
Supporting Information
Zelikowsky et al. 10.1073/pnas.1301691110
SI Materials and Methods
Animals.A total of 185 naïve, adult male Long-Evans rats, initially
weighing 270–300 g, purchased from Harlan, were used. Rats
were individually housed and maintained on a 12-h light/dark
cycle with access to food and water ad libitum. Animals were
handled daily (2 min/rat) for at least 1 wk before the start of
surgery and behavioral testing. The procedures used in these
experiments are in accordance with policy set and approved by
the Institutional Animal Care and Use Committee of the Uni-
versity of California, Los Angeles, CA.

Excitotoxic Lesions. Lesions were performed as previously de-
scribed (1). Briefly, rats were anesthetized with sodium pento-
barbital (i.p., 65 mg/kg) and atropine sulfate (i.p., 0.4 mg/kg),
shaved, mounted into a stereotax (Kopf Instruments), and
cleaned (70% ethyl alcohol and Betadine). Skin was cleaned,
excised, and retracted. The skull was adjusted so that bregma and
lambda were in the same horizontal plane, and small burr holes
were drilled above the following coordinates: dorsal hippocam-
pus, 2.8 mm posterior, 1.6 mm lateral, 3.5 mm ventral to bregma
(rostral sites) and 4.2 mm posterior, 2.6 lateral, and 3.5mm ven-
tral to bregma (caudal sites); infralimbic cortex, 2.9 mm anterior,
0.6 mm lateral, 5.2 mm ventral; prelimbic cortex, 2.9 mm anterior,
0.6 mm lateral, 2.5 mm ventral. Injection cannulae (33 gauge)
were attached to a 5-μL microsyringe (Hamilton Instruments) via
polyethylene tubing (PE20) and inserted into guide cannulae (28
gauge) attached to the arms of the stereotax. Microsyringes were
mounted into an electronic syringe pump (Harvard Apparatus)
for controlled microinfusions of NMDA (20 mg/mL; Sigma-
Aldrich), dissolved in 0.01 M PBS. Infusions of either 0.4 μL/site
[dorsal hippocampus (DH)] or 0.25 μL/site [infralimbic (IL) and
prelimbic (PL)] of the NMDA/PBS solution were made (0.1-μL/
min rate). Cannulae remained in place for an additional 2 min to
allow for adequate NMDA diffusion and reduction of backflow.
Sham surgeries were identical except that injection cannulae were
not lowered, and infusions were not made. Incisions were closed
(stainless steel wound clips), and animals were given i.p. injections
of the analgesic/anti-inflammatory ketoprofen (2 mg/kg) and
placed on heating pads until they recovered. Ketoprofen in-
jections were continued for an additional 2 d. Rodents were given
the antibiotic trimethoprim sulfa (TMS; in drinking water),
weighed, monitored, and handled for 1 wk following surgery.

Behavioral Testing Apparatus. All behavioral training was per-
formed using two sets of four identical fear conditioning chambers
(30 × 25 × 25 cm; Med Associates) equipped with a Med-
Associates VideoFreeze system. Animals were fear conditioned
and tested in the same context. Fear extinction either occurred in
the same context or in a novel distinct context. Physical contexts
were counterbalanced across groups. Contexts were differenti-
ated by chamber shape, illumination, odor, cleaning solution,
background noise, and transport. Individual boxes were enclosed
in sound-attenuating chambers (Med Associates), and each set
of four boxes was contained in a dedicated experimental room,
which provided a unique spatial location for each context.
Contexts were constructed as previously described (1).

Fear Conditioning. Animals in the behavioral studies underwent
tone fear acquisition, a context fear probe test, tone extinction,
and testing. During fear acquisition, rats were transported to the
training context and underwent a 3-min baseline period (BL).
Rats then received four conditioning trials in which 30-s pre-

sentations of the tone coterminated with a 2-s foot shock (0.9
mA). The intertrial interval (ITI; stimulus offset to onset) was
60 s. Following an additional 60 s in the context, rats were
transported back to the vivarium. The following day, rats were
returned to either the training context (same groups) or placed in
a novel context (shifted groups) for the context fear probe test and
fear extinction. Animals were evenly split across groups in a
pseudorandom fashion based on their levels of freezing at the
termination of acquisition.
In the context fear probe test, animals were exposed to the

