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The retrosplenial cortex (RSP) and postrhinal cortex (POR) are heavily interconnected with medial temporal lobe structures involved in
learning and memory. Previous studies indicate that RSP and POR are necessary for contextual fear conditioning, but it remains unclear
whether these regions contribute individually or instead work together as a functional circuit to modulate learning and/or memory. In
Experiment 1, learning-related neuronal activity was assessed in RSP from home cage, shock-only, context-only, or fear-conditioned rats
using real-time PCR and immunohistochemical methods to quantify immediate-early gene expression. A significant increase in activity-
regulated cytoskeleton-associated protein (Arc) mRNA and Arc and c-Fos protein expression was detected in RSP from fear-conditioned
rats compared with all other groups. In Experiment 2, retrograde tracing combined with immunohistochemistry revealed that, compared
with controls, a significant proportion of cells projecting from RSP to POR were immunopositive for c-Fos in fear-conditioned rats. These
results demonstrate that neurons projecting from RSP to POR are indeed active during fear conditioning. In Experiment 3, a functional
disconnection paradigm was used to further examine the interaction between RSP and POR during fear conditioning. Compared with
controls, rats with unilateral lesions of RSP and POR on opposite sides of the brain exhibited impaired contextual fear memory, whereas
rats with unilateral lesions in the same hemisphere displayed intermediate levels of freezing compared with controls and rats with
contralateral lesions. Collectively, these results are the first to show that RSP and POR function as a cortical network necessary for
contextual fear learning and memory.

Introduction
The retrosplenial cortex (RSP) is highly interconnected with
parahippocampal regions, providing a major source of visuospa-
tial sensory information to the hippocampal–parahippocampal
network in primates and rodents (Fig. 1) (Burwell and Amaral,
1998a,b; Kobayashi and Amaral, 2007). Through connections
with areas such as postrhinal cortex (POR), RSP is positioned to
contribute to hippocampal-dependent functions including spa-
tial and contextual learning and memory (Burgess, 2008; Sugar et
al., 2011). Consistent with this circuitry, studies in humans indi-
cate that both RSP and parahippocampal cortex (comparable to
POR in rats) are activated during the processing of highly con-
textual objects but not during the processing of objects with weak
contextual associations (Bar and Aminoff, 2003; Staresina et al.,
2011). Similarly, damage to either RSP or POR impairs contextual
fear conditioning in rats. In a typical fear-conditioning para-
digm, a tone is paired with footshock during training and
subsequent reexposure to either the training context or the tone

elicits a conditioned fear response in normal rats (Fanselow, 1980;
Maren and Fanselow, 1997). Lesions of either RSP or POR that occur
either before or after training impair the expression of contextual
fear but not tone-specific fear (Bucci et al., 2000; Keene and Bucci,
2008a,c), supporting the notion that RSP and POR contribute to
forming configural associations between multiple sensory stimuli
that compose the training environment (Maren et al., 1998; Holland
and Bouton, 1999).

Nevertheless, the specific contributions of individual areas,
such as RSP, to learning and memory are currently the focus of
much research and debate (Vann et al., 2009; Aggleton, 2011;
Eichenbaum et al., 2011; Wixted and Squire, 2011). For example,
current support for the view that RSP has a role in learning about
associations between multiple sensory stimuli is provided pri-
marily by lesion studies (Harker and Whishaw, 2004; Smith et al.,
2004; Talk et al., 2005; Keene and Bucci, 2008b; Robinson et al.,
2011). However, it is often difficult to distinguish between lesion
effects on learning versus memory; moreover, no studies have
examined whether RSP neurons are active during acquisition of
contextual fear conditioning. Additionally, it is unclear whether
RSP and POR form a functional circuit that supports contextual
learning and/or memory or whether these regions function in a
more independent fashion (Vann et al., 2009; van Strien et al.,
2009; Sugar et al., 2011). Indeed, while previous studies provide
evidence for a functional relationship between RSP and the hip-
pocampus (Cooper and Mizumori, 2001; Kubik et al., 2012), no
study to date has demonstrated a functional connection between
RSP and POR during contextual learning/memory. To address
these questions, the present study used a combination of ap-
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proaches including analysis of neural activity, anatomical tracing,
and lesion disconnection methods. First, we tested whether RSP
neurons are active during the acquisition of fear conditioning by
quantifying immediate-early gene (IEG) expression directly after
acquisition of fear conditioning. A second set of experiments
investigated the neural circuitry underlying learning and mem-
ory by testing the hypothesis that communication between RSP
and POR is critical for fear conditioning.

Materials and Methods
Experiment 1
Experimental design
To determine whether RSP neurons are active during acquisition of con-
textual fear conditioning, IEG expression was quantified across four be-
havioral conditions. In the “paired” condition, rats received standard
context–footshock pairings; rats in the “context-only” group were placed
in the training chamber, but no shock was delivered; rats in the “shock-
only” group received footshocks that were not associated with the cham-
ber; and rats in the “home cage” group did not experience the training
chamber or any footshocks. The transcription factor c-Fos was selected as
a marker of neuronal activity because it has been used to assess region-
specific activity during fear conditioning in previous studies (Campeau
et al., 1991; Pezzone et al., 1992; Beck and Fibiger, 1995). In addition,
expression of Arc was assessed because it has been specifically linked to
activity-dependent synaptic plasticity (Miyashita et al., 2009; Shepherd
and Bear, 2011), and prior studies have demonstrated context-specific
expression of Arc in hippocampal and parahippocampal regions (Gu-
zowski et al., 1999; Vazdarjanova et al., 2006). Recent work has also
shown that Arc expression is elevated in RSP during hippocampal-
dependent learning (Tse et al., 2011).

Subjects
Naive male Long–Evans rats (weighing 225–250 g upon arrival) were
obtained from Harlan Laboratories and housed singly in a temperature-
controlled room with a 14:10 h light/dark cycle with lights on at 7:00
A.M. Rats had ad libitum access to food (Purina standard rat chow: Nestle
Purina) and water. Rats were handled for 2 min per day for 3 d before
behavioral testing. All efforts were made to minimize discomfort and to
limit the number of rats used. The Institutional Animal Care and Use

Committee at Dartmouth College approved the use of rats in these stud-
ies, and all procedures were conducted in accordance with NIH
guidelines.

