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Abstract

Given that avoidance is a core feature of anxiety disorders, Wistar-Kyoto (WKY) rats may be a
good model of anxiety vulnerability for their hypersensitivity to stress and trait behavioral
inhibition. Here, we examined the influence of strain and shock intensity on avoidance acquisition
and extinction. Accordingly, we trained WKY and Sprague-Dawley (SD) rats in lever-press
avoidance using either 1.0-mA or 2.0-mA foot-shock. After extinction, neuronal activation was
visualized by c-Fos for overall activity and parvalbumin immunoreactivity for gamma-
aminobutyric acid (GABA) neuron in brain areas linked to anxiety (medial prefrontal cortex and
amygdala). Consistent with earlier work, WKY rats acquired lever-press avoidance faster and to a
greater extent than SD rats. However, the intensity of foot shock did not differentially affect
acquisition. Although there were no differences during extinction in SD rats, avoidance responses
of WKY rats trained with the higher foot shock perseverated during extinction compared to those
WAKY rats trained with lower foot shock intensity or SD rats. WKY rats trained with 2.0-mA
shock exhibited less GABAergic activation in the basolateral amygdala after extinction. These
findings suggest that inhibitory modulation in amygdala is important to ensure successful
extinction learning. Deficits in avoidance extinction secondary to lower GABAergic activation in
baslolateral amygdala may contribute to anxiety vulnerability in this animal model of inhibited
temperament.
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Introduction

Anxiety disorders develop as an interaction of trait vulnerabilities (e.g., behavioral
inhibition), early life experiences and environmental exposures [26,36,37,39,78,88]. The
interplay of these influences determines coping and failures to effectively cope.
Accordingly, avoidance from both behavioral and emotional perspectives is at the core of all
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anxiety disorders (e.g., posttraumatic stress disorder (PTSD), obsessive-compulsive
disorder, social anxiety disorder as well as generalized anxiety disorder) [2]. Avoidance and
the growth of avoidance often distinguish between those exposed to stressors who will
eventually develop an anxiety disorder and those who will not [25,40,62,63]. Avoidance
exhibited by those with an anxiety disorder may be differentiated in terms of sensitivity,
pervasiveness, disruptiveness and persistence, that is, the conditions by which avoidance is
acquired, the degree to which avoidance is employed, the degree that avoidance interferes
with normal function, and its resistance to extinction, respectively. As such, the propensity
for acquiring avoidance and its resistance to extinction may be the final common path
toward anxiety disorders [13,43,49].

The inbred WKY rat models human trait behavioral inhibition, a vulnerability factor in
developing anxiety disorders [58]. Like a behaviorally inhibited human, WKY rats display
extreme withdrawal in the face of social and nonsocial challenges [11,24,50,66,84,92] and
are hyperresponsive to stress stimulation in terms of neuroendocrine responses (exaggerated
stress-induced corticosterone, plasma adrenocorticotropin hormone (ACTH), and
norepinephrine levels) compared to outbred rat strains (Wistar, and SD rats)
[3,23,29,31,67,75,93]. Although WKY rats have an inhibited temperament, they acquire an
active avoidance response faster than SD rats. Moreover, WKY rats display perseveration of
avoidance responding in the absence of foot shock but continued presence of an explicit
safety signal [83].

Stress intensity is often cited as a contributing factor in the development of anxiety disorders
[10,25,30,57,86]. Given the relationship between anxiety disorders and avoidance, one
expects avoidance acquisition to accelerate or to reach greater asymptotic levels under
conditions of greater stressor intensity. In rats, lever-press avoidance is more prevalent as
stressor intensity increases [8,72]. In addition, acquisition of lever-press avoidance is
enhanced and extinction is slower in rats trained with more intense shock [8,20]. Others
have suggested that increasing intensity above a minimum level does not affect avoidance
acquisition rate [22]. However, poorer lever-press avoidance acquisition has also been
reported with increasing stressor intensity and attributed to competing responses; that is,
intense stressors induce behavioral adjustments (i.e., freezing) incompatible with an
arbitrary active avoidance response such as lever pressing [6,7]. Thus, it is unclear from
previous research how stressor intensity would affect avoidance acquisition and extinction in
a stress-sensitive rat strain, like the WKY rat.