context for 180 s, and freezing was measured and analyzed. Context
exposure was immediately followed by 30 30-s tone presentations
with a 60-s ITI (tone extinction). Sixty seconds following the final
tone presentation, animals were removed from experimental
chambers and returned back to their home cages in the vivarium.
Three hours following extinction training (same day), all rats re-
ceived an additional context exposure session to the alternate
context (i.e., the opposite context in which they were extinguished)
for 48 min (the total time of an extinction session). This exposure
served to reduce any confounding of high baseline levels of fear at
test and also equated the overall amount of time an animal spent
in each context. Extinction and context exposure sessions were
repeated the following day.
Twenty-four hours later animals were returned to the original

training context and tested for tone fear. Thus, for half the
animals, the acquisition, extinction, and test context were the
same (same groups), and as such, responding to the tone con-
stituted an extinction memory test. For the other half of animals
extinguished in the novel context, the test context comprised
a shift in context (shifted groups). Comparisons between same
and shifted animals comprised our measure of fear renewal. The
tone test used consisted of a 180-s BL period followed by four
discrete 30-s tone presentations (60-s ITI).
Animals in the cfos and retrograde tracing experiments re-

ceived either sham or DH lesions before undergoing tone fear
conditioning (as described above). Twenty-four hours later, rats
were tested for context fear memory in the same context for
8 min. Ninety minutes from the start of testing, animals were
killed, and tissue was processed.

Fear Conditioning Analysis. Behavior was recorded using automated
near infrared (NIR) video tracking equipment and computer
software (VideoFreeze;MedAssociates), as previously described
(2). Briefly, video was recorded at 30 frames/s, and the software
calculated the noise (SD) for each pixel in a frame by comparing
its grayscale value to previous and subsequent frames. This
produced an “activity unit” score for each frame. Freezing was
defined as subthreshold activity (motion threshold of 50 activity
units) for longer than 1 s. Average freezing was scored for the
baseline period in all phases, and the first 28 s of each tone used
for conditioning [before unconditional stimulus (US) onset]. For
presentation purposes, the 30 tone presentations during extinc-
tion sessions were blocked into six bins of five tone presentations,
and freezing was averaged within each bin. Freezing was aver-
aged across the four tones at test.

Elevated Plus Maze.Animals were lesioned (sham, PL, or IL), tone
fear conditioned and tested for tone fear. Five days later, animals
were tested on the elevated plus maze (EPM). Rats were
transported in squads of eight to a holding area just outside the
experimental room containing the EPM and allowed to adjust for
30 min. This room was spatially distinct from the fear conditioning
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rooms. Rats were individually brought into the EPM room for
testing, placed in the center compartment of the maze, and given
one 10-min session. The EPMwas cleaned with Sunkleen between
animals. Arm entries into and duration in each compartment were
captured using a ceiling-mounted camera and scored by an ob-
server blind to the surgical condition of each animal.

Histological Verification of Lesions. Following behavioral testing,
animals were anesthetized (sodium pentobarbital, i.p., 65 mg/kg)
and transcardially perfused with PBS, followed by 4% (wt/vol)
paraformaldehyde (PFA). Brains were extracted and placed in
4% PFA overnight. The following day they were cryoprotected in
a 10% (wt/vol) sucrose solution, which was stepped up to 20%
(wt/vol) and then 30% (wt/vol) across 72 h. The brains were then
frozen (−20 °C) and sectioned (50 μm) on a cryostat. Every third
section (150 μm) was collected and dry mounted on a micro-
scope slide. Sections were stained for nissl bodies (cresyl violet),
lesions were verified (3), and images were captured using
brightfield microscopy (Zeiss). IL and PL lesions were kept small
(∼20–50% of each region) to ensure that the lesions were se-
lective to each medial prefrontal region and did not overlap into
the adjacent medial prefrontal cortex (mPFC) region. Animals in
the DH group were excluded if lesions were unilateral or >10%
of the DH remained intact (Fig. S1).

