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Abstract
The context pre-exposure facilitation effect (CPFE) is a modified form of standard contextual fear
conditioning that dissociates learning about the context during a preexposure phase from learning
the context-shock association during an immediate shock training phase conducted on separate
days. Fear conditioning in the CPFE is an associative process in which only animals that are
preexposed to the same context they are later given an immediate shock in demonstrate freezing
when tested for conditioned fear memory. Previous research has shown that the hippocampus and
amygdala are necessary for different phases of the CPFE, but whether other brain regions are also
involved is unknown. The present study examined expression of the immediate-early gene early
growth response gene 1 (Egr-1; also called Zif268, Ngfi-a, Krox-24) in the dorsal hippocampus,
lateral nucleus of the amygdala, retrosplenial cortex, and several prefrontal cortex regions
(infralimbic and prelimbic medial prefrontal cortex, anterior cingulate, and orbitofrontal cortex)
following each phase of the CPFE in juvenile rats. Animals preexposed to the conditioning context
displayed fear conditioned freezing during a retention test whereas rats preexposed to an alternate
context did not. Following context preexposure, Egr-1 mRNA was elevated in context and
alternate context exposed animals compared to homecaged control rats in almost all regions
analyzed. Following the context-shock training phase, fear conditioned rats displayed significantly
more Egr-1 mRNA expression in the infralimbic, prelimbic, and orbitofrontal cortices compared
to the alternate context preexposed control rats. These differences in Egr-1 expression were not
found in amygdala between the preexposed context and alternate context rats. No sex differences
were observed following preexposure or training in any regions analyzed. The findings suggest
that increased expression of Egr-1 within the prefrontal cortex is associated with contextual fear
conditioning in the CPFE paradigm.
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1. Introduction
Pavlovian fear conditioning has been extensively used to investigate the neurobiological
bases of learning and memory (Fanselow and Gale, 2003; Lavond, Kim, and Thompson,
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1993; Maren, 2001; Rosen, 2004). In a typical fear conditioning paradigm, a conditioned
stimulus (CS), such as a tone, light, or context, is paired with an aversive unconditioned
stimulus (US), such as a footshock. Animals form an association between the CS and US,
and when subsequently tested with only presentation of the CS demonstrate a conditioned
response (CR), commonly measured as the species-specific defensive response of freezing
behavior (Blanchard and Blanchard, 1969; Fanselow, 1980; Maren, 2001; Stanton, 2000).
For discrete-cue conditioning, such as a light or tone, CS information is transmitted via
sensory pathways through the thalamus and neocortex to converge with footshock US
activation in the lateral nucleus of the amygdala to form an association representing
conditioned fear (Aggleton, 2000; Pare, Quirk, and Ledoux, 2004).

Unlike fear conditioning to a discrete cue, standard contextual fear conditioning (sCFC)
typically recruits the hippocampus to acquire a conjunctive representation of the context,
which is then associated with the aversive stimulus in the amygdala (Anagnostaras, Gale,
and Fanselow, 2001; Maren, Aharonov, and Fanselow, 1997; O'Reilly and Rudy, 2001).
However, sCFC is not always impaired by hippocampal lesions or inactivation at the time of
training because context conditioning can be supported by “feature-based” associations that
do not depend on hippocampus (cf. Rudy, 2009, for review). Moreover, when studying
immediate-early gene (IEG) expression during sCFC, it is difficult to determine which
aspect of the training experience---learning about the context vs. the context-shock
association---is driving gene expression in the hippocampus or amygdala. A variant of
sCFC, the context preexposure facilitation effect (CPFE), does not suffer from these
problems. In the CPFE, learning about the context, associating the context memory with
shock, and retrieval of the context-shock association occur during separate, successive
phases of the procedure. The CPFE cannot be learned without hippocampus (Rudy, 2009)
and IEG expression related to acquisition of the context representation versus the context-
shock association can be measured during different experimental phases (Fanselow, 1990;
Frankland, Cestari, Filipkowski, McDonald, and Silva, 1998; Rudy, 2009; Rudy, Barrientos,
and O'Reilly, 2002; Rudy, Huff, and Matus-Amat, 2004).

In a typical CPFE experiment, animals are preexposed to Context A on Day 1 (PRE), given
an immediate shock in Context A on Day 2, and demonstrate freezing to Context A during
testing on Day 3. Animals preexposed to an alternate context on Day 1 (ALT-PRE) and
given an immediate shock in Context A on Day 2 do not display elevated freezing when
tested in Context A on Day 3 (Fanselow, 1990; Rudy et al., 2002; Rudy et al., 2004). The
CPFE takes advantage of the immediate-shock deficit, in which animals that are not given
enough time to form a representation of the context prior to the onset of a US demonstrate a
lack of conditioned fear when later tested in that same context (Fanselow, 1990). However,
by preexposing the animals to the training context for a few minutes on the day prior to
training with an immediate shock, the CPFE enables animals to overcome this deficit
(Fanselow, 1990). Preexposed rats learn fear because the previously acquired context
representation is rapidly retrieved on the training day via “pattern completion” and
associated with the immediate shock (e.g., Rudy, 2009).

