


ent effect can be induced in young mice treated with


HDAC inhibitors during the period when damage to


oligodentrocytes is occurring. Thus, there are epigenetic


changes that are characteristic of periods of developmen-


tal plasticity that could provide a target for therapeutic


intervention in the event of CNS damage. The use of


HDAC inhibitors to increase plasticity in the brain may


be a promising therapeutic approach as there is conver-


ging evidence from rodent models that treatment with


these compounds (1) can lead to dramatic shifts in gene


expression and behavior in adult offspring who have


received low levels of maternal care [15] and (2) mimic


the effects of EE on reversal of neurodevelopmental


abnormalities [24]. Rather than producing a generalized


increase in transcription, these compounds lead to acti-


vation of a specific subset of genes [45–47], suggesting


possible targeted intervention to reinstate plasticity in


adult brain.


Conclusions
There is converging evidence for the role of epigenetic


modifications such as histone acetylation and DNA meth-


ylation in both the stability and plasticity of developing


neuronal circuits. The persistent effects on gene expres-
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sion that can be achieved through these mechanisms


provide a biological route through which environmental


experiences can become embedded, leading to long-term


changes in neurobiology and behavior. Enhancing


plasticity in the adult brain is an exciting prospect and


there is certainly evidence emerging that suggest the


possible use of epigenetic factors to induce a ‘younger’


brain. The challenge of future studies is to establish the


pathways through which site-specific and gene-specific


transcriptional modifications can be achieved and to


better understand the route through which experiences


across the lifespan induce this molecular plasticity.
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Abstract 


Background 


Over the past several decades, complementary and alternative medications have increasingly 


become a part of everyday treatment. With the rising cost of prescription medications and 


their production of unwanted side effects, patients are exploring herbal and other natural 


remedies for the management and treatment of psychological conditions. Psychological 


disorders are one of the most frequent conditions seen by clinicians, and often require a long-


term regimen of prescription medications. Approximately 6.8 million Americans suffer from 


generalized anxiety disorder. Many also suffer from the spectrum of behavioural and physical 


side effects that often accompany its treatment. It is not surprising that there is universal 


interest in finding effective natural anxiolytic (anti-anxiety) treatments with a lower risk of 


adverse effects or withdrawal.  


Methods 


An electronic and manual search was performed through MEDLINE/PubMed and EBSCO. 


Articles were not discriminated by date of publication. Available clinical studies published in 


English that used human participants and examined the anxiolytic potential of dietary and 


herbal supplements were included. Data were extracted and compiled into tables that 


included the study design, sample population, intervention, control, length of treatment, 


outcomes, direction of evidence, and reported adverse events. 


Results 


A total of 24 studies that investigated five different CAM monotherapies and eight different 


combination treatments and involved 2619 participants met the inclusion criteria and were 


analyzed. There were 21 randomized controlled trials and three open-label, uncontrolled 


observational studies. Most studies involved patients who had been diagnosed with either an 







 


 


anxiety disorder or depression (n = 1786). However, eight studies used healthy volunteers (n 


= 877) who had normal levels of anxiety, were undergoing surgery, tested at the upper limit 


of the normal range of a trait anxiety scale, had adverse premenstrual symptoms or were peri-


menopausal, reported anxiety and insomnia, or had one month or more of elevated 


generalized anxiety. Heterogeneity and the small number of studies for each supplement or 


combination therapy prevented a formal meta-analysis. Of the randomized controlled trials 


reviewed, 71% (15 out of 21) showed a positive direction of evidence. Any reported side 


effects were mild to moderate. 


Conclusions 


Based on the available evidence, it appears that nutritional and herbal supplementation is an 


effective method for treating anxiety and anxiety-related conditions without the risk of 


serious side effects. There is the possibility that any positive effects seen could be due to a 


placebo effect, which may have a significant psychological impact on participants with 


mental disorders. However, based on this systematic review, strong evidence exists for the 


use of herbal supplements containing extracts of passionflower or kava and combinations of 


L-lysine and L-arginine as treatments for anxiety symptoms and disorders. Magnesium-


containing supplements and other herbal combinations may hold promise, but more research 


is needed before these products can be recommended to patients. St. John's wort monotherapy 


has insufficient evidence for use as an effective anxiolytic treatment. 







