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Abstract

Chronic stress may impose a vulnerability to develop maladaptive fear-related behaviors after a

traumatic event. Whereas previous work found that chronic stress impairs the acquisition and

recall of extinguished fear, it is unknown how chronic stress impacts nonassociative fear, such as

in the absence of the conditioned stimulus (CS) or in a novel context. Male rats were subjected to

chronic stress (STR; wire mesh restraint 6h/d/21d) or undisturbed (CON), then tested on fear

acquisition (3 tone-footshock pairings), and two extinction sessions (15 tones/session) within the

same context. Then each group was tested (6 tones) in the same context (SAME) or a novel

context (NOVEL), and brains were processed for functional activation using Fos

immunohistochemistry. Compared to CON, STR showed facilitated fear acquisition, resistance to

CS extinction on the first extinction day, and robust recovery of fear responses on the second

extinction day. STR also showed robust freezing to the context alone during the first extinction

day compared to CON. When tested in the same or a novel context, STR exhibited higher freezing

to context than did CON, suggesting that STR-induced fear was independent of context. In support

of this, STR showed increased Fos-like expression in the basolateral amygdala and CA1 region of

the hippocampus in both the SAME and NOVEL contexts. Increased Fos-like expression was also

observed in the central amygdala in STR-NOVEL vs. CON-NOVEL. These data demonstrate that

chronic stress enhances fear learning and impairs extinction, and affects nonassociative processes

as demonstrated by enhanced fear in a novel context.

Post traumatic stress disorder (PTSD) is a debilitating and increasing public health problem,

especially in combat-exposed populations. The lifetime prevalence of PTSD in the United

States has been reported to be ~6% (Kessler, Petukhova, Sampson, Zaslavsky, & Wittchen,

2012). PTSD develops in a subset of those experiencing a traumatic event (Breslau, Davis,
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Andreski, & Peterson, 1991), which suggests individual differences in the susceptibility and

resilience to the development of the disorder after trauma exposure. One biological risk

factor that has been identified for PTSD is reduced hippocampal volume (Gilbertson et al.,

2002). Functional imaging studies in PTSD patients corroborate the reduced hippocampal

volume findings, but also reveal compromised neural integrity within the hippocampus,

reduced volume and responsivity within the medial prefrontal cortex (mPFC), as well as

heightened amygdala responsivity (Shin et al., 2004; Shin, Rauch, & Pitman, 2006).

Although these observed regional changes provide putative neural substrates for PTSD

research, whether these alterations are contributing factors to, or outcomes from the disorder

is unknown.

Animal models can help approach questions raised in clinical research in prospective

designs under controllable conditions. Chronic stress leads to structural and behavioral

alterations in rodents that parallel the changes observed in humans with PTSD. Within the

amygdala, chronic stress causes dendritic hypertrophy (Padival, Blume, & Rosenkranz,

2013; Vyas, Mitra, Shankaranarayana Rao, & Chattarji, 2002; Vyas, Pillai, & Chattarji,

2004) and hyperexcitability (Rosenkranz, Venheim, & Padival, 2010). These stress-induced

structural and physiological changes correspond to changes in emotionally-laden behavior

including increases in anxiety-like behaviors (Vyas et al., 2002), facilitated acquisition of

Pavlovian fear learning (Conrad, LeDoux, Magarinos, & McEwen, 1999; Hoffman,

Armstrong, Hanna, & Conrad, 2010; Sandi, Merino, Cordero, Touyarot, & Venero, 2001),

and resistance to fear extinction (Izquierdo, Wellman, & Holmes, 2006). In contrast to the

amygdala, chronic stress causes dendritic retraction within the hippocampus (McLaughlin,

Gomez, Baran, & Conrad, 2007) and mPFC (Brown, Henning, & Wellman, 2005; Cook &

Wellman, 2004), changes that correspond to impaired hippocampal-dependent spatial

learning and memory (Conrad, 2010; Hoffman et al., 2011) and compromised mPFC-

dependent fear extinction retention (Baran, Armstrong, Niren, Hanna, & Conrad, 2009;

Miracle, Brace, Huyck, Singler, & Wellman, 2006). Therefore, manipulating chronic stress

in animal models allows for the induction of neural and behavioral changes that parallel

outcomes that may lead to insights into factors that predispose individuals to develop PTSD

symptomatology.