Lesion and inactivation studies have shown that hippocampal function during all 3 phases of
the procedure is necessary for the CPFE (Matus-Amat, Higgins, Barrientos, and Rudy, 2004;
Matus-Amat, Higgins, Sprunger, Wright-Hardesty, and Rudy, 2007; Rudy et al., 2004;
Schiffino, Murawski, Rosen, and Stanton, 2011). In adults, inactivation of hippocampus
with local microinfusions of muscimol during any phase of training disrupts the CPFE
(Matus-Amat et al., 2004). In contrast, studies blocking hippocampal NMDA receptors
indicate that NMDA-dependent plasticity is necessary only during the preexposure phase
(Matus-Amat et al., 2007; Schiffino et al., 2011; Stote and Fanselow, 2004), but not for
acquisition of the context-shock association at training or expression of that association at
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testing (Matus-Amat et al., 2007). Further, antagonism of NMDA receptors in the
basolateral complex of the amygdala during the context-shock association phase blocks
contextual fear conditioning, but not during the context preexposure phase or prior to testing
(Matus-Amat et al., 2007). These studies suggest a distinct role for the hippocampus and
amygdala in the acquisition of context fear during different phases of the CPFE paradigm.

Recently, we have begun to apply the CPFE paradigm to the ontogeny of learning and
memory and its disorders (Burman, Murawski, Schiffino, Rosen, and Stanton, 2009;
Dokovna, Jablonski, and Stanton, 2013; Jablonski, Schiffino, and Stanton, 2012; Murawski,
Klintsova, and Stanton, 2012; Murawski and Stanton, 2010; 2011; Schiffino et al., 2011).
The CPFE emerges between postnatal day (PD) 17 and 24 (Schiffino et al., 2011) with
PD19-21 representing a transitional period (Jablonski et al., 2012). The CPFE also depends
on conjunctive (rather than feature-based) representations of the context on PD24 (Jablonski
et al., 2012), as it does in older rats (Rudy and O'Reilly, 1999). Blocking hippocampal
NMDA receptors during context preexposure disrupts the CPFE in PD24 rats (Schiffino et
al., 2011) as it does in adult rats (Matus-Amat et al., 2007).

Few studies have assessed the role of the prefrontal cortex (PFC) in the CPFE. The
prelimbic and infralimbic medial PFC (PL and IL, respectively), as well as the anterior
cingulate cortex (AC), orbitofrontal cortex (OFC), and retrospenial dysgranular cortex
(RSD) play various roles in sCFC, such as fear acquisition, extinction, and expression of
recent and remote memories (for reviews, see (Courtin, Bienvenu, Einarsson, and Herry,
2013; Euston, Gruber, and McNaughton, 2012; Maren, Phan, and Liberzon, 2013; Morrow,
Elsworth, Inglis, and Roth, 1999; Schoenbaum, Roesch, Stalnaker, and Takahashi, 2009;
Sotres-Bayon and Quirk, 2010). In the only study to date examining the role of the mPFC in
the CPFE, infusions of the muscarinic receptor agonist oxotremorine into the AC facilitates
acquisition of the context-shock association, but not learning of the context, in an inhibitory
avoidance variant of the CPFE paradigm (Malin and McGaugh, 2006). The present report is
the first to examine patterns of immediate early gene expression within the PFC of
adolescent rats during the CPFE.

This study was designed to compare activation patterns in the prefrontal cortex,
hippocampus, and amygdala following context preexposure and immediate shock training in
the CPFE paradigm in juvenile rats. This age was chosen as a point of comparison with our
previous developmental studies (Murawski et al., 2012; Murawski and Stanton, 2010; 2011;
Schiffino et al., 2011) and as starting point for future studies involving younger rats. The IL,
PL, OFC, AC, RSD, lateral nucleus of the amygdala (LA), and area CA1of dorsal
hippocampus (CA1) were selected because of their importance in fear conditioning (Ji and
Maren, 2008; Keene and Bucci, 2008; Matus-Amat et al., 2004; Morgan and LeDoux, 1995;
Phillips and LeDoux, 1992; Rosen, 2004). The expression of the immediate-early gene early
growth response gene-1 (Egr-1) mRNA was assessed because it has been shown to increase
in the LA during acquisition of sCFC (Malkani and Rosen, 2001; Rosen, Fanselow, Young,
Sitcoske, and Maren, 1998) and in CA1 during retrieval of sCFC (Hall, Thomas, and Everitt,
2001). Lee (2010) reported an increase in EGR-1 protein in the dorsal hippocampus during
acquisition of the context-shock association. EGR-1 protein expression has also been used to
investigate the activation of the AC and other PFC regions in remote contextual fear
memory (Frankland, Bontempi, Talton, Kaczmarek, and Silva, 2004). Further, antisense
knockdown of EGR-1 protein in the dorsal hippocampus disrupts acquisition of the context-
shock association during the CPFE (Lee, 2010) and in the LA during sCFC (Malkani,
Wallace, Donley, and Rosen, 2004). These studies suggest a specific role for EGR-1 in the
dorsal hippocampus and LA in adult rats during the context-shock association phase of fear
conditioning. This report expands the study of Egr-1 mRNA expression to include the LA,
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CA1, and PFC following the context preexposure and context-shock training phases of the
CPFE paradigm in juvenile rats.