Behavioral apparatus
Fear conditioning was conducted in standard operant conditioning
chambers (24 � 30.5 � 29 cm; MED Associates) connected to a com-
puter and enclosed in sound-attenuating chambers (62 � 56 � 56 cm)
outfitted with an exhaust fan to provide airflow and background noise
(�68 dB). The operant chambers consisted of aluminum front and back
walls, clear acrylic sides and top, and grid floors. A food cup was recessed
in the center of the front wall (5 cm above the floor), and a jeweled panel
light was located 15 cm above the opening of the recessed food cup (not
used in this study). A 6 W house light providing background illumination
was mounted near the ceiling on the opposite wall. A speaker was located
15 cm above and to the right of the food cup. Delivery of a 1.0 mA, 1.0 s
constant-current shock through the grid floor of the operant chamber
served as the unconditioned stimulus. Surveillance cameras located in-
side the sound-attenuating chambers were used to videorecord the rats’
behavior.

Behavioral treatment groups
Three cohorts of rats were behaviorally trained: rats in the first cohort
(n � 15) were used to confirm the immediate shock deficit effect (de-
scribed below), rats in the second cohort (n � 26) were used for the
immunohistochemistry (IHC) experiment, and rats in the third cohort
(n � 24) were used for the quantitative real-time reverse transcriptase
PCR (qRT-PCR) experiment. A schematic diagram of the behavioral
conditions (home cage, shock-only, context-only, and paired) is shown
in Figure 2 A. On the training day, rats in the paired group were placed in
the training chamber and were permitted to explore the environment for
3 min. Subsequently, three 1.0 s, 1.0 mA footshocks were administered
with an intertrial interval (ITI) of 64 s. Rats were removed from the
chambers 64 s after the last footshock. Rats in the context-only group
were placed in the conditioning chamber for the same amount of time as
the paired group, but no shocks were administered. Rats in the shock-
only group were placed in the chamber with no illumination and imme-
diately administered a series of three 1.0 s, 1.0 mA footshocks (ITI of 2 s)
and then removed immediately from the chamber. The fourth group of
rats was not exposed to the chambers and remained in their home cages.
The context-only group served as a control for context-induced changes
in gene expression in the absence of shock. This group is an essential
control given the context-specific expression of Arc in hippocampal and
parahippocampal regions (Guzowski et al., 1999). Inclusion of the
shock-only group controlled for shock-induced changes in gene expres-
sion in the absence of a context–shock association.

Upon completion of training, rats in cohort 1 were tested for fear
memory (described below). Rats in cohort 2 in the shock-only (n � 6),
context-only (n � 7), and paired (n � 6) groups were removed from the
conditioning chambers and returned to their home cages for 60 min after
which they were deeply anesthetized with an overdose of pentobarbital
sodium and phenytoin sodium (Euthasol; Virbac Animal Health) and
transcardially perfused with 0.9% saline for 5 min, followed by 4% para-
formaldehyde in 0.1 M PBS. Rats in the home cage control group (n � 7)
were briefly removed from their home cages, injected with euthasol and
immediately returned to their home cages until deeply sedated after
which they were transcardially perfused. The 60 min time point for the
protein assays was selected based on reports of Arc expression measured
�1 h after exposure to a novel environment in the rodent hippocampus
(Vazdarjanova et al., 2006) and in murine RSP tissue (Spulber et al.,
2009). Similarly, the level of c-Fos protein has been shown to peak 60 min
after induction (Hughes and Dragunow, 1994). Rats in cohort 3 in the
shock-only (n � 6), context-only (n � 5), and paired group (n � 7) were
removed from the conditioning chambers and returned to their home
cages for 30 min after which they were sedated with carbon dioxide gas
and killed by rapid decapitation. Home cage control rats (n � 6) were
similarly sedated and decapitated. The 30 min time point for the mRNA
study was selected based on previous time course studies revealing robust
hippocampal Arc mRNA expression 15– 45 min after exploration of a
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Figure 1. Schematic of corticohippocampal circuitry depicting three pathways from RSP to
the hippocampus.
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novel environment (Guzowski et al., 1999) and peak Arc mRNA expres-
sion in the amygdala 30 min after fear conditioning (Ploski et al., 2008).

Immediate shock deficit procedure
The protocol described above for the paired group is known to reliably
support contextual fear conditioning (Maren and Fanselow, 1997; Maren
et al., 1997; Arenos et al., 2006; Keene and Bucci, 2008c), whereas the
protocol used for the shock-only group results in the immediate shock
deficit phenomenon in which shock-only rats do not express fear mem-
ory (i.e., they do not freeze) during a subsequent test for contextual fear
memory (Fanselow, 1980, 1986). To confirm that a shock– context asso-
ciation did not occur in rats in the shock-only group, rats from cohort 1
in the paired group (n � 7) and shock-only (n � 8) groups were reex-
posed to the chamber 24 h after the training session for a 10 min context
test during which no shocks were presented. Behavior was videorecorded
throughout.

Behavioral observations
Freezing served as the index of conditioned fear and was operationally
defined as total motor immobility except for breathing (Blanchard and
Blanchard, 1969; Fanselow, 1980). For the training day data, the inci-
dence of freezing behavior was scored during the 64 s epoch before the
first trial (baseline freezing) and during the 64 s periods following each
footshock (i.e., postshock freezing). The rats’ behavior was recorded ev-
ery 8 s during the 64 s epochs. The context test session was also divided
into 64 s epochs and behavior was scored every 8 s. The frequency of
freezing behavior was converted to a percentage of total observations. A
primary observer scored the behavioral data, while two additional ob-
servers scored a subset of the data to assess objectivity. All observers were
blind to treatment condition and their observations were highly corre-
lated (r � 0.92; p � 0.001).