Immunohistochemical Processing for cfos Expression. Brains were
extracted as described above, frozen (−80 °C), and serially sec-
tioned (40 μm). Every sixth mPFC-containing section was ana-
lyzed for cfos, and every third hippocampal section was used to
verify the extent of DH lesions. Free-floating sections were in-
cubated in 50% (wt/vol) ethanol (20 min, room temperature)
and then in 3% (wt/vol) H2O2 (20 min, 4 °C) before blocking in
3% (wt/vol) BSA + 0.25% Triton X-100 in PBS for 1 h. Sections
were incubated with rabbit anti-cfos (1:2,000; Santa Cruz) for 3
d at 4 °C. cfos labeling was detected using biotinylated goat anti-
mouse IgG antibody overnight at 4 °C (1:250; Invitrogen). The
secondary antibody was then detected using avidin-biotin per-
oxidase complex (ABC kit; Vector Labs), followed by peroxi-
dase detection using nickel-intensified diaminobenzidine
(DAB; Vector Labs). Tissue was mounted onto glass slides,
counterstained for nissl bodies (cresyl violet), and coverslipped
using Kaiser’s glycerol-gelatin.

Design-Based Unbiased Stereology. Estimation of cfos-labeled cells
was performed through design-based unbiased stereological
methods using the optical fractionator probe in StereoInvestigator
7 (MicroBrightfield). We used systematic-random sampling of
sections from an exhaustive series of sections encompassing the
entire region and implemented counting rules that could not be
affected by shape, size, orientation, and distribution of the object/
particle. The optical fractionator probe selected used a counting
frame with inclusion and exclusion lines such that the top of
a particlewas counted if it lay inside the counting frameanddid not
touch an exclusion line. When the top of a cell lay completely
outside of the counting framebut touchedan inclusion line, but not
an exclusion line, then it was also counted.

To control for sampling error and biological variability, we
oversampled our populations (n = 5) and counted the entire re-
gion of interest in each section, thereby oversampling within each
section. For all population estimates, we restricted our counts to
analysis of the prelimbic and infralimbic regions. All stereological
cell counts were performed blind. Every sixth section was pre-
pared from coronal brain slices. A total of five sections were
sampled with antero-posterior positions from bregma of +3.75
mm through to +2.50 mm. Design parameters were determined
before commencement of the study. Aminimum 21 sampling sites
were sampled per section on a grid size of 225 × 110 μm. At each
sampling site, a counting frame size of 40 × 40 μm, guard zones of
5 μm, and a dissector height of 10 μm were used.

Retrograde Labeling. Animals were lesioned (sham or DH) and
microinjected with the retrograde tracer Fast Blue (FB; Poly-
sciences). For FB injections, a fresh 28-gauge injection cannula
was directed toward the basolateral amygdala nucleus of the
amygdala (BLA) at the following coordinates from bregma:
AP: −3.3 mm, ML: ±5.2 mm, DV: −8.6 mm. Fast blue [5% so-
lution in double distilled water (ddH2O)] was bilaterally injected
at a total volume of 0.25 μL (BLA) per side over a 5-min period.
Animals were killed, and tissue was sectioned (20 μm) and

processed for cfos as described above with the exception that
a florescent secondary antibody was used (goat anti-rabbit Alexa
488; Invitrogen), and dehydration and peroxidase quenching
steps were omitted accordingly. Sections were then mounted and
coverslipped with Vectashield mounting medium (Vector) and
analyzed using a Zeiss inverted wide field microscope with
a fluorescent lamp to excite fluorescence. A 5× objective was used
to obtain large images for detection of injection sites in the BLA.
A 40× objective was used to colocalize FB with cfos expression in
the soma of neurons. Colocalization was further confirmed using
confocal laser microscopy and thin optical sectioning of 1 μm
thickness. Quantitative analysis of cfos and Fast Blue positive
nuclei was performed using a computerized image processing
system (Metamorph). One image from the center plane of each
section for each hemisphere was captured per region, and every
12th section (240 μm) was captured, resulting in 5 images ana-
lyzed per region per hemisphere and a total of 10 images region
per animal.