 


 


Background  


Mental disorders plague millions of people around the world. Depression and anxiety are two 


of the most common mental disorders, affecting nearly 55 million people in the United States 


alone [1]. The complexities of the central nervous system make diagnoses, treatment, and 


amelioration of these debilitating illnesses exceptionally difficult. Advancement in these 


areas would be invaluable contributions in the effort to reduce the global impact of anxiety-


based conditions. The universality of herbal remedies in many cultures makes them an 


appropriate treatment to explore.  


According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR), 


anxiety is characterized by a feeling of persistent worry that hinders an individual's ability to 


relax [2]. This can range from the transient anxiety levels a person feels before surgery or a 


menstrual cycle to the pervasive feeling of nervousness that characterizes an anxiety disorder 


(e.g. generalized anxiety disorder, obsessive-compulsive disorder, panic disorder and social 


phobia). The impact of the anxiety is not limited to consistent stress, which is associated with 


higher risk of cardiovascular and cerebrovascular disease [3]. Anxiety also has debilitating 


physical manifestations as headaches, uncontrolled trembling and sweating, muscle tension 


and aches, among others. 


To date, the biological explanations for many types of anxiety disorders remain inadequate. 


Postulations have implicated a dysregulation of specific neurotransmitters such as serotonin, 


dopamine and gamma-aminobutyric acid (GABA) as potential causes for both depression and 


anxiety disorders [4-6]. These hypotheses are based on the results of pharmacological 


treatments, but there are no definitive clinical trials that demonstrate the dysregulation of 


these neurotransmitters as causative factors of anxiety, potentially explaining why the 


treatment of anxiety with antidepressants is often ineffective. Thus far, cognitive behavioural 







 


 


therapy (CBT) has proven to be the most effective, long-term treatment for anxiety-related 


disorders [7]. 


With the lifetime prevalence of anxiety disorders reaching 16.6% worldwide [8], great strides 


have been made with ongoing research into its causes and treatments. In addition to  


antidepressants, serotonin-specific reuptake inhibitors (SSRIs) and benzodiazepines have also 


been prescribed to patients suffering from GAD [9, 10]. However, while often effective, both 


of these classes of drugs come with many unwanted side effects such as suicidal ideation, 


decreased alertness, sexual dysfunction and dependency [11-16]. Additionally, the costs of 


these medications pose problems to patients who must take them on a daily, long-term basis  


As a result, there has been increased interest in the use of complementary and alternative 


medicines (CAM) as a natural method for treating numerous types of anxiety. Herbs  such as 


passionflower, kava, St. John's wort and valerian root, as well as the amino acid lysine and 


the cation magnesium, have been used for centuries in folk and traditional medicine to calm 


the mind and positively enhance mood. However, the efficacy and safety of utilizing CAMs 


to treat anxiety, both as a symptom and as a disorder, has only just begun to be rigorously 


tested in clinical trials within the last 10 to 15 years [17-19]. 


A number of reviews of the clinical effectiveness of herbal and nutrient treatments for 


depression, anxiety disorders, and sleep disturbance have been published over the past decade 


[19-25].  These have reviewed data associated with a number of treatments, including St. 


John's Wort, S-adenosyl-methionine (SAM-e), B vitamins, inositol, choline, kava, omega-3 


fatty acids/fish extracts, valerian, lavender, melatonin, passionflower, skullcap, hops, lemon 


balm, black cohosh, ginkgo biloba, extracts of Magnolia and Phellondendron bark, gamma-


aminobutyric acid (GABA), theanine, tryptophan and 5-hydroxytryptophan (5-HTP). 


However, none of these studies has been conducted in a systematic way. 







 


 


The objective of this paper is to systematically review and summarize the available literature 


on herbal remedies and dietary supplements for treating anxiety and related symptoms in 


order to aid mental health practitioners in advising their patients and provide insight for 


future research in this field. 


Methods 


Search strategy 


MEDLINE/PubMed and EBSCO databases were searched without regard for date of 


publication, using the search terms "alternative therapies," "herbal supplement" and 


individual herb and supplement names from popular sources, each crossed with the term 


"anxiety." In addition, key publications were hand-searched for references. [See Additional 


file 1 for a Quality of Reporting of Meta-analyses (QUOROM) statement checklist.] 