Immunohistochemistry
Brain sections from rats in cohort 2 were assessed for c-Fos and Arc
protein expression. Upon removal, brains were placed in fixative over-
night and subsequently placed in a solution of 30% sucrose in PBS for 4 d
and frozen at �80°C until sectioning. Free-floating sections (40 �m)
containing RSP [�3.5 and 5.0 mm posterior to bregma according to the
rat brain atlas of Paxinos and Watson (2007)] were cut with a freezing
microtome and incubated in 0.3% hydrogen peroxide in PBS for 10 min,
rinsed, and then blocked for 1 h in immunobuffer (IB) containing 2%
normal goat serum and 0.1% Triton X-100 (Sigma-Aldrich) in PBS.
Sections were then incubated overnight at 4°C in IB containing primary
rabbit polyclonal c-Fos antibody (Santa Cruz Biotechnology; sc-52; lot
no. C1110; 1:10,000 dilution). After rinses in PBS, sections were incu-
bated for 2 h in biotinylated goat anti-rabbit secondary IgG (Vector
Laboratories), rinsed, and incubated for 30 min in avidin– biotin com-
plex (ABC Vectastain Kit; Vector). Chromagen immunostaining was
visualized with using a diaminobenzidine kit (Vector). In addition,
region-matched tissue from a subset of rats (n � 4/group) were assayed
for Arc protein expression using the same procedure with a primary
rabbit polyclonal Arc antibody (Santa Cruz Biotechnology; sc-15325; lot
no. G3009; 1:500 dilution).

Microscopy and cell counting
RSP sections were slide-mounted and examined by an observer blind to
the behavioral condition using an Axioskope I microscope (Zeiss) con-
nected to a computer equipped with StereoInvestigator software (version
9.0; MicroBrightField). IEG-positive cells in RSP (see Fig. 2 D, shaded
region of the brain diagrams) were counted from either the left or right
hemisphere from two region-matched sections from each rat. A contour
was drawn at 2.5� magnification to outline the boundaries of RSP ac-
cording to the rat brain atlas of Paxinos and Watson (2007). Cell count-
ing was then conducted at 20� magnification using the MeanderScan
tool in StereoInvestigator, in which a counting frame (0.3 � 0.35 mm)
was placed within the boundaries of the target area and advanced system-
atically through the region. The number of c-Fos- or Arc-positive cells in
a counting frame was determined using a planometric analysis in which
an optical density threshold of no less than 33% of the surrounding
background stain was set for counting a cell as immunopositive. Because

sections were 1500 �m apart, it was not necessary to correct for double
counting.

RNA isolation and quantitative real-time PCR
RSP tissue from rats in cohort 3 was assessed for relative Arc mRNA
expression. Brains were removed, coated with RNAlater (QIAGEN), and
immediately frozen in crushed dry ice for 2 min. RSP was dissected (the
rostral cut was made 7 mm from the front of the brain, a second pair of
cuts was made 2 mm lateral to the midline on each hemisphere, a third
cut was made 2 mm ventral from the surface of the brain, and last,
cerebellar tissue was removed from the caudal end of the RSP tissue),
transferred to ice-cold microcentrifuge tubes, and stored at �80 until
RNA isolation. Total RNA was isolated from RSP tissue using the RNeasy
Lipid Tissue Kit (QIAGEN), and 1 �g of each sample was reverse-
transcribed according to the vendor’s suggested protocol in the Quanti-
Tect Reverse Transcription Kit (QIAGEN). qRT-PCR was performed
using the ��Ct method with a 7500 Real-Time PCR System (Applied
Biosystems). The DNA sequences of rat glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and ARC were obtained from GenBank. Forward
and reverse primers and TaqMan probes (assay IDs: Rn00571208_g1 and
Rn01775763_g1 for Arc and GAPDH, respectively) were purchased from
Applied Biosystems. The TaqMan probes have a fluorescent reporter dye,
FAM (6-carboxyfluorescein), at the 5� end; this fluorescence, which is di-
rectly proportional to the PCR product, is continually monitored during the
real-time PCR. All samples were run in triplicate, and each sample was nor-
malized against GAPDH levels from the same sample. Total RNA was in-
cluded in each run as a negative control. Data from rats in the shock-only,
context-only, and paired groups were normalized to the average value of
home cage controls.

Data analysis
Behavior. Freezing data collected during the context test were subjected
to a repeated-measures ANOVA with Group (Shock-only, Paired) as the
between-subjects variable and Block (64 s epoch) as the within-subjects
variable. Data from the training session for rats in the paired group were
subjected to repeated-measures ANOVA using Trial (baseline and post-
shock 1, 2, and 3) as the within-subjects variable. Freezing behavior
displayed by the shock-only group during conditioning was not analyzed
because training took place in the dark and there were 2 s ITIs instead of
64 s ITIs.

Neurochemistry. To analyze IHC data, c-Fos-positive cell counts col-
lected from the two RSP sections from each rat were averaged to produce
a single value and then one-way ANOVA was performed on data from
the four (home cage, shock-only, context-only, and paired) behavioral
groups. Arc-positive cell counts were analyzed similarly. To analyze qRT-
PCR data, relative Arc mRNA levels from RSP tissue were subject to
one-way ANOVA. An � value of 0.05 was adopted for all analyses, and
post hoc analyses using Fisher’s least significant difference test were used
when appropriate.

Experiment 2
Experimental design
Although neuroanatomical studies have established that POR receives
significant input from RSP (Burwell and Amaral, 1998a,b; Sugar et al.,
2011), it is currently unknown whether the connection between these
regions is active when processing contextual information. This was tested
in Experiment 2 by infusing a retrograde tracer into POR before training
in the contextual fear-conditioning task. After training, brain tissue was
processed for c-Fos immunohistochemistry. Sections containing RSP
were analyzed for the presence of neurons that were double labeled for
the retrograde tracer and c-Fos.

Subjects
Ten Long–Evans rats were obtained and housed as described for
Experiment 1.

Surgery
Before behavioral testing, rats were anesthetized with isoflurane gas
(1.5–3% in oxygen) and placed in a Kopf stereotaxic apparatus. A solu-
tion (0.5% w/v) of cholera toxin subunit B conjugated to Alexa Fluor 488
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(CTb-488) (catalog #C34775; Invitrogen) was injected (0.2 �l/site at a
rate of 0.1 �l/min) unilaterally into the POR. CTb-488 was chosen as the
retrograde tracer because of the high specificity of transport and the
bright label provided by this compound (Conte et al., 2009). In addition,
previous studies have shown that detection of fluorescently tagged CTb
labeling is compatible with immunohistochemical techniques (Matsui
and Williams, 2010). CTb-488 was infused into POR using the following
coordinates with respect to lambda (in mm): �0.5, �0.1 anteroposte-
rior, �0.4 lateral, and �4.4, �3.8 ventral from the skull surface, based on
previous studies (Bucci et al., 2000; Burwell and Hafeman, 2003) and on
the rat brain atlas of Paxinos and Watson (2007). The Hamilton syringe
(26 ga) used to deliver the tracer was left in place for 3 min following each
infusion to reduce the diffusion of tracer along the needle tract. Rats were
allowed to recover for 10 –12 d before behavioral testing.