Statistical Analyses. Data were statistically analyzed using between-
subjects ANOVAs and repeated-measures (RM) ANOVAs where
appropriate. In the fear conditioning studies, baseline freezing and
average tone freezing at test were analyzed separately as one-way
(context) or two-way (context× lesion)ANOVAs. Fear acquisition
and extinction data were analyzed using RM (trial, bin) ANOVAs.
Two-way (Brain region × lesion condition) ANOVAs were per-
formed on cfos and tracing studies. Two-way (context × lesion)
ANOVAs were used for the disconnection study. Post hoc com-
parisons were performed following significant findings, and
a Bonferroni correction was applied to control for the number of
comparisons made. The level of significance used for all analyses
was P < 0.05.
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Fig. S1. Extent of excitotoxic lesion–induced damage to the prelimbic cortex (A), infralimbic cortex (B), and dorsal hippocampus (C) for all animals receiving
single bilateral lesions of these structures, double bilateral lesions, or unilateral/contralateral disconnection lesions. Maximum and minimum tissue damage is
marked in gray and black, respectively.
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Fig. S2. Fear acquisition and extinction in lesioned rats. (A) Experimental design. Results of the Context Fear Probe and Fear Renewal Test are displayed in Fig. 3.
Black and unfilled rectangles refer to different contexts; physical contexts were counterbalanced. Same and shifted refer to whether extinction occurred in same or
novel context with respect to the training/test context. (B) Tone-fear acquisition curves. All animals displayed intact fear acquisition, despite pretraining damage to
the DH, PL, IL, DHPL, or DHIL. (C) Fear extinction in the same context as conditioning. Freezing behavior is shown across five tone bins. All rats extinguished, and
animals with DH lesions (DH, DHIL, DHPL) showed enhanced extinction compared with shams. (D) Fear extinction in the shifted context. DH lesion–containing
groups exhibited enhanced extinction. In contrast, IL-lesioned rats displayed a significant resistance to extinction. ***P < 0.001, ##P < 0.01. Results are presented as
mean ± SEM percent freezing. BL, baseline; Ext, extinction; Shk, shock; trial, tone-shock pairing.
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Fig. S3. Effects of IL and PL Lesions on EPM Behavior. (A) Behavioral design of fear conditioning protocol followed by the EPM in sham-, IL-, or PL-lesioned
group. (B) Average total duration of time spent in each compartment of the maze (center, open arm, closed arm). No effect of surgery was found overall or
within each compartment. (C) Average total entries made into each compartment. No effect of surgery was found. Results are presented as mean ± SEM. BL,
baseline; Expos, exposure; n.s., not significant; Shk, shock.
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Fig. S4. Baseline context fear before tone test for animals with preconditioning control sham lesions or lesions of the DH, IL, PL, or double lesions (DHIL,
DHPL). Baseline freezing to the context during the 180 s before onset of the first tone at test. For half the animals, this occurred in a context shifted from
extinction (renewal test); for the other half the extinction and test context were the same (extinction retention text). There was no significant baseline fear for
any group, regardless of lesion or context condition. Results are presented as mean ± SEM percent freezing.
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Fig. S5. Retrograde back-labeling from intercalated (ITC) cells to the IL. (A) Representative low-magnification fluorescent image of selective fast blue (FB)
infusions of the lateral ITC mass. Bright field (Left), fluorescent (Center), and superimposed (Right) pictures were used to verify the injections sites. (B) Rep-
resentative fluorescent images of FB+ cells in the IL. Bright field (Left), fluorescent (Center), and superimposed (Right) pictures were used to verify the region of
retrograde transport. ITC-injected animals displayed positive retrograde labeling in the IL, but not the PL, confirming that ITC cells receive monosynaptic input
specifically from the IL.
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Table S1. Summary of the effects of each lesion condition on fear behaviors

Lesion Context fear Context discrimination Extinction rate Extinction memory Fear renewal

DH Intact Intact Enhanced Intact Intact
DH+IL Poor Poor Enhanced Enhanced Poor
DH+PL Poor Poor Enhanced Enhanced Poor
IL Reduced Poor Retarded Poor Enhanced
PL Intact Intact Intact Intact Poor
DH+Ipsi Intact Intact Enhanced Intact Intact
DH+Contra Poor Poor Enhanced Intact Poor

Changes are described compared with sham-lesioned animals. Context fear, context discrimination, and fear
renewal are intact for DH and DH+Ipsi groups but lost in DH+IL, DH+PL, and DH+Contra lesioned groups.
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