Pavlovian fear conditioning is a widely used model to study the neurobiology of fear and

PTSD. In this paradigm, a neutral stimulus (such as a tone) serves as the conditioned

stimulus (CS) and is paired with an aversive stimulus (such as a footshock)—the

unconditioned stimulus (US). The animal learns the association between CS and US, and

exhibits a conditioned response (CR, such as freezing) in the presence of the CS. Analogous

to exposure therapy in humans, a common PTSD treatment approach, fear extinction occurs

with repeated unreinforced CS presentations that result in a new, inhibitory memory trace, or

a CS-no US association. One challenge with PTSD populations is the relapse of symptoms

between extinction sessions, i.e., fear responding recovers between exposure therapy

sessions and outside the therapy context (discussed in Hamner, Robert, & Frueh, 2004).

Previous work has shown that chronic stress facilitates the spontaneous recovery of

extinguished cue-elicited fear (Baran et al., 2009; Miracle et al., 2006), which is consistent

with the fear responding recovery in PTSD cases. However, it is unknown how a history of

chronic stress impacts nonassociative fear, such as in the absence of the CS or in a novel
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context (Kamprath & Wotjak, 2004), which is pertinent to the hyperarousal symptom cluster

in PTSD patients (Yehuda & LeDoux, 2007). Furthermore, how the chronically stressed

brain becomes engaged during the retrieval of a fear memory has been virtually unexplored.

The current study aimed to investigate (1) how a history of chronic stress impacts both cued

and context extinction following cued fear conditioning, (2) how chronic stress affects fear

responding in a novel context following extinction, and (3) how chronic stress impacts

functional activation of limbic structures involved in fear learning and extinction during

retrieval of a cued fear memory.

Method

Subjects

Twenty male Sprague-Dawley rats weighing approximately 250–275g upon arrival (approx.

2 months old; Charles River Laboratories) were pair-housed in light and sound attenuating

chambers (21–22°C) on a 12:12 reverse light cycle (lights off at 6am) according to

conditions specified by the Guide for the Care and Use of Laboratory Animals (Institute of

Laboratory Animal Resources on Life Science, National Research Council, 1996). Food and

water were available ad libitum except during restraint procedures (described below). All

procedures occurred during the dark phase of the light cycle.

Prior to group assignments, all animals were tested in a single open field (OF) for anxiety-

like behavior and locomotion profiles. OF testing was consistent with our previously

published procedures (Huynh, Krigbaum, Hanna, & Conrad, 2011) and helped to distribute

similar profiles across groups (Bellani, Luecken, & Conrad, 2006). Briefly, animals were

placed at pseudorandom locations in an open square arena (110cm × 110cm, 30cm height)

under low light intensity (200lx) and given 10min to explore then returned to their home

cage. The OF arena was cleaned after each trial with pet deodorizer. OF behavior was

recorded using an overhead video camera for offline scoring. Behavior was scored using 1)

grid crossings, defined as the front two paws traversing a center or peripheral grid line, and

2) center grid time, recorded from the time the front two paws crossed the center grid until

the front two paws exited the center grid.

Following OF testing, animals were divided into non-stressed control (CON) or chronically

stressed groups (STR), n=10/group, and further subdivided into subgroups for the same and

novel context testing condition (described below). All groups had similar locomotor and

anxiety-like behavior profiles in OF (data not shown).

Stress Manipulation

Rats were chronically stressed via repeated wire mesh restraint (STR) or not (CON), and

were weighed weekly. During the designated restraint period, STR rats were restrained in

their home cages in wire mesh restrainers for 6h/d/21d. Wire mesh restrainers were 18cm

circumference x 24cm long (wire mesh from Flynn and Enslow Inc, San Francisco, CA)

with wire ends sealed with grip guard sealer (ACE Hardware). CON rats were handled

briefly each day, with their food and water restricted while the STR rats were restrained to

keep food and water access similar across treatment conditions.
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Fear Conditioning: Apparatus

Rodent fear conditioning chambers (25 cm depth × 29 cm height × 26 cm width: Coulbourn

Instruments, E10-18TC) were contained in sound-attenuating cubicles (Coulbourn, E10-23,

white). A PC interface card (Coulbourn, PCI-3-KIT) adapted to a PC, a universal link

(Coulbourn, L91-04S), and Graphic State software (v 3.03 GS3.03) controlled the stimulus

presentation. A frequency generator (Coulbourn, E12-01) produced a tone (75 dB, ~3.0 kHz)

through a speaker located in the side panel of the conditioning chamber. The shock (500 ms,

0.35mA, Coulbourn Animal Shock Generator, H13-15) was administered as a current,

equally distributed through a metal grid floor (Coulbourn, E10-18RF). Behavior was

videotaped for off-line analysis using a camera (Coulbourn, E27-91) mounted on the ceiling

and a videocassette recorder. Infrared lights were located on the side panels of the chamber

to denote the onset and offset of the tone, because no audio was recorded. A house light

(Coulbourn, E11-01) was mounted in the side panel to illuminate the chamber at all times.