Behavioral apparatus and procedure
The conditioning chambers were identical with those described in Ex-
periment 1. On the conditioning day, rats in the paired group (n � 6)
were fear conditioned as described in Experiment 1 and a second group
of rats (n � 4) served as home cage controls.

Fluorescence immunohistochemistry
Rats in the paired group were removed from the conditioning chambers
and returned to their home cages for 60 min after which they were deeply
anesthetized with an overdose of Euthasol and transcardially perfused
with 0.9% saline for 5 min, followed by 4% paraformaldehyde in PBS.
Home cage controls were likewise deeply anesthetized and then perfused.
Brains from rats in the paired and home cage groups were placed in
fixative for 45 min and subsequently placed in a solution of 30% sucrose
in PBS for 4 d. Free-floating sections (40 �m) containing RSP were cut
with a freezing microtome and incubated in 0.1% sodium borohydride in
PBS for 30 min, rinsed, and then blocked for 1 h in IB containing 20%
normal goat serum and 0.1% Triton X-100 in PBS. Sections were then
incubated for 72 h at 4°C in primary rabbit polyclonal c-Fos antibody
(Santa Cruz Biotechnology; sc-52; lot no. G1911; 1:1000 dilution) in IB
containing 2% normal goat serum. c-Fos was used as the marker of
neuronal activation based on the robust expression observed in Experi-
ment 1. Furthermore, because c-Fos expression is nuclear, it is more
readily distinguished from the pattern of labeling provided by the tracer
(which labels dendrites, axons, and perikaryon). After rinses in PBS,
sections were incubated for 4 h in Alexa 555 goat anti-rabbit secondary
IgG (Invitrogen; 1:200 dilution) and Neurotrace 435/455 (Invitrogen;
1:300 dilution), rinsed, slide mounted, and coverslipped with Gelvatol
mounting medium.

Microscopy, cell counting, and detection of colocalized fluorescence
Slides containing sections with POR were imaged by an experimenter
blind to behavioral conditions using a Zeiss fluorescence microscope to
verify microinfusion into the POR. In addition, the laterodorsal posterior
thalamus, perirhinal cortex, and visual cortex were viewed in each rat as
a positive control for accurate infusion placement (Burwell and Amaral,
1998a,b; Furtak et al., 2007). Confocal microscopy was used to quantify
cells labeled with the CTb-488 tracer, c-Fos, and Nissl using an LSM
510meta laser-scanning system (Zeiss). Sections containing RSP [see Fig.
5C; approximately �6.8 to �7.5 mm posterior to bregma according to
the atlas of Paxinos and Watson (2007)] were selected for analyses based
on detailed anatomical descriptions of projections from RSP to POR
(Burwell and Amaral, 1998a,b; Furtak et al., 2007; Jones and Witter,
2007). Between three and six sections from each rat were counted from
the hemisphere ipsilateral to the infusion site. Between one and five
samples from each section were collected using a 63� oil-immersion
objective. All images were captured through the Z-plane. The 10 slices
through the Z-stack were projected onto a single plane, and cells positive
for each c-Fos and CTb-488 were counted independently using the par-
ticle analysis program from Fiji-NIH software. In addition, the entire
data set was recounted using the cell counter plug-in for Fiji-NIH soft-
ware. Cells identified as coexpressing CTb-488 and c-Fos were further
evaluated through all slices in the Z-stack, and only CTb-488-positive
cells displaying round nuclei were included in the colocalization analyses.

Data analysis
To analyze IHC data, c-Fos-positive cell counts were averaged across the
sections from each rat to produce a single value for each subject, and then
an independent-samples t test was performed on data from paired and
home cage groups. An identical analysis of data from the same sections
was used to quantify the percentage of cells colabeled with CTb-488 and
c-Fos immunofluorescence.

Experiment 3
Experimental design
Previous lesion studies indicate that bilateral damage to either RSP or POR
impairs the expression of contextual fear memory (Bucci et al., 2000; Keene
and Bucci, 2008a,c). However, those deficits could arise from damage to RSP
or POR per se, or because RSP and POR were functionally disconnected
from each other. In other words, RSP and POR may make individual con-
tributions to contextual fear conditioning or instead form part of a func-
tional circuit. Although the results of Experiment 2 indicate that connections
between RSP and POR are active during fear conditioning, those findings
alone do not indicate whether that connection is necessary to support con-
textual learning/memory. This was addressed in Experiment 3 using an es-
tablished asymmetric lesion approach to test for functional interactions
between structures (Olton, 1983; Warburton et al., 2001; Rogers and Kesner,
2007). Before fear conditioning, one set of rats received unilateral lesions of
RSP and POR in opposite hemispheres (i.e., right RSP and left POR, or left
RSP and right POR), which interrupts communication between RSP and
POR on both sides of the brain, resulting in a complete functional discon-
nection (“contralateral-lesion” group) (CONTRA). A second set of rats re-
ceived unilateral RSP and POR lesions in the same hemisphere (i.e., left RSP
and left POR, or right RSP and right POR), thus leaving communication
between RSP and POR intact on one side of the brain (“ipsilateral lesion”
group) (IPSI). If communication between RSP and POR is important during
contextual fear conditioning, it would be expected that rats in the CONTRA
group would be more impaired than rats in the IPSI group since the latter
group still had a functional connection on one side of the brain. Moreover,
both lesion groups would be expected to differ from a sham-lesioned group
with intact connections on both sides of the brain.

Subjects
Thirty-two Long–Evans rats were obtained and housed as described for
Experiment 1.