2. Materials and Methods
2.1 Subjects

Subjects and animal husbandry were as described in our previous reports (e.g., Schiffino et
al., 2011). Subjects were 89 (42 males and 47 females) Long Evans rats derived from 18
time-bred dams in the University of Delaware breeding colony. Of this total, 34 were
assigned to the preexposure assay (15 males, 19 females), 35 to the training assay (17 males
18 females), and 20 (10 males, 10 females) were assigned to behavioral testing (see design
and procedure below). The date of birth was determined by checking for births during the
light cycle on GD 21 and 22. On PD3, litters were culled to 8 pups (usually 4 males and 4
females) and paw-marked by subcutaneous injections of non-toxic black ink for
identification purposes. Pups were kept with the dam in a clear polypropylene cage (45 × 24
× 21 cm) until PD 21, after which they were weaned and housed with same-sex littermates
in 45 × 24 × 17 cm cages. Two days prior to the start of the experiment (PD 29±1), rats were
individually housed in opaque white cages (24 × 18 × 13 cm), where they remained for the
remainder of the study. Same-sex littermates were assigned to different behavioral
conditions so that no more than one same-sex littermate was represented in a particular
experimental condition. Animals had ad libidum access to food and water throughout the
experiment. All subjects were treated in accordance with the Institutional Animal Care and
Use Committee at the University of Delaware.

2.2 Apparatus and Stimuli
Contextual fear conditioning was based on previously reported methods from this lab
(Murawski et al., 2012; Murawski and Stanton, 2011). Preexposure consisted of a 5-minute
adaptation in one of two distinct contexts (Context A or Context B). Context A was a clear
Plexiglas chamber measuring 16.5 × 21.1 × 21.6 cm3 with a floor consisting of 9 stainless
steel bars floors (0.5 cm diameter placed 1.25 cm apart) connected to a shock scrambler that
delivered a 2 sec 1.5 mA footshock (Med Associates, Georgia, VT ENV-414S). Four
chambers (Context A) were placed on a Plexiglas stand (2 chambers per row and column)
within a fume hood (which provided background light and ambient noise). The sides of each
chamber were made opaque to prevent animals from viewing one another. Activity was
recorded with a camera connected to a computer running FreezeFrame software
(Actimetrics, Wilmette, IL). Freezing was defined as a bout of 0.75 seconds or longer
without changes in pixel luminance. Context B consisted of modifications to Context A,
including a wire mesh insert covering the floor and protruding into the chamber in order to
alter the spatial configuration of the context. Opaque paper was also draped across three of
the four outside walls of Context B such that only the wall facing the camera remained
visible. Chambers were cleaned with a 5% ammonium hydroxide solution prior to use.
Transport cages (11 × 11 × 18 cm) made of Lexan and surrounded with opaque paper on all
four outside walls were used to move individual rats to and from their home cages in the
colony room for experimental testing.

2.3 Design and Procedures
The general training procedure has been described previously (Murawski and Stanton,
2010). There were eight experimental conditions in this study with one littermate being
assigned to each condition (Table 1). Contextual fear conditioning occurred over three
days---Preexposure, Training, and Testing---starting on PD 31(±1). Three littermates were
sacrificed on the Preexposure day, three on the Training Day, and 2 littermates were retained
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for behavioral testing on the final day, to confirm the CPFE observed in our previous studies
(Murawski and Stanton, 2011; Schiffino et al., 2011).

2.3.1 Preexposure—Rats were assigned to one of three groups: PRE (preexposed to
Context A), ALT-PRE (preexposed to Context B), or HC (Home-caged controls). Animals
were weighed and transported to a room adjacent to the conditioning room. Animals were
loaded into individual contexts (A or B) and allowed to explore the context for a 5-min
period, after which they were returned to their transport cages and brought back to their
home cages in the colony room and then sacrificed 30 minutes (± 3) later. Home-cage
controls were removed from their home cages and sacrificed while their Pre and Alt-Pre
counterparts were being preexposed (see Brain Collection, below).