Two distinct chamber contexts (contexts A and B) were utilized for different fear

conditioning testing phases. Context A consisted of white and silver paneled walls, a wire

bar shock floor with a white catch pan, and was cleaned with 70% ethanol. Context B

consisted of striped paneled walls, a smooth Plexiglas® floor insert and a dark catch pan,

and was cleaned with an orange scented cleaner (method® clementine all purpose natural

surface cleaner, methodhome.com).

Fear Conditioning: Procedure

During the last two days of restraint stress, all testing groups were transported by cart in

their home cage into the fear conditioning testing room and left on the cart for 30min to

acclimate to the transport process and room. One day following the end of the stress

procedure, rats were acclimated to testing chambers (context A) for 10min with the house

light on. The following day they were placed into the conditioning chamber (context A) and

given three-30s tones that co-terminated with a 0.35mA, 500ms shock, (ITI 120-360s) and

were then transported back to their home colony. Over the following two days (Extinction 1

and 2, respectively), rats were subjected to extinction testing in context A that consisted of

15 tone-alone trials (ITI 120-360s), which were averaged into blocks of 3 trials (5 blocks/

extinction session). The next day, STR and CON groups were subdivided and tested (6 tone-

alone trials) in either the same context (STR-SAME, CON-SAME) or a novel chamber

context (context B; STR-NOVEL, CON-NOVEL), n=5/group. An experimental timeline is

illustrated in Fig. 1A.

Fear Conditioning: Dependent Variable

Behavior was videotaped for scoring later by observers blind to experimental conditions. For

cued fear conditioning, the dependent variable measured was the number of seconds

freezing during each 30s tone presentation, whereas contextual fear was defined as the

number of seconds freezing during the 30s prior to tone onset. Freezing was defined as the

absence of all movements except those associated with respiration (Baran, Armstrong,

Niren, & Conrad, 2010; Baran et al., 2009; Blanchard & Blanchard, 1969; Conrad et al.,

1999; Hoffman et al., 2010; Quirk, Russo, Barron, & Lebron, 2000). Data analyses were

performed on raw data (number of seconds spent freezing during the 30s tone). However,
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for clarity of presentation, these same data will be represented as a percentage of freezing

during the 30s tone, or respective context interval. One rat from the control group was

eliminated from behavioral and Fos analyses due to almost no movement during behavioral

testing, leaving n=9 for CON during extinction analyses. Another rat was excluded from the

behavioral results because it was a statistical outlier, as calculated by a Grubb’s test, n=4 for

CON-SAME data for freezing to CS and context.

Tissue Preparation and Fos immunohistochemistry

To capture peak Fos protein expression (Nestler, Barrot, & Self, 2001; Sonnenberg,

Macgregor-Leon, Curran, & Morgan, 1989), all rats were overdosed with sodium

pentobarbital (100mg/kg, i.p.) 90 minutes following placement in the testing chambers for

SAME or NOVEL conditions (described above). Adrenal glands were collected and rats

were then transcardially perfused with phosphate buffered saline (pH 7.4) and 4%

paraformaldehyde (pH 7.4), and brains were removed and post-fixed in 4%

paraformaldehyde and stored at 4°C overnight. Brains were then cryoprotected in 15% and

30% sucrose over 2d, and stored at 4°C until sectioning.

Brains were sectioned on a cryostat at 40μm within two weeks of perfusion. Multiple series

of slides were taken at each level of section for separate cresyl violet and

immunohistochemistry staining procedures. Sections mounted on slides were then stored at

−80°C until tissue processing. One series of slides was stained with cresyl violet to identify

and confirm subregions of interest for Fos analysis.

Another series of slides containing subregions of interest were processed for

immunohistochemistry against Fos protein, which will be termed Fos-like immunoreactive

(Fos-IR) labeling. Target sections were washed three times in 1x phosphate buffered saline

(1xPBS, pH 7.4) and incubated in 5% normal goat serum/1xPBS/0.4% Triton X for 60min at

room temperature. Rabbit polyclonal antibody (anti-Fos, Santa Cruz Biotechnology, sc-52)

was utilized to recognize Fos in specific sections containing the dorsal hippocampus,

amygdala, and medial prefrontal cortex. This antibody was used at a dilution of 1:2500 in

5% normal goat serum/1xPBS/0.4% Triton X. Following incubation (48h, 4 °C), sections

were incubated with avidin-biotin-peroxidase complex (Vectastain ABC kit) for 45 min,

then washed again in 1xPBS and processed using DAB with nickel-intensification (DAB

peroxidase substrate kit, Vector Laboratories). Brain sections from each experimental group

were processed similarly throughout all stages of the procedure. This procedure was adapted

from Nikulina, et al. (2004) and used recently (Hoffman et al., 2013).