Surgery
Rats were anesthetized with isoflurane gas (1.5–3% in oxygen) and
placed in a Kopf stereotaxic apparatus. Fourteen rats received unilateral
lesions of RSP and POR in opposite hemispheres (CONTRA group) and
11 rats received unilateral lesions of RSP and POR in the same hemi-
sphere (IPSI group) before behavioral training using the stereotaxic co-
ordinates outlined in Table 1. An electrode that was epoxy-coated except
for the tip was lowered into each coordinate, and a 2.5 mA current was
passed through the tip for 10 –15 s per lesion site. For the POR lesions, the
electrode was angled at 22°. Electrolytic lesions were used to provide
control over the extent of damage, which was an important factor in this
study given the close proximity of posterior parietal cortex and perirhinal
cortex, which also provide visuospatial input to the medial temporal lobe

Table 1. Stereotaxic coordinates for unilateral disconnection lesions

Lesion site AP ML DV

RSP �2.0 	0.3 �1.6 and �2.5
�3.5 	0.4 �1.8 and �2.5
�5.0 	0.4 and 	1.0 �1.6 and �2.2 (medial site), �1.6 (lateral site)
�6.5 	0.8 and 	1.4 �1.6 and �2.2 (medial site), �2.7 (lateral site)
�8.0 	1.0 and 	2.0 �2.0 (medial site), �2.4 (lateral site)

POR �0.5 	4.4 �5.3
�0.1 	4.4 �4.0

Note: Anterior–posterior (AP), medial–lateral (ML), and dorsal–ventral (DV) measurements for RSP lesions are
derived from bregma, midline, and skull surface, respectively (measurements are in millimeters). AP measurements
for POR lesions are derived from lambda. Electrolytic lesions were made by applying a 2.5 mA current for 15 s at each
RSP site and for 10 s at each POR site. Lesion placement was counterbalanced between the right and left hemi-
spheres across rats. 	 indicates that a lesion was placed on either the left or the right hemisphere.
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(van Groen and Wyss, 1990, 1992, 2003; Burwell and Amaral, 1998b) and
because we wanted to directly compare the effects of the present lesions with
those of RSP or POR that were performed using electrolytic methods in prior
studies (Bucci et al., 2000; Keene and Bucci, 2008a). Control rats (SHAM;
n � 7) received surgery consisting of a craniotomy and shallow, nonpunc-
turing burr holes to minimize damage to underlying cortex. Rats were al-
lowed to recover for 10–12 d before behavioral training.

Behavioral apparatus and procedures
IPSI, CONTRA, and SHAM rats were trained in the same fear-
conditioning task used previously to study the effects of bilateral damage
to the RSP or POR (Bucci et al., 2000; Keene and Bucci, 2008a). During
the training session, rats were placed in the chambers and permitted to
explore the environment for 3 min. Subsequently, three tone-shock trials
separated by an ITI of 64 s were presented. During each trial, a 10 s tone
stimulus (1.5 kHz, 78 dB) was followed by delivery of a 1.0 s, 1.0 mA
footshock. Rats were removed from the chambers 64 s after the last
footshock. Twenty-four hours after the training session, rats were reex-
posed to the training chamber for a 10 min context test during which no
tones or shocks were presented. Last, a tone test was conducted 24 h later by
placing the rats in a novel context and presenting the tone 20 times beginning
30 s after the rat was placed in the chamber. Again, no shock was delivered
during this test. The novel context consisted of the original training cham-
bers outfitted with plain white paper on the walls of the chamber to hide the
recessed food cup and other stimuli present on the aluminum walls. Card-
board was also placed on top of the grid floor to provide a different tactile
stimulus, and a cup containing Vicks VapoRub and vinegar was placed in
each sound-attenuating chamber to provide different olfactory cues. It has
been shown previously that rats exhibit very little freezing behavior to the
new context itself (Arenos et al., 2006). All rats received the context test first
followed by the tone test since this has previously been shown to be the
optimal method for obtaining the most independent assessment of both
contextual and auditory fear conditioning in the same rats (Maren et al.,
1997). Nevertheless, our laboratory has previously examined whether the
order of testing impacts levels of freezing to the context and tone during the
tests, and we have found identical results when the tone test was conducted
before the context test (Arenos et al., 2006).

Behavioral observations
Scoring of freezing behavior that occurred during conditioning and dur-
ing the context test was identical with that described in Experiment 1. For
the tone test session, the incidence of freezing behavior was assessed every

2 s during each 10 s presentation of the tone. The frequency of freezing
behavior was converted to a percentage of total observations.

Lesion verification
After the behavioral procedures were completed, rats were deeply anesthe-
tized with an overdose of Euthasol and transcardially perfused with 0.9%
saline for 5 min, followed by 10% buffered formalin. Brains were sectioned
on a freezing microtome (60 �m) and Nissl-stained using thionin. For each
rat, coronal sections at six anteroposterior (AP) locations (from bregma in
mm: �1.8, �3.3, �4.8, �6.3, �7.8, and �8.3; see Fig. 6) along the rostro-
caudal extent of RSP and three locations (from bregma in mm: �7.8, �8.3,
�8.7) along the rostrocaudal extent of POR were used to assess the amount
of tissue damage. Using StereoInvestigator software and a Zeiss Axioskope I
compound microscope, gross tissue damage (necrosis, missing tissue, or
marked thinning of tissue) was identified. For each coronal section, areal
measurements were obtained using the StereoInvestigator Cavalieri estima-
tor probe with 50 �m grid spacing. The percentage damage to RSP and POR
was calculated and any gross tissue damage to the area surrounding the target
region was noted. In addition, the numbers of rats with and without damage
to the cingulum bundle and postsubiculum were counted.

Data analysis
Analyses of freezing behavior that occurred during training and during
the tone test were conducted using repeated-measures ANOVA with
Group (CONTRA, IPSI, or SHAM) as the between-subjects variable and
Trial as the within-subjects variable. For the context test data, repeated-
measures ANOVA was conducted using Group as the between-subjects
variable and Block (64 s epochs) as the within-subjects variable. An �
value of 0.05 was adopted for all analyses, and post hoc analyses using
Fisher’s least significant difference test were used when appropriate.