Selection criteria 


The search was restricted to herbs and supplements that acted as anxiolytic agents and whose 


effects were measured either through quantitative rating scales or self-reports. Studies also 


had to be published in English, conducted with human subjects, have a sample size greater 


than 10, use a whole extract of the plant (if applicable) and detail data clearly. Case studies, 


review articles, meta-analyses, safety trials and studies that attempted to link vitamin and 


mineral deficiencies to the presence or absence of anxiety symptoms were excluded, as were 


trials in animals. Studies of anxiety parameters in healthy volunteers were also examined to 


provide supporting evidence.  


Data abstraction and synthesis of results 


Study results were abstracted into data tables (Tables 1, 2, 3. 4, 5, 6). Because of the 


heterogeneous nature of the patients, preparations and outcome measures, data pooling was 







 


 


not possible. Therefore, the data was summarized qualitatively. The most common outcome 


measures encountered in these trials included: Hamilton Anxiety Scale (HAMA), State Trait 


Anxiety Inventory (STAI), Erlanger Anxiety, Tension and Aggression Scale (EAAS), Bf-S 


self-rating scale of well-being, Anxiety Sensitivity Index (ASI), and Clinical Global 


Impressions (CGI) scale. Some studies used measurements of anxiety biomarkers such as 


adrenocorticotropic hormone, cortisol, adrenaline, noradrenaline and chromogranin-A levels; 


skin conductance; heart rate; and blood pressure. A significant positive change in at least one 


of the primary outcome measures was required to categorize the trial as positive. 


Results and discussion 


Flow of included studies 


Electronic searches found 106 papers that were potentially relevant to the present systematic 


review. Of these, 24 met the inclusion/exclusion criteria (see Figure 1 for a flow diagram). Of 


the 82 that did not meet the criteria, 21 were excluded from the main review because they 


were not original research (e.g. reviews or meta-analyses) or were case studies, 14 did not 


investigate the supplement as a treatment (e.g. safety analysis, pharmacological evaluations, 


study of nutritional deficiencies), 32 did not use human subjects, and 15 were published in a 


language other than English. Some of the excluded papers listed as reviews are cited in the 


background and discussion sections of this manuscript. Papers that were mainly discussions 


of philosophical and ethical issues were not reviewed at all. 


Study characteristics 


A total of 24 studies were found that met the aforementioned requirements. These studies 


examined the effectiveness of five monotherapies (passionflower, lysine, magnesium, kava 


and St John's wort) and eight combination treatments (a herbal combination, multivitamin, L-


lysine + L-arginine, magnesium + vitamin B6, herbal combination + magnesium, calcium + 







 


 


kava, St John's wort + kava, St John's wort + valerian). Of these studies, 13 were randomized 


controlled trials in outpatients with a DSM-IV-diagnosed disorder, and three were 


randomized controlled trials in patients with other types of anxiety (perimenopausal, 


menstrual, and pre-surgery). Five trials were done in healthy volunteers, three of which 


recruited healthy volunteers with high-normal anxiety levels. In addition, there were three 


uncontrolled observational studies. 


Overall, 2619 participants between the ages of 18 and 82 took part in these studies. Twenty-


eight percent were male, 63% were female and 9% did not have their gender reported (Table 


1). Ethnicity/race, although an important demographic factor, was not reported in 72% of 


patients. As a result, it is difficult to draw any overarching conclusions from the results 


because these factors can significantly affect the potential for herbs to treat anxiety illnesses.  


Some cultures have a greater preference for natural medicine than modern medicine, and 


therefore will likely exhibit positive results towards it. Because culture, gender, and age are 


potential confounding variables, efforts should be made to control for them in future studies. 


This review presents the available evidence for passionflower, lysine, magnesium, kava and 


St John's wort, either alone or in combination. Methodological details and results of these 


trials are summarized in Tables 2, 3, 4, 5, 6. These tables are divided according to the 


treatment studied and include the reference, study design, sample population, intervention, 


control, outcomes, direction of evidence, and reported adverse events. 


Herbal Medicines 


 


Passionflower 


 


Passionflower or Passiflora incarnata Linn. has a long history of use as an anxiolytic agent in 


folklore and has been used by people all over the world to treat anxiety [26]. More 


importantly, several studies involving the biochemical makeup of passionflower have been 







 


 


conducted [27-29]. Between the 1970s and 1990s, passionflower was listed as an official 


plant drug by the pharmacopoeias of America, Britain, Germany, France, Switzerland, Egypt 


and India;  its wide use  has made it  an acceptable treatment for restlessness and nervousness 


[30]. 