Fos Protein Analysis

Tissue sections were examined for the presence of a blue-black reaction product indicating

immobilized antigen. For each group, data were obtained from 2–6 sections/rat through each

brain subregion in both hemispheres, and averaged to obtain a mean value. Selected areas

(30,000 μm2 for the hippocampal regions and 150,000 μm2 for the mPFC and amygdala

regions) were captured and digitized using a camera (CX9000, MicroBrightField,

Burlington, VT) interfaced to a microscope (Olympus BX51) with a 20x objective. A profile

was considered labeled if its pixel intensity was more than 2 standard deviations darker than
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the background, as calculated by Stereo Investigator software (MBF Biosciences). For

hippocampal analyses, targeted subregions included CA1, CA3, and the suprapyramidal (or

dorsal, upper) and infrapyramidal (or ventral, lower) blades of the dentate gyrus (DGsup and

DGinf, respectively). Sampling regions within each subregion were identified consistently

among each hippocampal slice (Fig. 5B). Once each subregion was identified at 20x, the

subregion was outlined and Stereo Investigator calculated the area (mm2). All positively

labeled profiles were quantified and that value was divided by the area value to determine a

density value. For the mPFC and amygdala analyses, adjacent cresyl violet stained sections

were used to localize subregions with high confidence because these regions express poorly

defined borders; for mPFC, analyzed subregions included anterior cingulate cortex (ACG),

prelimbic cortex (PL), and infralimbic cortex (IL), for the amygdala, analyzed subregions

included basolateral amygdala (BLA), central amygdala (CEA), and medial amygdala

(MEA). Fos-IR labeling was quantified using a systematic random approach to achieve

unbiased counts by an experimental blind to treatment conditions. Stereo Investigator

software partitioned each image into 20 equal counting frames (100 × 75μm each), half of

which were randomly selected and analyzed. The number of labeled Fos profiles was

counted separately for each frame, excluding any overlapping labeled profiles on the left and

bottom borders. Labeling density was calculated by dividing the estimated total number of

labeled profiles by the total area analyzed. This procedure was adapted from Fanous et al.

(2011) and reported recently (Hoffman et al., 2013).

Data Analysis

Data were analyzed by analysis of variance (ANOVA), and when significant effects were

detected at p-value of 0.05 or less, post hoc analyses were performed. Additionally, planned

comparisons were performed on data for which expected outcomes were anticipated based

upon published findings. Proportions of freezing to CS were determined for associative

memory during extinction 1 and 2 and were analyzed by one-sample t-tests with test statistic

being 0.5. P-values that ranged between 0.05 and 0.1, were reported, whereas p-values

greater than 0.1 were not reported. Data were analyzed by SPSS Version 19 and are

represented as means ± SEM, with 8–10 animals/group for CON and STR and 4–5 animals/

group for testing on the last day and Fos analyses.

Results

Stressor Effectiveness

Body weight gain and adrenal weight measures established chronic restraint as an effective

stressor. A mixed factor ANOVA for restraint stress across weeks displayed a significant

stress × week interaction (F(3,54)= 72.19, p< 0.001), a significant main effect across weeks

(F(3,54)=872.179, p<0.001), and a significant main effect of stress (F(1,18)=24.328,

p<0.001). Whereas both STR and CON exhibited similar body weights at the start of the

study (baseline), STR rats gained weight more slowly than did CON over the course of the

three-week stress paradigm (Fig. 1B). A one-way ANOVA on stress history for comparing

adrenal weight per 100 grams of body weight showed a significant effect of restraint stress

(F(1,17)= 13.029, p< 0.01). The STR group showed significantly greater adrenal weights per

100 grams of body weight than the CON groups (Fig. 1C).
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Fear Conditioning: Acquisition

Chronic stress facilitated fear acquisition during the last training trial. A mixed factors

ANOVA for stress history across the three training trials revealed a significant effect of trial

(F(2,34)= 248.81, p< 0.001), demonstrating that both groups increased freezing across

training trials. While no significant main effect for stress history or interaction between

stress history and trial was found, past work has reported chronic stress to facilitate

acquisition in fear conditioning at the second and third trials (Conrad et al., 1999; Hoffman

et al., 2010). Consequently, planned comparisons were performed on trials 2 and 3 and

revealed a significant effect of stress history on trial 3 (F(1,17)=4.25, p= 0.05), with STR

freezing more than did CON (Fig. 2A).