Results
Experiment 1: immediate-early gene expression in RSP
during fear conditioning
Behavioral confirmation of the immediate-shock deficit effect
The freezing behavior displayed by rats in the paired group during
training is shown in Figure 2B. A repeated-measures ANOVA re-
vealed a significant main effect of Trial (F(3,18) � 44.9; p � 0.0001),
indicating that rats in the paired group acquired the fear response
across trials. Analysis of the context test data revealed signifi-
cant main effects of Group (F(1,13) � 16.2; p � 0.001) and
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Figure 2. Behavior and c-Fos protein expression in RSP following contextual fear conditioning. A, A schematic depicting the four behavioral conditions included in Experiment 1. Percentage
freezing behavior displayed by rats during training (B) and context reexposure (C), confirming that rats in the shock-only condition did not form a context–shock association during acquisition. BL,
Baseline. Shock-only (n � 8); Paired (n � 7). D, Brain diagrams representing the AP location of RSP (shaded area) from which IEG counts were made. The numbers in D reflect the AP distance (in
millimeters) from bregma. E, Average (mean 	 SEM) c-Fos protein expression in RSP across behavioral conditions. Home, Home cage (n � 7); Shock, shock-only (n � 6); Context,
context-only (n � 7); Paired (n � 6). F–I, Representative images of c-Fos expression in RSP across behavioral conditions. The asterisk (*) indicates significant ( p � 0.05) differences
from all other conditions; ns indicates no significant difference.
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Block (F(9,117) � 3.0; p � 0.05), but no Group by Block interaction
(F(9,117) � 1.9; p 
 0.05). As shown in Figure 2C, rats in the shock-
only group exhibited near-zero levels of context-specific freezing
compared with rats in the paired group, confirming that a context–
shock association was not formed by rats in the shock-only group.

Immediate-early gene protein expression in RSP
The rat brain diagrams in Figure 2D depict the AP locations from
which c-Fos counts from RSP (shaded regions) were made. The

induction of nuclear c-Fos expression in RSP was observed across
all behavioral conditions and varied as a function of Group
(F(3,22) � 9.2; p � 0.0001; Fig. 2E). The number of nuclei immu-
noreactive for c-Fos in the paired group was significantly higher
compared with all other groups (values of p � 0.05). In addition,
the number of c-Fos-positive nuclei in the context-only group was
significantly different from all other groups (values of p � 0.05),
whereas the number of c-Fos-positive nuclei in the home cage and
shock-only conditions did not differ from each other (p 
 0.05).
Thus, a stair step pattern of c-Fos expression in RSP was observed
with paired 
 context-only 
 shock-only and home cage groups.
Photomicrographs depicting c-Fos expression in RSP from rats in
each condition are shown in Figure 2F–I.

Arc protein expression was also observed across all behavioral
conditions and varied as a function of Group (F(3,12) � 9.3; p � 0.05;
Fig. 3A). The number of cells immunoreactive for Arc in the paired
group was significantly higher compared with all other groups (val-
ues of p � 0.05), whereas the number of cells immunoreactive for
Arc was significantly lower in the home cage group compared with

all other groups. In addition, the number of
Arc-positive nuclei in the shock-only and
context-only conditions did not differ from
each other. The slightly different pattern
of expression across groups compared
with the c-Fos IHC data may be due to the
lower n (4 rats/group) in the Arc assay.

Arc mRNA expression in RSP
The findings from the Arc mRNA qRT-PCR
fear-conditioning experiment are presented
in Figure 3B. Relative Arc mRNA expression
was detected across all behavioral condi-
tions and varied as a function of Group
(F(3,20) � 13.7; p � 0.0001) with expression
being significantly higher in the paired
group compared with all other groups (val-
ues of p � 0.05). In addition, relative Arc
mRNA expression in the context-only
group differed significantly from all other
groups (values of p � 0.05), whereas relative
Arc mRNA expression in the home cage and
shock-only condition did not differ from
each other. This pattern of expression is the
same as that observed in the c-Fos IHC
assay.

Experiment 2: activation of neurons
that project from RSP to POR during
fear conditioning
Retrograde labeling
Figure 4 depicts the size and location of
representative microinfusions of the
retrograde tracer, CTb-488, into POR.
CTb-488 was accurately placed into the
POR in 8 of 10 rats; thus, cell counts and

identification of colocalized fluorescence labeling was quanti-
fied in 5 rats in the paired group and 3 rats in the home cage
group. In addition, consistent with literature that describes
the afferent innervation of POR (Burwell and Amaral,
1998a,b; Furtak et al., 2007), retrogradely labeled neurons
were identified in the ipsilateral lateroposterior thalamic nu-
cleus, perirhinal cortex, and visual cortex in all eight subjects
included in the analysis (data not shown).
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Figure 3. Arc expression in RSP following contextual fear conditioning. A, Average (mean	
SEM) Arc protein expression in RSP across behavioral conditions. n � 4/group. B, Relative Arc
mRNA expression in RSP across behavioral conditions. Home (n � 6); Shock (n � 6);
Context (n � 5); Paired (n � 7). The asterisk (*) indicates significant ( p � 0.05) differ-
ences from all other conditions; ns indicates no significant difference.
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Figure 4. Representative images of the placement of infusions of the retrograde tracer CTb-488 into POR. A, C, Brain diagrams
depicting infusion locations within POR. The AP location is noted to the right of the brain diagrams. B, D, Images of the fluorescent
label indicating correct POR placement. The black arrows in A and C mark the dorsoventral boundaries of POR, and the white arrows
in B and D mark the ventral boundary of POR.
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c-Fos protein expression and colocalization of CTb-488 and c-Fos
in RSP
Confocal microscopy was used to image cells in RSP that were
fluorescently labeled with the retrograde tracer, CTb-488, with a
fluorescent secondary antibody to c-Fos and/or with a fluores-
cent Nissl stain. A representative montage of single and colabeled
RSP cells from a fear-conditioned rat is presented in Figure
5A–D. Imaging revealed RSP neurons that project to POR (green
label), RSP neurons that did not project to POR (blue label, Nissl-
stained neurons), and nuclei that were immunopositive for c-Fos
(red label). The brain diagrams in Figure 5E illustrate the regions
of caudal RSP that were imaged. Quantification of the number of
c-Fos-positive nuclei in RSP revealed robust c-Fos expression in
rats in the paired group compared with home cage controls (t(6) �
�3.8; p � 0.05; Fig. 5F ), an outcome that is similar to that
observed in rostral RSP in Experiment 1. Furthermore, the
percentage of cells that were colabeled with tracer and c-Fos
immunofluorescence was significantly greater in paired com-
pared with home cage rats (t(6) � �4.6; p � 0.05; Fig. 5G), indi-
cating that the corticocortical pathway that projects from RSP to
POR was activated by the fear-conditioning procedure.