2.3.2 Training—Twenty-four hours after preexposure, animals in the Training condition
(Table 1) were again weighed and transported four at a time to a room adjacent to the
conditioning chambers (see Preexposure). Both PRE and ALT-PRE animals were then
individually brought into the conditioning room and received a 2 sec 1.5 mA footshock
immediately upon placement into Context A. Animals were immediately removed, returned
to their transport cages, brought back to their home cages in the colony room, and sacrificed
30 minutes (± 3) later. Home-cage controls were sacrificed while their counterparts were
being trained.

2.3.3 Retention Testing—Twenty-four hours after training, the remaining littermates in
the Behavior condition (Table 1), one in the PRE and the other in the ALT-PRE group, were
weighed and transported identically as described in the Preexposure and Training phases.
Animals were loaded into the same chambers where they received training (Context A), and
were monitored for freezing behavior over a 5-min testing period.

2.4 Brain Collection
All animals were sacrificed 30 (±3) minutes following chamber removal. HC (baseline
control) animals remained undisturbed in their home cages and were sacrificed while their
littermate counterparts were undergoing preexposure or training. Care was taken to ensure
that HC controls had the same experimental history as their counterparts. For the training-
day assay, the HC control group was comprised of rats that had received PRE and ALT-PRE
exposures the previous day (Table 1). Rats were sacrificed by rapid decapitation, and brains
were immediately removed and frozen in −45°C isopentane and stored at −80°C until
sectioned. Sixteen micrometer coronal brain sections corresponding to the medial prefrontal
cortex, orbitofrontal cortex, anterior cingulate, lateral nucleus of the amygdala, CA1 subfield
of the dorsal hippocampus, and retrosplenial dysgranular cortex were sectioned on a cryostat
(Leica Inc., Deerfield, IL) using the Paxinos and Watson stereotaxic brain atlas as a guide
(Paxinos & Watson, 2007, 6th Ed.). Two brain sections were placed on each slide. Slides
were stored at −80°C until processed for in situ hybridization.

2.5 In situ Hybridization
In situ hybridization was conducted identically to that described in (Asok, Ayers, Awoyemi,
Schulkin, and Rosen, 2013). An antisense RNA probe (riboprobe) was transcribed from a
plasmid containing a sense cDNA coding for a 230 bp sequence of Egr-1 (gift from J.
Milbrandt, Washington University, St. Louis, MO). The transcribed riboprobe incorporated
a radioactively labeled 35S UTP (approximately 1×106 dpm) using a T7 RNA polymerase
Maxiscript kit according to the manufacturer's instructions (Life Technologies, Grand
Island, NY). Following hybridization and washing, the dry slides were exposed to Kodak
Biomax MR Film for 2 days.
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2.6 In Situ Hybridization Image and Statistical Analysis
Autoradiograms were captured and digitized to 8-bit gray values via a Dage CCD video
camera with ImageJ 1.45m program (Wayne Rasband, NIMH) on an Apple computer.
ImageJ was used to subtract the background (2D-rolling ball radius of 50.0 pixels) and
measure the mean density (mean gray value) within the regions of interest (see Figure 1 for
illustration of areas analyzed). The mean density of all mRNA labeling was analyzed for the
PL, IL, OFC (encompassing ventral and lateral parts) and AC (using Plate 11 of Paxinos and
Watson as a guide), and LA, CA1, and RSD (using Plate 57 of Paxinos and Watson Guide).

The mean gray value of the left and right side of the brain was averaged within slices and
then within slides. A 14C standard with known amounts of radioactivity was exposed and
captured with the slides. The standard was used to generate a 3rd degree polynomial
equation and convert the unknown mean grey values from the slides to known radioactivity
(nCi/g). The nCi/g value was then normalized against the average nCi/g of all home-cage
animals in that region to obtain a proportionate score. When nCi/g scores fell ± 1.96
standard deviations from the nCi/g group mean for a particular region, that score was
defined as an outlier and was excluded from the calculation of proportionate scores and
further analysis (typically 1 score/group/region was excluded). Three data points in the study
were lost in particular brain regions because of tissue damage and/or poor labeling. To
collapse across films, the proportionate scores were averaged together and multiplied by 100
so that the average of all homecaged animals would equal 100%.

PASW 20.0.0 (IBM, Chicago, Il) was used for all statistical analysis. Each region was
analyzed separately by one-way ANOVA (HC, ALT-PRE, and PRE). First, Levene's Test
for homogeneity of variance was conducted. Following acceptance of Levene's statistic, a
one-way ANOVA was conducted to test for main effects at p<.05. Tukey's HSD post-hoc
multiple means comparison was used at p<.05 to determine group differences following a
main effect. Tukey-Kramer post-hoc analysis was used to control for unequal group size
when necessary. If Levene's statistic was rejected, Welch's ANOVA, which controls for
unequal variance, was used to test for significant main effects (Mendes and Akkartal, 2010).
If Welch's test was rejected, p < .05, Games-Howell test, which controls for unequal
variance and unequal group size, was used to test for group differences (Ruxton and
Beauchamp, 2008; Stoline, 1981).