The anxiolytic effects of passionflower are well documented in mice [30, 31]. However, one 


of the problems with herbal supplements is that plant material contains thousands of 


phytochemicals, making it challenging to pinpoint the specific biochemicals responsible for 


the anxiolytic properties. In other words, although herbal remedies often produce positive 


results, identifying the active ingredients can be difficult. Therefore, users of herbal remedies 


may be consuming ineffective or possibly toxic substances in addition to the active, 


anxiolytic ingredients. To date, three human trials have documented the efficacy of 


passionflower as a treatment for anxiety-related disorders. [32-34]. 


One double-blind, placebo-controlled study analyzed the difference in efficacy between 


oxazepam, a prescription benzodiazepine used to treat chronic anxiety symptoms, and 


passionflower in patients (n = 36) who met the criteria for GAD [32]. The results showed no 


difference between the two anxiolytics with regard to the treatment of GAD, suggesting that 


passionflower is as effective as benzodiazepines in eliminating anxiety symptoms. Subjects 


from the passionflower group also reported lower job impairment performance than those in 


the benzodiazepine group; however, subjects in the benzodiazepine group reported a faster 


onset of symptom relief. 


This anxiolytic effect was also seen in two other subsets of patients: those undergoing surgery 


(n = 60) who were treated with passionflower monotherapy [33], and those diagnosed with 


adjustment disorder with anxious mood (n = 182) who were treated with passionflower in 


combination with crataegus oxyacantha, ballota foetida, valeriana officinalis, cola nitida and 


paullinia cupana [34]. 







 


 


Mild adverse events were reported in only one study, including dizziness, drowsiness and 


confusion [32]. This preliminary evidence suggests that passionflower may have a role in the 


treatment of anxiety and warrants future research. 


Kava 


Kava is a drink that is prepared from the plant Piper methysticum. It has been consumed in 


many  cultures because it is known to relieve anxiety, restlessness and insomnia for centuries 


[35, 36]. Several studies in animals have also demonstrated the kava plant's abilities as an 


anxiolytic agent [37, 38]. The attractiveness of kava is that it is anxiolytic but not sedative or 


mentally impairing, which are typical side effects caused by benzodiazepines [32]. The 


biochemical mechanism of kava's anxiolytic activity has been postulated to occur through 


enhanced ligand binding to GABA type A receptors, blockage of violated-gated sodium 


channels and calcium ion channels, norepinephrine and dopamine reuptake inhibition, and 


reversible inhibition of monoamine oxidase (MAO) B [see 39 for a review]. To note, the 


binding of kava extracts to several neurotransmitters such as GABAA1, dopamine D2 and the 


opiates (µ and δ), were demonstrated in vitro and in the rat brain [40, 41]. 


The first randomized, placebo-controlled, double-blind study of kava for the treatment of 


patients who were diagnosed with anxiety disorder was conducted in 1997 [42]. The subjects 


(n = 101) were given either an extract of kava or a placebo for 25 weeks. The participants 


who were given the kava extract showed improvement in their primary and secondary anxiety 


symptoms based on the HAMA -- a method of patient self-reporting -- and a CGI, which was 


determined by physicians. Primary anxiety is described as the inability to regulate stress and 


anxiety since early childhood. Secondary anxiety, which develops later in life, can be caused 


by clinical disorders. The researchers concluded that when kava is used an anxiolytic 


alternative to benzodiazepines or tricyclic antidepressants, individuals typically suffer from 


less side effects. 







 


 


These results were later supported by five other RCTs [43-47] and one uncontrolled, 


observational study [48]. These studies showed kava's therapeutic potential both as a 


monotherapy for patients with anxiety disorder [48], GAD [43, 44, 49], elevated generalized 


anxiety [47] and those being tapered off of benzodiazepines [45], as well as in combination 


with calcium for perimenopausal women [46]. 


However, four RCTs showed that kava alone or in combination with St John's wort is no 


more effective than placebo in reducing symptoms of anxiety [50-53]. Two of these studies 


showed no significant difference between kava treatment and placebo [51, 53], while one 


found that placebo was actually better at reducing anxiety symptoms in patients with higher 


baseline anxiety scores [52]. According to the researchers, this could have been partly due to 


the study population. In this trial, patients were actively looking for alternative treatments for 


their GAD and were, therefore, highly motivated for kava treatment to produce an effect. 