Fear Conditioning: Tone Extinction

While both groups exhibited decreased levels of freezing to tone across extinction blocks

during Extinction 1, chronic stress slowed extinction learning. A mixed factors omnibus

ANOVA for stress history across extinction blocks revealed a significant effect of block

(F(4,68)=18.08, p<0.001) with no other significant effects. Given the findings reported by

Izquierdo and colleagues (2006) that chronic stress slows the rate of extinction to tone, we

performed planned comparisons during extinction; a one-way ANOVA for extinction block

3 revealed a significant effect of stress history (F(1,17)=5.01, p<0.05) with STR freezing

more during to the CS during this block, midway through the session (Fig. 2B).

A history of chronic stress also caused robust recovery of freezing to tone 24h following the

last trial of the first extinction session. A mixed factors ANOVA for stress history across the

last block of the first extinction session and the first block of the second extinction session

revealed a significant effect across blocks (F(1,17)=26.19, p<0.001), with both groups

showing spontaneous recovery of fear to the CS, and a marginal stress x block interaction

(p=0.06), suggesting that this increase may differ depending on stress history. The main

effect of stress was not significant, (F(1,17)=2.579, p=0.127), however a one-way ANOVA

revealed a significant effect of stress for freezing to tone during the first block of Extinction

2, (F(1,17)=8.58, p<0.001), suggesting that chronic stress caused significantly greater

recovery of fear responding to tone after extinction.

Both groups decreased freezing to tone during Extinction 2. A mixed factors ANOVA for

stress history across blocks of extinction during Extinction 2 revealed a significant effect of

block (F(4,68)=29.40, p<0.001). No other effects were significant.

Fear Conditioning: Context Extinction

For all rats, Extinction 1 and 2 occurred in the conditioning context, and freezing to the

context was sampled during the 30s prior to tone onset for each trial during each extinction

session. For both groups, freezing to context declined across Extinction 1, though chronic

stress significantly impacted contextual fear as exhibited by greater levels of freezing prior

to tone onset during Extinction 1. This was supported by a mixed factors ANOVA for stress

history across context extinction blocks revealing a significant effect of block

(F(4,68)=27.03, p<0.001), and a significant main effect of stress history (F(1,17)=5.76,

p<0.05). There were no group differences during the first block of Extinction 2 for freezing
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to context, although STR had a non-significant increase in freezing to context during block 1

compared to CON (F(1,17)=3.182, p=0.092). During the rest of Extinction 2, STR froze

similarly to context as CON, although both groups froze less to the context as extinction

blocks progressed, which was supported by a significant effect of trial, (F(1,17)=18.85,

p<0.001), with no other significant effects (Fig. 2C).

Fear Conditioning: Proportion of freezing to CS during Extinction 1 and 2

To determine the relative contribution of freezing to the tone over the context for both CON

and STR groups, proportions of freezing to CS were determined for Extinction 1 and 2. For

both Extinction 1 and 2, freezing to either tone or context (30s prior to tone onset) was

collapsed across all trials within a session and a proportion was computed as follows: the

average number of seconds freezing during tone presentations divided by the sum, which

was the average number of seconds freezing during tone presentations and the average

number of seconds freezing to context just prior to tone onset [mean CS/(mean CS + mean

Context)]. A proportion of 1.0 indicates freezing to tone only without freezing to context

(selective freezing to tone), whereas a proportion of 0.5 represents equal freezing to both

tone and context (nonassociative freezing). As an index for CS selectivity, proportions of

freezing to CS for each group were analyzed by a one-sample t-test compared to the test

statistic of 0.5 to evaluate selective freezing to the tone CS. During Extinction 1, only the

CON group showed significant selective freezing to the CS (CON t(7)=3.901, p<0.01),

whereas the STR group froze similarly to the CS and context (STR, p=0.27). During

Extinction 2, both CON and STR groups showed selective freezing to the CS (CON,

t(7)=3.273, p<0.05; STR t(9)=2.705, p<0.05) (Fig. 3). From these data, we conclude that the

STR group exhibited non-selective freezing during Extinction 1, which contrasts to the CON

group that demonstrated selective freezing to CS for both Extinction 1 and 2.