2.7 Behavioral Statistical Analysis
Freezing behavior was scored using FreezeFrame software by an observer blind to the
experimental condition of the animals as described previously (Schiffino et al., 2011).
Activity thresholds were adjusted on an individual basis to exclude small movements from
being calculated as part of an animal's total freezing. An independent samples t-test was
used to compare group differences of total freezing.

3. Results
3.1 CPFE Retention Testing

Of the original 20 animals, two (1 male ALT-PRE, 1 male PRE) were excluded from
behavioral analysis because their mean percentage freezing scores were greater than 1.96
standard deviations from the mean. An independent samples t-test demonstrated that PRE
animals froze significantly more during retention testing to the context alone than ALT-PRE
animals, t(16) = −3.74, p < 0.002 (see Figure 2), indicating fear to the conditioning context
only in those animals given prior exposure to that context. There were no significant
behavioral differences between males and females in the PRE or ALT-PRE groups (p >.05).
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3.2 Pre-exposure Egr-1 mRNA expression
Eleven animals in the HC and twelve animals in the PRE and ALT-PRE condition were
assayed. One subject in the ALT-PRE group was excluded from OFC analysis because of
tissue damage and labeling issues. After outlier exclusion (see methods), the final number of
subjects in each group for the Egr-1 preexposure data analysis were: CA1 (nHC=10,
nPRE=10, nALT-PRE=10), LA (nHC=9, nPRE=9, nALT-PRE=12), PL (nHC=9, nPRE=10,
nALT-PRE=10), IL (nHC=9, nPRE=9, nALT-PRE=11), AC (nHC=10, nPRE=9, nALT-PRE=10),
OFC (nHC=11, nPRE=9, nALT-PRE=10), and RSD (nHC=8, n PRE=10, nALT-PRE=11).

Following pre-exposure, PRE and ALT-PRE animals displayed significantly elevated Egr-1
in the LA, IL, PL, AC, OFC, and RSD when compared to HC controls, but did not differ
from each other in any region (see Figure 3). In CA1 only PRE, but not ALT-PRE, animals
displayed significantly elevated Egr-1 when compared to HC controls.

These results were confirmed statistically in separate ANOVAs performed on each region. A
significant main effect of condition (HC, ALT-PRE, PRE) was observed in CA1, F(2,
27)=4.13 (p<.05), LA F(2, 17.37=21.31 (p<.001), IL F(2, 12.21)=79.25 (p<.001), PL F(2,
27)=27.85, AC F(2, 26)=27.49 (p<.001), OFC F(2, 14.910)=19.48 (p<.001), and RSD F(2,
27)=7.62 (p<.005). In CA1, post-hoc analysis revealed that only PRE animals displayed
significantly higher Egr-1 when compared to HC controls (p<.05), whereas ALT-PRE did
not differ from PRE or HC controls. In the LA, IL, and PL, AC, and OFC, post-hoc analysis
revealed that both PRE and ALT-PRE displayed significantly higher levels of Egr-1 than
HC controls (p<.005), but did not differ from each other. There were no significant effects
of sex in any of the regions analyzed (p>.05). Results indicate that no difference between
ALT-PRE and PRE animals was observed following context preexposure in any region
analyzed.

3.3 CPFE Post-training Egr-1 expression
Eleven animals in the HC group and twelve animals in the PRE and ALT-PRE condition
were assayed. Two animals in the HC control group were excluded from PFC analysis
because of tissue damage and labeling issues. After outlier exclusion (see methods), the final
number of subjects in each group for the Egr-1 training data analysis were: CA1 (nHC=8,
nPRE=11, nALT-PRE=10), LA (nHC=8, nPRE =10, nALT-PRE=10), PL (nHC=6, nPRE =9,
nALT-PRE=10), IL (nHC=7, nPRE =9, n ALT-PRE=10), AC (nHC=6, nPRE =9, nALT-PRE=10),
OFC (nHC=6, nPRE =9, nALT-PRE=10), and RSD (nHC=9, nPRE =9, nALT-PRE=10).

Following context-shock training, PRE and ALT-PRE animals displayed significantly
elevated Egr-1 in the LA, PL, IL, AC, OFC, and RSD when compared to HC controls.
Importantly, PRE animals also displayed elevated Egr-1 over ALT-PRE animals in the PL,
IL, and OFC (see Figure 4). Only ALT-PRE, but not PRE, animals showed significantly
higher Egr-1 in CA1 compared to HC controls.