This in turn could have influenced their response to treatment and led to an increased placebo 


effect. It is important to note that the sample size of this study was very small. 


The last negative trial [50] was classified on the basis that it failed to meet its primary 


endpoint -- a significant reduction in anxiety based on the Zung Anxiety Scale from memory. 


However, an exploratory analysis of variance across the differences between treatment end 


and baseline, with the treatment center as a second factor, showed superiority of kava over 


placebo. According to the researchers, this variance between centers did not endanger the 


validity of their findings; however, it did reinforce the importance of standardizing ratings 


across participating centers in multi-center studies. 


All of these trials also revealed that taking doses less than 400 mg/day does not cause serious 


side effects. This is important to note, especially since the U.S. Food and Drug 


Administration (FDA) published a consumer advisory warning in 2002 about the potential for 







 


 


severe liver damage from kava-containing supplements [54]. This potential, yet rare, risk of 


hepatitis, cirrhosis and liver failure led nations such as Canada and the United Kingdom to 


ban kava supplements. However, Teschke et al. reported in 2008, that owing to the fact that 


kava was considered to be well tolerated until 1998 when the first reported cause of 


hepatotoxicity occurred, these rare, but serious side effects may have occurred due to poor 


quality kava, as well as other risk factors such as overdose, prolonged therapy and co-


medication [55]. 


Of the 435 clinical trial participants taking kava supplements in our review, some at high 


doses, no liver issues were reported. Therefore, the current review supports the conclusion 


that liver toxicity is indeed a rare side effect. 


St John's wort 


 


Hypericum perforatum, or St John's wort (SJW), is derived from the flowering tops of a 


perennial shrub. It has been used in traditional medicine for centuries to treat a wide range of 


disorders and is licensed in Germany to treat anxiety, depression and sleep disorders [56]. 


There are numerous hypotheses for its anxiolytic effects based on the binding affinity of at 


least 10 different extracts, including naphthodianthrones like hypericins, flavonoids, 


xanthones, and bioflavonoids, for adenosine, GABAA, GABAB and glutamine receptors, as 


well as the inhibition of monoamine oxidase-A and -B activity and synaptosomal uptake of 


serotonin, dopamine and noradrenaline (norepinephrine) [57].  Of these active ingredients, 


hypericin has been studied the most, and the amount present is generally used to standardize 


extracts. 


SJW is probably most recognized for its use in depression. A meta-analysis published in 


1996, showed that SJW was more effective than placebo in treating mild to moderate clinical 


depression [56]. Based on the author's recommendations, researchers began comparing the 


efficacy and safety profile of SJW against other routinely prescribed antidepressants. One 







 


 


trial conducted in Germany concluded that SJW was as effective as imipramine in treating 


mild to moderate depression (n = 324) [58]. 


Depression has been linked to anxiety, with many symptoms, panic attacks for example, 


overlapping between the two disorders. Little is known about the specific reasons for the link 


in the conditions; however, there may be as high as an 85% overlap with the diagnoses and 


many conventional treatment options are prescribed for both disorders. There has been little 


study of the effectiveness of SJW in treating anxiety disorders specifically, with only four 


RCTs [51, 59-61] and two uncontrolled observational studies [62, 63]. 


These published studies presented contradictory results. A small 12-week observational study 


(n=13) of patients with OCD showed that SJW caused significant improvements, with results 


comparable to those seen in clinical trials with SSRIs [63]. However, a larger 12-week RCT 


(n=60) showed no significant difference between patients treated with SJW (at doses higher 


than the observational study) or those treated with placebo [59]. Based on previous studies, 


OCD has one of the lowest placebo response rates of all of the anxiety disorders [64]. For this 


reason, these negative results were probably due to lack of response to SJW treatment rather 


than the high placebo response rates noted in the negative kava trials [59]. 


A second set of RCTs investigated the use of SJW combination treatments for depression 


with co-morbid anxiety. A combination of SJW and valerian was found to significantly 


reduce anxiety disorder symptoms; however, greater reductions were seen with higher doses 


of valerian (SJW doses remained constant between treatment groups), suggesting that 


valerian has more of an effect on symptoms [62]. A combination of SJW and kava was 


shown to have no significant effects on anxiety [51]. 