Experiment 3: functional disconnection of RSP and POR
during fear conditioning
Histology
Five of 14 rats in the IPSI group and four of 11 rats in the CON-
TRA group were excluded from the statistical analyses due to
incorrect lesion placement. Outlines of the largest and smallest of
the ipsilateral (n � 9) and contralateral (n � 7) lesions are shown
in Figure 6, A and B, respectively. In the CONTRA group, the
average area of unilateral RSP damage on each section analyzed
was 70.1 	 6.9%, and the average area of unilateral POR damage
was 46.7 	 5.4%. In the IPSI group, the average area of unilateral
RSP damage on each section analyzed was 66.1 	 5.9%, and the
average area of unilateral POR damage was 61.5 	 7.8%. Unilat-
eral damage to the postsubiculum was observed in three of seven
rats in the CONTRA group and in five of nine rats in the IPSI
group. Minor damage to the cingulum bundle was observed in
three of seven rats in the CONTRA group and in six of nine rats in
the IPSI group.

Fear conditioning
Figure 7A illustrates that rats in each group (CONTRA, IPSI,
or SHAM) exhibited robust postshock freezing during the ac-
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Figure 5. Histochemically verified neurons that project from RSP to POR are activated following fear conditioning. Photomicrographs of dorsal RSP neurons (ipsilateral to the injection site)
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quisition session. A repeated-measures ANOVA revealed a sig-
nificant main effect of Trial (F(3,60) � 124.7; p � 0.0001), no main
effect of Group (F(2,20) � 2.5; p 
 0.05), and a trend toward a
significant Group by Trial interaction (F(6,60) � 2.2; p � 0.055).
Inspection of the postshock freezing curves revealed that all
groups exhibited equivalent postshock freezing after the third
shock, but that rats in the IPSI group tended to freeze less after the
first and second shock compared with the CONTRA and SHAM
conditions.

An analysis of the context test data revealed significant main
effects of Group (F(1,20) � 113.3; p � 0.001) and Block (F(9,180) �
5.1; p � 0.001) and a significant Group by Block interaction
(F(18,180) � 2.9; p � 0.001). As shown in Figure 7B, rats in the
CONTRA lesion group exhibited low levels of context-specific
freezing compared with SHAM rats (p � 0.01). The level of con-
text freezing in the IPSI group was between that of the other
groups and did not differ significantly from either SHAM or
CONTRA rats. If IPSI lesions had a strong effect on behavior,
then the level of freezing in the IPSI rats should be significantly
different from the SHAM group, but this effect was not observed.
Similarly, if IPSI lesions were without effect on behavior, then the

level of freezing displayed by rats in the
IPSI group should be significantly less
than rats in the CONTRA group, but this
was not observed either. In summary, the
data reveal that rats in the CONTRA
group displayed the least amount of freez-
ing, whereas the level of freezing displayed
by the IPSI group was intermediate be-
tween the CONTRA and SHAM groups
and rats in the SHAM group displayed the
highest percentage of context-specific
freezing.

Data from the tone test are presented
in Figure 7C. Repeated-measures ANOVA
revealed significant main effects of Group
(F(2,20) � 4.8; p � 0.05) and Trial (F(19,380)

� 5.0; p � 0.001) but no significant
Group by Trial interaction (F(38,380) � 0.7;
p 
 0.05). The initially high level of freez-
ing in the SHAM group diminished over
the course of the extinction session,
whereas CONTRA-lesioned rats exhib-
ited less freezing during the majority of
the tone presentations compared with
SHAMS (p � 0.01). Rats in the IPSI
group displayed similar levels of freez-
ing compared with the CONTRA group
( p 
 0.05) and a trend toward less freez-
ing compared with the SHAM group
( p � 0.06).

Discussion
Immediate-early gene expression in
RSP during fear conditioning
The present set of experiments tested the
involvement of RSP and its connections
with POR in contextual fear learning/
memory using a combined analysis of
neural activity, anatomical tracing, and
lesion-disconnection methods. To date,
while a role for RSP in contextual memory
has been documented (Beck and Fibiger,
1995; Keene and Bucci, 2008c; Corcoran

et al., 2011), there are no data that specifically examine whether
RSP neurons are activated during acquisition (i.e., learning) of
contextual fear conditioning. Experiment 1 addressed this gap in
the literature by demonstrating a stair step pattern of c-Fos ex-
pression across behavioral conditions, with low c-Fos expression
in the home cage and shock-only conditions, intermediate ex-
pression after exploration of the context, and the highest c-Fos
expression observed in fear-conditioned rats. Like c-Fos, a stair
step pattern of Arc mRNA expression was observed across behav-
ioral conditions, which is consistent with studies reporting
learning-related induction of Arc in hippocampus (Lonergan et
al., 2010) and amygdala (Ploski et al., 2008) following fear con-
ditioning. The context-specific elevation of IEG expression con-
firms previous reports of exploration-induced Arc expression in
murine RSP (Spulber et al., 2009) and complements reports of
increased Arc expression in hippocampus following rapid encod-
ing of novel environments (Pevzner et al., 2012). One interpreta-
tion of the present data is that neurons in RSP actively participate
in encoding two associative processes, one that involves the for-
mation of associations between contextual stimuli (i.e., stimu-
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lus–stimulus associations) and one that links contextual cues
with shock (i.e., stimulus– unconditioned stimulus associations).

Together, these data support the notion that RSP has a role in
forming associations between sensory stimuli, consistent with
lesion studies showing that permanent RSP damage impairs not
only contextual fear conditioning (Keene and Bucci, 2008a,c) but
also appetitive forms of relational learning (Keene and Bucci,
2008b; Robinson et al., 2011). Similarly, inactivation of RSP has
previously been shown to impair hippocampal-dependent spatial
learning (Cooper and Mizumori, 1999, 2001), and electrophysi-
ological studies in rabbits indicate that neurons in the posterior
cingulate cortex (comparable with RSP in rats) are active during
training in tasks that require the formation of contextual associ-
ations (Gabriel, 1990; Freeman et al., 1996).