These results were confirmed statistically. A significant main effect was observed in CA1
F(2, 26)=4.88 (p<.05), LA F(2, 25)=5.66 (p<.01), IL F(2, 15.47)=50.38 (p<.001), PL F(2,
23)=23.12 (p<.001), AC F(2, 13.19)=13.31 (p<.001), OFC F(2, 22)=18.33 (p<.001), and
RSD F(2, 15.38)=19.66 (p<.001). In CA1, post-hoc analysis revealed that the ALT-PRE
group displayed significantly higher levels of Egr-1 when compared to HC controls (p<.05),
and PRE animals (p<.05). HC and PRE animals did not statistically differ in CA1. In LA,
AC, and RSD, post-hoc analysis revealed that PRE (p<.05) and ALT-PRE (p<.05) displayed
significantly greater Egr-1 expression than HC animals, but PRE and ALT-PRE did not
statistically differ from each other. In the IL, PL, and OFC post-hoc analysis revealed PRE
(p<.005) and ALT-PRE (p<.005) displayed significantly higher levels of Egr-1 than HC
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controls, with PRE animals greater than ALT-PRE animals (p<.05). There were no
significant effects of sex in any of the regions analyzed (p > .05). These results indicate that
PRE animals display greater Egr-1 expression relative to ALT-PRE animals in the IL, PL,
and OFC.

4. Discussion
The CPFE paradigm provides a method for temporally dissociating the two major phases of
context fear conditioning – the latent or incidental contextual learning, and the context-
shock association (Fanselow, 2000). Our results indicate that Egr-1 mRNA expression 30
minutes following context-shock training results in a differential activation pattern within
the PFC of animals preexposed to the training context.

4.1 Prefrontal Cortex
In all of the PFC regions assessed (i.e., PL, IL, AC and OFC), Egr-1 increased to similar
levels in PRE and ALT-PRE animals following the preexposure phase. This suggests that
the PFC is active following exposure to a novel context and may have a role in forming the
contextual representation. Following training, all of these regions in PRE and ALT-PRE
animals still displayed increased Egr-1 expression compared to the HC controls. It is not
possible to determine the degree to which increased Egr-1 in the ALT-PRE group can be
attributed to environmental novelty or footshock. The most interesting finding is the
differential increase of prefrontal Egr-1 in PRE over ALT-PRE animals in the PL, IL, and
OFC following training. Since only PRE rats display learning in the CPFE, this suggests that
these prefrontal regions are involved in learning about a novel context and, to a greater
degree, learning of the context-shock association. The learning and memory processes that
contribute to Egr-1 in the PFC of PRE animals are not known yet, but may reflect retrieval
of the same preexposed context, new context-shock associative learning, or updating/
reconsolidation of the preexposed context with the context-shock association (Lee, 2010;
Maddox, Monsey, and Schafe, 2011).

Different regions of the PFC are thought to be involved in distinct mechanisms of learning,
memory, and expression of behavior. The IL is important for extinction of cued and
contextually conditioned fear, whereas the PL is important for modulating the expression of
freezing following fear conditioning (Sotres-Bayon and Quirk, 2010). The PL is also
thought to be a site for storage of remote conditioned fear memory (Frankland and
Bontempi, 2005; Frankland et al., 2004) and possibly involved in successful retrieval during
weak fear conditioning (Rudy, Biedenkapp, and O'Reilly, 2005). Single unit recordings of
neurons in the mPFC revealed that after auditory fear conditioning, exposure to the context
alone evokes a significant increase in activity suggesting the cellular activity in the mPFC
reflects re-exposure to an already acquired fear-evoking contextual representation (Baeg,
Kim, Jang, Kim, Mook-Jung, and Jung, 2001). Hyman et al. (2012) showed that neurons in
the mPFC selectively respond during repeated exposure to the same context (Hyman, Ma,
Balaguer-Ballester, Durstewitz, and Seamans, 2012). This recent finding is of particular
relevance to the present study, as it suggests that one of the proposed learning mechanisms
underlying the CPFE (retrieval of the contextual representation) is correlated with activity in
the PFC.

The OFC is involved in outcome expectancies, response inhibition, and rapid encoding of
associative learning (Maren et al., 2013; Schoenbaum et al., 2009). Pattern completion and
one-trial learning on the training day are features of the CPFE that may engage rapid
encoding processes of the OFC. The AC appears to be involved in formation, consolidation,
and reconsolidation of recent and remote contextual fear memory ((Einarsson and Nader,
2012; Frankland and Bontempi, 2005; Frankland et al., 2004; Malin, Ibrahim, Tu, and
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McGaugh, 2007). Further, expression of Egr-1 in the AC has been shown to increase during
retrieval of contextual fear memory (Frankland et al., 2004; Thomas, Hall, and Everitt,
2002). Thus, it is possible that increased Egr-1 expression in OFC and AC following
context-shock training reflects their role in rapid encoding, retrieval, or reconsolidation.