Fear Conditioning: Fear Generalization

Twenty-four hours following the second extinction session, both groups were subdivided

and tested in either the same (SAME) or a novel chamber context (NOVEL), to assess fear

generalization. Freezing behavior was analyzed prior to and during the first tone in the

session. A 2 × 2 × 2 mixed factors ANOVA was performed for two between subjects factor

for stress history (CON, STR) and test context (SAME, NOVEL) and one within subject

factor for stimulus (freezing prior to (context) and during the first CS trial). While there was

a significant effect for stimulus (F(1,14)=35.805, p<.001), indicating that rats increased

freezing during CS presentation compared to the context preceding the CS, we also found a

significant stress x stimulus interaction, F(1,14)=8.595, p=0.01. Post hoc analyses revealed

that chronically stressed rats showed high levels of freezing that barely changed between

context (38.2 ± 10.6%) and CS (57.6 ± 12.0%), whereas CON showed significant increases

in freezing from context (3.8 ± 1.6%) to CS (64.7 ± 11.8%, Fig. 4A). Specifically,

chronically stressed rats froze significantly more to the context prior to CS presentation than

did the CON (t(16)=2.862, p=0.01) and the chronically stressed rats freezing to context

increased during freezing to the CS (t(9)=2.686, p<0.05). In contrast, CON barely froze to

context, and freezing increased significantly during CS presentation (t(7)=4.916, p<0.01,

Fig. 4A).
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Equally important, there was no significant contribution of test context for either stress

condition (SAME, NOVEL). Consequently, STR froze more and similarly to context,

regardless of whether they were tested within the same context or a novel context than did

CON (further illustrated in Fig. 4B). Together, these data suggest stimulus generalization in

the STR cohort. No other effects were significant from the omnibus ANOVA.

Fos IR labeling: Amygdala

Ninety minutes following the test in either the same or a novel context, all rats were

perfused and brain tissue was processed for Fos immunohistochemistry. A two-way

ANOVA for stress history and test context for Fos IR labeling within the basolateral (BLA)

subregion revealed a significant main effect of stress history (F(1,15)=6.31, p<0.05),

showing that regardless of test context, chronic stress increased Fos labeling during fear

memory retrieval (Fig. 5A). The same analysis for the central amygdala (CEA) revealed a

significant stress history x test context interaction (F(1,14)=4.36, p=0.05), with post hoc

analyses showing STR-NOVEL had increased Fos IR labeling in the CEA vs. CON-NOVEL

(p<0.001; Fig. 5A). There were no other significant effects for these subregions or for the

MEA.

Fos IR labeling: mPFC

There was greater functional activation within the anterior cingulate (ACG) subregion of the

mPFC when rats were tested in a novel context, regardless of stress history (Fig. 5B). This

was supported by a two-way ANOVA for stress history and test context for Fos IR labeling

within the anterior cingulate (ACG), revealing a significant main effect of test context

(F(1,14)=4.30, p=0.05), no other effects were significant.

Fos IR labeling: Hippocampus

Within the hippocampal CA1 subregion, chronic stress enhanced functional activation

during fear memory retrieval. A two-way ANOVA for stress history and test context for Fos

IR labeling within the CA1 subregion revealed a significant main effect of stress history

(F(1,15)=5.102, p<0.05), showing that regardless of test context, chronic stress increased

Fos expression during fear memory retrieval. (Fig. 5C) There were no other significant

effects.

Discussion

The current study aimed to address how a history of chronic stress affects fear extinction and

nonassociative fear, and corresponding functional activation in brain regions sensitive to

stress and involved with extinction. Here, we corroborate others’ findings by demonstrating

that a history of chronic stress impairs extinction learning (Izquierdo et al., 2006) and

memory (Baran et al., 2009; Miracle et al., 2006). Importantly, we extend these findings and

are the first to show that chronic stress increases contextual fear during extinction, and fear

generalization to a novel context. We also investigated patterns of functional activation

using Fos IR labeling in brain areas sensitive to stress and fear extinction during an

extinction recall test in either the same or a novel context. We found that regardless of test

context, chronically stressed rats showed increased Fos IR labeling in both the BLA and
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dorsal hippocampus CA1 region, compared to nonstressed controls. We also show that when

tested in a novel context, chronic stress increased Fos expression in the CEA compared to

nonstressed controls. Lastly, control or stressed rats that were tested in a novel context had

more Fos IR labeling in the ACG compared to those tested in the same context. These data

suggest that chronic stress increases the functional activation in limbic regions associated

with fear extinction (amygdala and hippocampus). Therefore, chronic stress appears to affect

nonassociative fear and alter fear extinction behavior and respective functional activation

within limbic regions associated with fear extinction.