Finally, a RCT of 149 patients with depression with co-morbid anxiety, OCD and 


somatization disorder demonstrated that six weeks of treatment with SJW significantly 







 


 


reduced anxiety [61]. However, a RCT of 40 patients diagnosed with generalized social 


anxiety disorder found that SJW was no more effective than placebo in reducing anxiety 


symptoms [60]. In the discussion of this study, the researchers stated that a negative trial was 


conducted but speculated that minimum severity levels may be necessary for SJW to be 


effective in this patient population [60]. 


More research needs to be done using SJW in all the indications presented in this review in 


order to determine its effectiveness. However, the results point to a potential anxiolytic agent 


with a side effect profile similar to placebo. All of the side effects reported in the reviewed 


trials were mild to moderate and were most often cases of gastrointestinal upset, dizziness, 


sleep disturbances, and headaches.  


Nutritional Supplements 


 


Lysine 


 
It has long been postulated that the dysregulation of neurotransmitters may be a cause for 


anxiety. These neurotransmitters include GABA, serotonin, dopamine and norepinephrine [4-


6]. Amino acids such as L-tyrosine and L-tryptophan are known precursors for specific 


neurotransmitters. Recent studies in animals have identified two other amino acids, L-lysine 


and L-arginine [65, 66], which may influence neurotransmitters involved in stress and 


anxiety. L-lysine has been shown to act as a partial serotonin receptor 4 (5-HT4) antagonist, 


decreasing the brain-gut response to stress as well as decreasing blood cortisol levels [65]. 


Based on the results from animal studies, two placebo-controlled studies were conducted to 


analyze the effects of L-lysine-containing supplements in humans [67, 68].  


The first of these clinical trials was conducted in healthy male volunteers who were suffering 


from high-trait anxiety based on a STAI questionnaire [67]. Results from this study showed 


that L-lysine and L-arginine combination supplements improved participants' ability to 







 


 


handle induced stress through an increase in cortisol, while placebo had no reported 


improvement of anxiety symptoms. In the discussion, the researchers attributed the increase 


in cortisol to a previous stress hormone regulation deficiency. A previous report indicated 


that during moments of induced stress, an increase in cortisol levels, which is the typical 


reaction in healthy persons, does not increase in people with high-trait anxiety [69]. This 


dysregulation of cortisol may lead to augmented feelings of anxiousness when stress is 


induced.  


The second RCT recruited 108 healthy Japanese individuals [68]. After one week of 


treatment with an oral L-lysine and L-arginine supplement, basal levels of salivary cortisol 


decreased in male subjects (n = 54) but not in females, presumably because these participants 


were not selected based on high-trait anxiety. Supplementation also resulted in significant 


reductions in state anxiety (a temporary condition characterized by apprehension, tension and 


fear about a specific situation or activity) and trait anxiety (a pre-set level of anxiety or a 


tendency to be anxious) in both males and females. 


For the two available RCTs, it seems that the L-lysine + L-arginine combination effectively 


reduces anxiety scores with no reported side effects. Amino acid supplements may also help 


in balancing cortisol levels triggered by stress in both healthy individuals and those with high 


trait anxiety. However, more research needs to be conducted on both lysine combinations and 


monotherapy to confirm these results. 


Magnesium 


 
Magnesium is a positively charged ion, a cation, that is involved in many important 


molecular functions in the body and has been linked to anxiety-related disorders [70-74]. To 


date, three human trials have been conducted that test the anti-anxiety effects of increased 


magnesium intake in combination therapies [75-77], and all showed a positive direction of 


evidence. 







 


 


In the first study, 28-day treatments with a multivitamin that contained large amounts of 


magnesium, zinc and calcium dramatically decreased psychological distress (according to the 


GHQ-28) compared to placebo, which worsened symptoms [75]. Results from the HADS 


also showed a decrease in anxiety for the treatment group. The effects became more 


pronounced as the multivitamin treatment progressed but could not be linked solely to 


magnesium supplementation. 


A second study published in 2000 looked at the effects of magnesium and vitamin B6 


supplementation on premenstruation-related anxiety [76]. The women were given 1) 


magnesium, 2) B6, 3) magnesium + B6, and 4) a placebo over four menstrual cycles, 


respectively. The average magnesium intake for this study was approximately 300 mg daily. 