In summary, Egr-1 expression in different prefrontal regions corroborates other studies
indicating a role for this IEG in learning and memory of context-shock associations.
However, correlation is not causation and similarities in expression across prefrontal regions
do not mean Egr-1 serves the same memory functions in these regions. Studies using
infusion of antisense DNA or other methods of reducing expression of Egr-1 protein in
specific PFC areas are needed to elucidate the functional role of prefrontal Egr-1 expression
in contextual fear and the CPFE.

4.2 Hippocampus, Amygdala and Retrosplenial Cortex
In CA1, it was unexpected that Egr-1 would be elevated only in PRE animals during the
preexposure phase of the CPFE and only in ALT-PRE animals during the training phase. If
Egr-1 in the hippocampus increased simply in response to novelty, then both PRE and ALT-
PRE animals should have displayed increased Egr-1 expression in CA1 following the
preexposure phase to either Context A or B. However, this was not observed and features
unique to each context might have produced these results (Desjardins, Mayo, Vallee,
Hancock, Le Moal, Simon, and Abrous, 1997). Context B was modified from Context A in
that it included a mesh insert and paper covering the walls of the chamber, which might have
reduced the spatial cues associated with Context B. Speculatively, these spatial differences
between Context A and Context B may have contributed to the pattern of Egr-1 expression
observed in CA1. In both PRE and ALT-PRE animals, elevated Egr-1 was only apparent
following the first exposure to Context A. Further, the PRE animals that were preexposed to
and trained in Context A (i.e., briefly re-exposed to Context A) did not demonstrate an
increase in Egr-1 expression following re-exposure. Thus, Context A itself (i.e., which
includes access to more space and visual features than Context B) may drive Egr-1
expression in CA1. More research is needed to understand how configural differences
between Contexts A and B may contribute to Egr-1 expression in CA1.

In the LA, PRE and ALT-PRE animals did not differ in Egr-1 expression following either
context preexposure or training. These findings contrast with the sCFC findings of Rosen et
al (1998) and Malkani and Rosen (2000), in which a delayed-shock group displayed
significantly more Egr-1 mRNA in the LA than an immediate-shock group (Malkani and
Rosen, 2000; Rosen et al., 1998). The behavioral paradigm in those studies did not involve a
separate day of preexposure. Our data indicate that 5 minutes of preexposure to a context
(either the prospective training context or an alternative context) increases Egr-1 expression
within the LA, indicating that either context exposure alone or the presentation of an
immediate shock may induce Egr-1 gene expression in the LA (Rosen and Donley, 2006).
This suggests that Egr-1 in the LA might be activated by novelty (Alberini, 2009; Hall et al.,
2001) or more precisely by uncertainty/unpredictability (Rosen and Donley, 2006), which is
embedded in learning of fear, but not specific to fear conditioning. Blocking NMDA-
dependent plasticity in the basolateral amygdala on the training day disrupts the CPFE
(Matus-Amat et al., 2007). It is possible that the role of Egr-1 in plasticity during sCFC
(Malkani and Rosen, 2000) is shifted to another molecular pathway or subregion within the
amygdala during the CPFE. It is also possible that associative (fear) and nonassociative
(novelty) processes are both driving Egr-1 on the training day (of the CPFE) in a way that
obscures the role of Egr-1 in learning (Rosen and Donley, 2006). This could be tested via
antisense microinfusion experiments (Malkani et al., 2004). All of these possibilities can be
addressed by further research.

Asok et al. Page 9

Neurobiol Learn Mem. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Finally, we observed increased Egr-1 expression within the RSD of both groups following
the preexposure and training phases. Lesions of the RSD disrupt contextual fear
conditioning and plasticity within the RSD, indicating it is important for remote fear
memory (Corcoran, Donnan, Tronson, Guzman, Gao, Jovasevic, Guedea, and Radulovic,
2011; Keene and Bucci, 2008; Vann, Aggleton, and Maguire, 2009). However, similar to the
LA, it is not possible to determine whether the Egr-1 increases are a response to novelty or
specific to contextual fear learning.

4.3 Development
The animals used in the present study were juvenile rats in the 5th week of postnatal life.
This is an advanced stage of early development in which behavioral and neural mechanisms
of learning are generally very similar to those of adult rats. The lack of sex differences might
be due to training and testing at this juvenile stage of development. The CPFE is absent in
PD17-19 rats, begins to emerge around on PD21, and produces adult levels of freezing by
PD24-26, (Jablonski et al., 2012). It is currently unknown whether the emergence of the
CPFE during this period of ontogeny depends on developmental changes in prefrontal Egr-1
activation observed in the present study. Furthermore, there is no published research on
prefrontal Egr-1 expression during the CPFE in adult rats. Research examining the
ontogenetic differences in basal expression of Egr-1 has shown that Egr-1 is expressed in
the hippocampus and mPFC at the stage of development when the CPFE first emerges
(Herms, Zurmohle, Schlingensiepen, Brysch, and Schlingensiepen, 1994). More studies are
required to fully examine the role of Egr-1 expression patterns found in the present study
during postnatal development and in adulthood of the CPFE.