Compared to non-stressed controls, chronically stressed rats exhibited slower fear extinction

within the first extinction session and robust spontaneous recovery at the beginning of

subsequent extinction sessions. In addition, during the first extinction session, chronic stress

produced enhanced contextual fear. While chronically stressed animals froze more to the CS

and context during extinction 1 and 2 (Fig. 2B) and to the context in extinction 1 (Fig. 2C),

we also showed that this group had a lower proportion of freezing to the CS during

extinction 1 (Fig. 3), demonstrating nearly equal freezing to the CS and context. Moreover,

STR also demonstrated more freezing to the context when tested in a novel context,

suggesting fear generalization (Fig. 4). These behavioral effects during CS extinction mimic

the challenges faced with treating PTSD patients who are resistant to exposure-based

therapy (Craske et al., 2008; Pitman et al., 1996). Additionally, the effects on nonassociative

fear (sensitization, generalization) are relevant to the cluster of hyperarousal symptoms seen

in PTSD patients (Yehuda & LeDoux, 2007). Taken together, the current study supports the

use of chronic restraint stress and fear conditioning as a paradigm that can be implemented

to investigate an animal model for PTSD, with face validity for a PTSD-like behavioral

phenotype.

Fos expression during post-extinction fear memory retrieval in the same and in a novel

context revealed interesting patterns within subregions of the amygdala and dorsal

hippocampus. We found that regardless of test context (SAME, NOVEL), chronically

stressed animals had greater Fos IR labeling in the BLA and hippocampal CA1 region.

These parallel patterns of activation are noteworthy, given the reciprocal connections

between the amygdala and CA1 region of the hippocampus (Pitkanen, Pikkarainen,

Nurminen, & Ylinen, 2000), and supports the recent findings that amygdala-hippocampal

functional connectivity is enhanced following chronic stress (Ghosh, Laxmi, & Chattarji,

2013). As test context had no impact on behavior for our chronically stressed groups, the

Fos effects within BLA and CA1 tended to reflect the behavioral patterns that we observed

with generalization, however within the CEA we observed greater Fos expression in the

chronically stressed group compared to controls when these groups were tested in a novel

context. This activation pattern may be due to greater contextual freezing in the STR-

NOVEL group, and may suggest a role for the CEA in contextual fear, as this group showed

generalization to a novel context, while there was virtually no freezing to context in the

CON-NOVEL group. Another explanation may be that detecting changes in CEA Fos

expression following a repeated presentation of a familiar stimulus, such as investigating

CON and STR in the SAME context, may be difficult because Fos induction is optimal in

response to a novel stimulus than it is with a repeated stimulus (Senba and Ueyama, 1997).

We also found that regardless of stress history (CON and STR), rats that were tested in a
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novel context had greater functional activation in the anterior cingulate cortex (ACG). These

results are consistent with previous work that has indicated a role for the ACG to be

involved in discriminating stimuli in fear conditioning paradigms (Morgan & LeDoux,

1995; Powell, Watson, & Maxwell, 1994). In the current paradigm, we did not observe

significant differences in the activation of IL or PL of the mPFC, as found in another study

with a similar paradigm (Knapska & Maren, 2009); however, subtle differences between

studies may contribute to the disparate findings. For example, the additional extinction

session may lead to less Fos induction, as Fos is known to habituate as conditions become

less novel (Papa, Pellicano, Welzl, & Sadile, 1993). More research is needed to isolate

chronic stress effects on the contribution of associative and nonassociative fear to patterns of

relevant brain activation.

A history of chronic stress resulted in a neurobiological and behavioral vulnerability to

develop exaggerated fear responses during fear conditioning and extinction, and may be

considered as an environmental risk factor for the development of PTSD following exposure

to a traumatic event. As discussed earlier, chronic stress creates a structural imbalance of

brain morphology in regions associated with fear processing, favoring the amygdala with

deficits in regions involved in emotional regulation (mPFC), which may be mediating the

persistent and generalized fear responding. In the current study, we are the first to show

increased functional activation (via Fos IR labeling) within amygdala subregions (BLA and

CEA) following chronic stress during recall of a fear memory. This parallels human

functional imaging data that show greater amygdala activation in human populations with

PTSD (Liberzon et al., 1999; Shin et al., 2006). Moreover, it has been observed that there is

a reduction in hippocampal volume in PTSD patients (Bremner et al., 1995; Woon, Sood, &

Hedges, 2010), but despite this, many functional imaging studies have reported greater

hippocampal activation in this patient population (Osuch et al., 2001; Sachinvala, Kling,

Suffin, Lake, & Cohen, 2000; Shin et al., 2006; Thomaes et al., 2009; Werner et al., 2009).