The women were asked to keep a log of their symptoms and categorize them into six groups: 


anxiety, craving, depression, hydration, other, and total. The results showed that the 


combination of magnesium and B6 created a synergistic affect that provided women with the 


greatest relief from premenstrual anxiety. However, magnesium monotherapy was shown to 


provide results similar to placebo. 


The third clinical study was conducted in 2004 and investigated the effects of three 


compounds in combination, including magnesium, versus placebo in patients diagnosed with 


GAD (n = 264) [77]. The researchers found that both the magnesium-containing supplement 


and the placebo drastically decreased anxiety systems based on HAMA, a personal 


assessment, and a physician's evaluation, hinting at a potential placebo effect for this 


treatment. Also, due to the fact that one of the herbal extracts contained in the preparation is 


closely related to the opium poppy, these effects may not have been due to the action of the 


magnesium. 


Although the exact mechanism has yet to be determined, it appears magnesium 


supplementation is effective at treating anxiety and anxiety-related disorders when used in 







 


 


combination with other vitamins, minerals and herbal extracts. However, more research of 


magnesium monotherapy and its pharmacology is needed to determine whether magnesium 


itself possesses anxiolytic characteristics. Overall, available literature shows that magnesium-


containing supplements are generally well-tolerated with very few reported side effects. 


Conclusions 


Anxiety disorders are one of many common psychological ailments. Natural remedies have 


been used for centuries in many cultures to alleviate anxiety and its symptoms with surprising 


effectiveness. In Western cultures, however, research that proves the usefulness of medicinal 


herbs and natural substances has only begun to gain momentum over the past few decades. In 


addition, the absence of proper guidelines governing the production and use of vitamins, 


minerals, amino acids and herbs for medicinal purposes is also causing the clinical 


prescription of these natural treatments to lag behind in the United States.  


Of the RCTs reviewed in this report, 71% (15 out of 21) showed a positive direction of 


evidence, and any reported side effects were mild to moderate. Based on this data, it appears 


that nutritional and herbal supplements are effective methods for treating anxiety and anxiety-


related conditions without the risk of serious side effects. However, the effectiveness of each 


of the reviewed combinations and monotherapies has not been substantiated to the same 


degree. 


Passionflower has been studied in three different RCTs, twice as a monotherapy and once as 


part of an herbal combination. All three of these studies showed a positive benefit for 


treatment with passionflower, providing good evidence of its effectiveness as an anxiolytic 


agent. However, since each of these studies was conducted in a different patient type, more 


research is needed to prove its efficacy in each indication. 







 


 


Kava is the most researched supplement in this review with 11 different studies (10 RCTs 


and one observational). Of the RCTs of kava monotherapy, 63% (5/8) showed treatment 


significantly reduced anxiety symptoms in a variety of patient types. This provides good 


evidence for the use of kava in patients with GAD, non-psychotic anxiety and other anxiety-


related disorders. 


The evidence for St John's wort was mixed, with 50% (3/6) of the studies having positive 


results. However, the fact that only 1 out of the 4 RCTs had a positive direction of evidence 


and that the active treatment in this trial was a combination of SJW and valerian suggests that 


SJW monotherapy should not be recommended to patients suffering from anxiety disorders or 


other anxiety-related conditions. 


For all three of the reviewed herbal supplements, more research needs to be done to establish 


the most effective dosage and to determine whether this varies between different types of 


anxiety or anxiety-related disorders. Furthermore, as 3 of the 4 herbal combinations showed 


positive results, future research should focus on determining whether herbal combinations are 


similarly or more effective than monotherapy as well as refining the type of herbs and 


dosages contained in combination supplements. 


Combination nutritional supplements containing lysine or magnesium also appear to hold 


promise as treatments for anxiety symptoms and disorders. Both RCTs of L-lysine and L-


arginine combinations demonstrated positive results, providing good but limited evidence of 


its usefulness as a treatment for anxiety. 