4.4 Conclusion
The functional role of Egr-1 as correlate of novelty, associative learning, and memory
reconsolidation has been debated (Alberini, 2009; 2011; Hall et al., 2001; Malkani and
Rosen, 2000; Rosen and Donley, 2006; Yochiy, Britto, and Hunziker, 2012). Egr-1 is an
inducible transcription factor, and synthesis of Egr-1 mRNA is a result of activation through
three specific regulatory binding sites: SRE bound by ELK-1, CRE bound by CREB, and
AP-1 bound by the Fos/Jun AP-1 complex, all of which have been implicated in associative
learning (Alberini, 2009; Davis, Bozon, and Laroche, 2003). EGR-1 is also necessary for the
maintenance of LTP and the persistence of long-term memory (Alberini, 2009; Katche,
Goldin, Gonzalez, Bekinschtein, and Medina, 2012; Malkani and Rosen, 2000). Evidence
from fear conditioning studies indicates the necessary role of EGR-1 in the LA during sCFC
(Malkani et al., 2004) and the dHPC during the CPFE (Lee, 2010Lee, 2010). The present
study lends support to all of these views on the functional role of increased expression of
Egr-1. Our findings following context preexposure showed that this gene is driven in
multiple brain regions by exposure to a novel environment alone. During the training phase,
associating a retrieved context representation with a footshock drives Egr-1 expression even
further in prefrontal cortical regions. Because the CPFE provides a unique method to
characterize the differential contributions of the spatial and aversive learning components
inherent in context conditioning, future studies of the CPFE may help clarify the role of the
PFC in contextual fear conditioning.
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Highlights

A CPFE paradigm was used to dissociate context learning from context-shock fear
learning.

Preexposure to a context increases Egr-1 mRNA in the amygdala and PFC

Immediate shock in the same, but not alternate, preexposure context increases Egr-1
mRNA in PL, IL, and OFC

Egr-1 mRNA expression in the prefrontal cortex is associated with contextual fear
conditioning
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Figure 1.
Illustrations of brain regions analyzed. (a) CA1, LA, and RSD regions included in Egr-1
analysis are outlined in black and shaded in grey. (b) PL, IL, AC, and OFC regions included
in Egr-1 analysis are outlined in black and shaded in grey. Imaged are adapted from The Rat
Brain in Stereotaxic Coordinates, 6th Ed (Paxinos and Watson, 2007).
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Figure 2.
Mean percent freezing during the 5-min testing phase of the CPFE paradigm. Data are from
littermates run through the full behavioral paradigm (groups 7 and 8 from Table 1). PRE
animals froze significantly more than ALT-PRE animals. Error bars represent ± S.E.M. **p
< .01.
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Figure 3.
Mean percent expression of Egr-1 mRNA compared to HC following context preexposure in
the CPFE paradigm (groups 1, 2 and 3 from Table 1). (a) PRE and ALT-PRE animals
displayed significantly elevated Egr-1 mRNA expression in all areas except for CA1 when
compared to HC. Only PRE had increased Egr-1 in CA1 compared to HC. (b) Digitized
enhanced contrast images of animals in HC, ALT-PRE, and PRE conditions containing all
brain regions analyzed. Error bars are ± S.E.M. *p < .05, **p < .01, ***p < .001.
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Figure 4.
Mean percent expression of Egr-1 mRNA compared to HC following immediate shock
training in the CPFE paradigm (groups 4, 5 and 6 from Table 1). (a) PRE animals displayed
significantly higher Egr-1 mRNA than ALT-PRE animals in the PL, IL, and OFC. (b)
Digitized enhanced contrast images of animals in HC, ALT-PRE, and PRE conditions
containing all brain regions analyzed. Error bars are ± S.E.M. *p < .05, **p < .01, ***p < .
001.
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Table 1

Subject assignment and experimental design.

--Exp'al Condition-- ----------------Experimental Phase---------------

Littermate Sampling Behavioral Preexposure Sac Training Sac Testing

1 Preexp Pre Context A x

2 Alt-Pre Context B x

3 Baseline Home cage x

4 Training Pre Context A Context A x

5 Alt-Pre Context B Context A x

6 Baseline Context A/B Home cage x

7 Behavior Pre Context A Context A Context A

8 Alt-Pre Context B Context A Context A
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