These outcomes observed in humans with PTSD parallel what many have observed

following chronic stress considering dendritic atrophy in the hippocampus as an indirect

measure of volume (Hoffman et al., 2011; Tata & Anderson, 2010; Watanabe, Gould, &

McEwen, 1992). Furthermore, here we are the first to show greater Fos expression in the

hippocampus following chronic stress during retrieval of a fear memory. Thus, this is the

first study to show both behavioral and functional neurobiological parallels in an animal

model of PTSD. Chronic stress induced alterations in limbic regions implicated in PTSD

suggest that the amygdala and hippocampal functional network is disrupted and may

underlie exaggerated fear and impairments in context discrimination.
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List of Abbreviations

ACG anterior cingulate gyrus

ANOVA analysis of variance

BLA basolateral amygdala

CEA central amygdala

CON nonstressed control

CR conditioned response

CS conditioned stimulus

DG dentate gyrus

IL infralimbic cortex

ITI inter-trial-interval

MEA medial amygdala

mPFC medial prefrontal cortex

OF open field

PBS phosphate buffered saline

PL prelimbic cortex

PTSD post-traumatic stress disorder

SEM standard error of the mean

STR chronic stress

US unconditioned stimulus
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Highlights

Chronic stress increases contextual fear during extinction

Chronic stress-enhanced fear memories generalize to a novel context

Chronic stress enhances amygdala and hippocampal Fos expression during fear

memory

Chronic stress in rats induces a PTSD-like phenotype after fear conditioning
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Figure 1. Timeline and Stressor Effectiveness
(A) Experimental Timeline. All groups were tested on the open field then the following day

were either subjected to chronic wire mesh restraint (6h/d/21d) or handled briefly. Following

chronic restraint, rats were acclimated to the conditioning chamber (Context A), and the next

day were trained with 3x tone CS-footshock pairings. The next two days (Extinction 1 and 2,

respectively), both groups underwent cued fear extinction with 15 CS-alone trials in Context

A. Then the next day, both groups were either tested (6x CS) in the same (Context A) or a

novel context chamber (Context B) and were euthanized 90min later and brains were

processed for Fos immunohistochemistry. (B). Chronic restraint stress attenuated body

weight gain across 21d of wire mesh restraint. (C) Chronically stressed rats had significantly

greater adrenal weight per 100g of body weight. Data are represented as mean ± SEM; n=9–

10/group. ***p<0.001 vs. CON on Days 7, 14, and 21. **p<0.01 vs. CON.
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Figure 2. Conditioning and CS and Context Extinction
(A) Freezing to CS across conditioning trials, all groups showed greater freezing across

conditioning trials, whereas chronic stress enhanced fear acquisition as evidenced by

increased freezing to CS during trial 3 of conditioning (inset). (B) CS Fear Extinction.

Chronic stress (STR) slowed extinction acquisition, demonstrated by increased freezing to

CS midway through Extinction 1. STR also showed impaired extinction retention, with

robust freezing at the beginning of Extinction 2 compared to CON. (C) Contextual Fear

Extinction. STR had significantly greater contextual fear during Extinction 1 compared to

CON. Data are represented as mean ± SEM; n=9–10/group. *p<0.05 vs. CON.
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Figure 3. Proportion of Freezing to CS
During Extinction 1, CON displayed significantly increased freezing in response to the CS

than the background, as indicated by a significantly higher proportion of freezing to CS

compared to chance (0.5), while STR displayed equivalent freezing to the CS and context.

Both groups displayed increased freezing to CS than background during Extinction 2. Data

are represented as mean ± SEM; n=9–10/group. ##p<0.01 vs. chance (0.5); #p<0.05 vs.

chance (0.5).
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Figure 4. Chronic stress induces fear generalization to a novel context
(A) Chronic stress enhanced freezing to context prior to the first CS presentation when

tested for extinction memory, while all groups showed similar levels of freezing during the

first CS presentation. There was no impact of test context (SAME and NOVEL collapsed

within each stress condition; n=8–10/group). (B) Fear Generalization. STR displayed

increased freezing to the context prior to trial 1, regardless of test context (SAME or

NOVEL; n=4–5/group). Data are represented as mean ± SEM; **p=0.01 vs. CON.
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Figure 5. Fos IR labeling: Amygdala, mPFC, Hippocampus
(A) Regardless of test context, STR showed greater Fos IR compared to CON in amygdala

BLA and dorsal hippocampus CA1. When tested in a novel context, STR showed increased

Fos IR in amygdala CEA compared to CON. Regardless of stress history, when either group

was tested in a novel context, Fos IR was in the mPFC ACG. (B) Regions of interest in

coronal sections based on the rat brain atlas by Paxinos and Watson (2007). (C)

Representative Fos photomicrographs observed in the BLA and CA1. Data are represented

as mean ± SEM; n=4–5/group. *p<0.05 vs. CON; $p<0.001 vs. CON-NOVEL; ∞p<0.05 vs.

SAME.
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