The evidence for magnesium is mixed. Even though all three RCTs of magnesium-containing 


supplements had positive results, magnesium monotherapy was shown to be no different than 


placebo [76], raising the question of whether magnesium provides any anxiolytic benefits in 


combination or whether the results were based on the actions of the other nutrients/ herbal 







 


 


extracts. However, this study was conducted in women with premenstrual anxiety rather than 


an anxiety disorder. Future research should focus on elucidating magnesium's mode of action 


in order to determine if it has anxiolytic properties and provides any synergistic effects when 


combined with other natural anxiolytic agents. 


Herbal medicines hold an important place in the history of medicine, as most of our current 


remedies, and the majority of those to be discovered in the future, will contain 


phytochemicals derived from plants. While locating the active ingredients in herbal 


substances is pivotal to being able to produce effective supplements, understanding the 


quantity needed and potency of different ways of extracting and preparing the 


phytochemicals is vital to creating a standard measure of their effectiveness. In addition, the 


dangers of overconsumption and interactions with prescription medications and over-the-


counter medications need to be further analyzed. This understanding of the standards for 


effective preparation further minimizes the chance of side effects from herbal medicines and 


helps to create an undisputable body of evidence for their effectiveness.  
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Impressions; CBT: cognitive behavioural therapy; CGI-I: Clinical Global Impressions of 
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Statistical Manual of Mental Disorders, fourth edition; EAAS: Erlanger Anxiety, Tension and 


Aggression Scale; FDA: U.S. Food and Drug Administration, GABA: gamma-aminobutyric 


acid; GAD: generalized anxiety disorder; GHQ-28: General Health Questionnaire; HADS: 


Hospital Anxiety and Depression Scale; HAMA: Hamilton Anxiety Scale; HAMA-PSY: 


Hamilton Anxiety Scale, subscore psychic anxiety; HAMA-SOM: Hamilton Anxiety Scale, 


subscore somatic anxiety; HAMA-T: Hamilton Anxiety Scale, total score; HCl: hydrochloric 


acid; HDS: Hamilton Depression Scale; ICD-10: International Classification of Diseases; kl: 


kavalactones (kl); LSAS: Liebowitz Social Anxiety Scale; MAO: monoamine oxidase; 


MADRS: Montgomery-Asberg Depression Rating Scale; MDD: major depressive disorder; 


NRS: numerical rating scale; OCD: obsessive-compulsive disorder; PGI-I: Patient Global 


Impressions of Improvement; PSS: Perceived Stress Scale; QUOROM: Quality of Reporting 


of Meta-analyses; RCT: randomized controlled trial; SARA: Self-Assessment of Resilience 


and Anxiety; SCL-90-R: Self-Report Symptom Inventory-90 Items revised; SCL-90-R-ANX: 


Self-Report Symptom Inventory-90 Items revised, subscore somatic anxiety; SJW: St John's 


wort; SSRI: Serotonin selective reuptake inhibitor; STAI: State Trait Anxiety Inventory; Y-


BOCS: Yale-Brown Obsessive-Compulsive Scale. 
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Figures 


Figure 1 – Flow diagram of included studies 


 


 







 


 


Tables 


Table 1 – Participant characteristics  


 Passionflower Kava St. 


John's 


wort 


Lysine Magnesium All 


studies 


Patients (n) 278 1054 762 137 388 2619 


Gender       


Male 46 (17%) 227 


(22%) 


246 


(32%) 


83 (61%) 130 (34%) 732 


(28%) 


Female 50 (18%) 759 


(72%) 


516 


(68%) 


54 (39%) 258 (66%) 1637 


(63%) 


Not Reported 182 (65%) 68 (6%) - - - 250 (9%) 


Age range 


(years) 


19-47 18-75 18-65 20-59 18-82 18-82 


Race/Ethnicity       


Asian - 2 (<1%) - 108 


(79%) 


- 110 (4%) 


Caucasian - 401 


(38%) 


83 (11%) 29 (21%) - 513 


(20%) 


African 


American 


- 14 (1%) -  - 14 (1%) 


Hispanic - 7 (<1%) -  - 7 (<1%) 


Native 


American 


- 7 (<1%) -  - 7 (<1%) 







 


 


Not Reported 278 (100%) 623 


(59%) 


679 


(89%) 


 316 (100%) 1896 


(72%) 
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Additional files 


Additional files 1 - QUOROM Statement checklist 







Figure 1







Additional files provided with this submission:


Additional file 1: Additional file 1.pdf, 13K
http://www.nutritionj.com/imedia/7111361843761082/supp1.pdf
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