However, a role for RSP in learning is contradicted by a recent
study of fear conditioning in mice (Corcoran et al., 2011). In that
study, mice received infusions of an NMDA receptor antagonist
into RSP before training and subsequently exhibited normal lev-
els of freezing when reexposed to the training chamber (drug
free), which the authors interpreted as evidence that RSP does not
have a role in learning. However, it may be that NMDA receptors
per se are not critical to RSP function during acquisition, and that
the contributions to RSP in forming associations during this
phase are reliant on other neurotransmitter receptors. In addi-
tion, the NMDA receptor antagonist was only infused into a sin-
gle site in RSP, leaving much of the region unaffected [RSP
extends for several millimeters in the rostrocaudal axis (Paxinos
and Watson, 2007)]. A more definitive test of the involvement of
RSP in learning per se would require infusion of agents that in-
activate or inhibit all types of neurons, and the development of
techniques to do so throughout the full rostral-caudal extent of
the RSP.

Functional connections between RSP and POR during
fear conditioning
A second main finding from the present studies is that a func-
tional interaction exists between RSP and POR during contextual
fear conditioning. Specifically, the results of the tracing study
(Experiment 2) revealed that a proportion (�33%) of retro-
gradely labeled RSP neurons that project to POR are among those
that are activated following fear conditioning. In contrast, in the
home cage control rats, few (�5%) retrogradely labeled RSP neu-
rons were c-Fos positive. Although these data suggest that RSP
and POR communicate during fear conditioning, they do not
address whether this interaction is necessary to support contex-
tual fear learning/memory. This was more rigorously tested in
Experiment 3 by disconnecting RSP and POR before fear condi-
tioning. Unilateral RSP and POR lesions on the same side of the
brain [thus leaving the connection between RSP and POR intact
in one hemisphere (i.e., IPSI group)] had a modest effect on
contextual fear memory, whereas rats with unilateral lesions of
RSP and POR in contralateral hemispheres [resulting in a func-
tional bilateral disconnection of RSP and POR (i.e., CONTRA
group)] exhibited deficits in contextual freezing compared with
sham-lesioned rats when reexposed to the training chamber. The
deficits observed in the CONTRA group were comparable with
those observed in previous studies in which bilateral lesions were
made to either RSP or POR (Bucci et al., 2000; Keene and Bucci,
2008a,c). Importantly, these data indicate that connections be-
tween RSP and POR are necessary to support normal contextual
fear conditioning and, together with the neural activation studies,
suggest that RSP and POR are components of an integrated neu-
ral circuit that mediates fear conditioning.

A surprising result was that both ipsilateral and contralateral
lesions produced reductions in the expression of auditory fear
memory, an effect that was not observed in previous studies that
examined bilateral lesions of either RSP or POR (Bucci et al.,
2000; Keene and Bucci, 2008a,c). The difference in results may be
due to the extent of damage to RSP, which was considerably
larger in the present study (�68% of RSP tissue was damaged in
the present study compared with �40% in prior studies that also
used the electrolytic approach). It is conceivable that a similarly
large percentage of bilateral RSP and/or POR damage would lead
to auditory fear deficits like those observed in the present study.
Indeed, Radwanka et al. (2010) recently demonstrated that IEG
expression and glucose utilization in RSP is elevated following
single-cue fear conditioning. Furthermore, as a consequence of
the greater extent of lesion damage in the present study, some
unilateral damage to the postsubiculum was observed in three of
seven rats with contralateral lesions and five of nine rats with
ipsilateral lesions. Damage to postsubiculum has been shown
previously to affect the acquisition and expression of auditory
fear conditioning (Robinson and Bucci, 2011). Thus, it is possible
that unintentional damage to PoSub contributed to the deficits
observed in the present study. A third explanation, which is not
mutually exclusive from those proposed above, is that the mild
deficit in postshock freezing expressed by rats with ipsilateral
lesions may have contributed to low expression of auditory fear
memory by this group. It is noteworthy that, while the majority of
hippocampal lesion studies report context, but not acquisition or
auditory fear memory deficits, there are examples to the contrary
(Maren and Holt, 2004). Thus, it appears that, under specific
conditions, RSP and/or POR may indeed contribute to both au-
ditory and contextual fear memory. Finally, while it is possible
that damage to RSP or POR might have impaired processing of
the footshock itself, this is unlikely since rats with bilateral RSP or
POR damage in prior reports (Bucci et al., 2000; Keene and Bucci,
2008a,c) exhibited normal acquisition of the fear response during
training and normal tone fear memory.

Putative roles for RSP and POR during fear conditioning
The rationale for investigating the projection from RSP to POR
was based on theoretical, behavioral, and anatomical research
that supports roles for both regions during contextual informa-
tion processing. Because RSP and POR have in common a num-
ber of inputs and outputs, it is possible that these regions perform
redundant functions during fear conditioning. However, arguing
against this possibility are the many distinct connections with
cortical and subcortical structures for each region (for review, see
Burwell, 2000; Furtak et al., 2007). Although speculative, perhaps
RSP contributes to fear conditioning by facilitating the formation
of associations among environmental conditioned and/or un-
conditioned stimuli (Keene and Bucci, 2008b; Radwanska et al.,
2010; Robinson et al., 2011; Tse et al., 2011), whereas POR con-
tributes by monitoring changes in environmental stimuli (Bur-
well and Hafeman, 2003; Bucci and Burwell, 2004; Sills et al.,
2012). Yet another possibility is that before forwarding sensory
information to hippocampus, rhinal cortex serves to filter non-
relevant stimuli through GABAergic inhibitory mechanisms (de
Curtis and Paré, 2004), a notion that has recently been further
validated by a study that characterized the electrophysiological
properties of POR pyramidal cells and interneurons (Sills et al.,
2012).

Collectively, the methods used in the present study provide
information about the functional anatomy of this circuitry that
extends beyond those garnered from the results of lesion studies
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alone. Specifically, the IEG data from Experiment 1 provide di-
rect evidence that RSP is indeed engaged during the time that
context-specific learning is occurring. Furthermore, a significant
proportion of RSP neurons with histologically verified connec-
tions to POR were activated following exposure to a fear-
conditioning paradigm, demonstrating a behaviorally relevant
increase in activity within this pathway. Last, the disconnection
study provides the first evidence of a necessary functional rela-
tionship between RSP and POR in fear conditioning. Additional
studies which use multiple distinguishable retrograde tracers in
combination with immunohistochemical techniques will further
elucidate the corticohippocampal circuitry that underlies fear
conditioning.
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