The neural circuitry underlying avoidance extinction and its perseveration in anxiety states
is largely a matter of speculation. Converging data in humans suggest that cingulate cortex,
insular cortex, amygdala, thalamus and periaquaductal gray are involved in avoidance
acquisition [59,82,87,89,90]. While critical areas involved in extinction of fear conditioning
have been elucidated recently, those responsible for avoidance extinction are much less
defined. We have recently shown that the medial septum is important for avoidance
extinction but not acquisition [64]. However, the involvement of the medial prefrontal
cortex (mPFC) and basolateral amygdala (BIA) [53,69], two key structures for fear
extinction, remain unresolved in the extinction of active avoidance task. Distinct neural
circuits in the basal amygdala (BA) are connected to the hippocampus and mPFC and
different circuits are activated during fear conditioning or extinction, suggesting that distinct
behavioral states can be triggered by activation of separate neuronal populations [34].
Projections from the mPFC to the BIA inhibit amygdala output under highly emotional
situations [73,79,80]. Because mPFC projections preferentially innervates gamma-
aminobutyric acid (GABA) interneurons in the BIA and these interneurons innervate
projection neurons [80], stimulation of the mPFC predominantly suppresses the output of
BA [1,5,61,80]. Thus, we speculate that the rat mPFC and the GABAergic inhibitory
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interneurons in the BIA may be important in the interaction of stressor intensity,
vulnerability and extinction of avoidance.

The present study investigated the interaction of strain and shock intensity in avoidance
acquisition and extinction. Given the stress-sensitivity of WKY rats, we predicted that more
intense foot shock would be disruptive to lever pressing and acquisition. Training with
intense foot shock was also expected to slow extinction in WKY rats. To begin to
understand the neural circuitry underlying extinction of avoidance, neuronal activation in the
mPFC and amygdala were quantified. We hypothesized that rats demonstrating retarded
extinction would exhibit reduced activation of GABAergic interneurons in the BA.

Methods and Materials

Animals

Twenty-eight Sprague-Dawley (SD) and 28 Wistar-Kyoto (WKY) male rats (approximately
60 days of age at the start of the experiment) were obtained from Harlan Sprague-Dawley
Laboratories (Indianapolis, IN). Four rats from each strain that did not receive behavioral
training were used to obtain baseline c-Fos activity. Rats were housed in individual cages
with free access to food and water in a room maintained on a 12:12 hour day/night cycle for
at least two weeks prior to experimentation. Experiments occurred between 0700 and 1900
hours in the light portion of the cycle (individuals were tested in approximately the same
time period of each session). All procedures received prior approved by the Institutional
Animal Care and Use Committee in accordance with AAALAC standards.

Open-field Test

Lever-press

Naive rats were tested in the open field. The apparatus consisted of a gray cylindrical arena,
82 cm in diameter with 30 cm high aluminum walls. The arena floor was divided into three
concentric circles. The smallest inner circle had a diameter of 20 cm measured from the
center of the arena. The second circle had a diameter of 50 cm and the arena wall defined the
outer limit of the third circle. Each of the outer circles was divided by radial lines into
equally sized areas of approximately 251 cm?2. All lines were drawn in black paint. A 100-W
bulb located directly above the center of the open field provided constant illumination.

The open-field test consisted of placing a rat in the center circle of the arena and video
recording its behavior for 2 min. Videotapes were scored for the following behaviors: 1)
latency to leave the center segment of the arena (i.e., time spent in the center) and 2) the
number of segments entered by a rat with all four feet. The arena was wiped with a soap
solution between the testing of each rat.

Escape/Avoidance Training

The apparatus was described previously [83]. Training was conducted in 16 identical
operant chambers (Coulbourn Instruments, Langhorn, PA). Each operant chamber was
enclosed in a sound-attenuated box. Scrambled 1.0-mA or 2.0-mA foot-shock was delivered
through the grid floor (Coulbourn Instruments, Langhorn, PA). The auditory warning signal
was a 1000-Hz, 75-dB tone (10 dB above background noise). A 3-minute intertrial interval
(ITI) was explicitly signaled with a 5-Hz blinking cue light located above the lever. Graphic
State Notation software (v. 3.02, Coulbourn Instruments, Langhorn, PA) controlled the
stimuli and recorded response times.

Each session began with a 60-s stimulus-free period. A trial commenced with the
presentation of the auditory warning signal. During avoidance acquisition training, a lever-
press during the first 60 s of the warning signal constituted an avoidance response,
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terminated the warning signal, and triggered the intertrial interval (ITI) with a blinking cue
light. In the absence of a lever-press in the first 60 s, 0.5 s foot shocks were delivered with
an inter-shock interval of 3 s. A maximum of 99 foot shocks could be delivered on each
trial. A lever-press during the shock period constituted an escape response, terminated the
shock and warning signal and triggered the intertrial interval with blinking cue light. During
avoidance extinction training, both shock and the blinking cue light were deactivated. A
lever-press made during the first 60 s of the warning signal constituted an avoidance
response while the lever-press made during the rest of the warning signal constituted an
escape response. Both responses terminated the warning signal and initiated a non-signaled
safety period (e.g. without the blinking cue light). Each session consisted of 20 trials.

Sequence of Behavioral Procedures

Each animal was initially evaluated in the open field and then for startle reactivity (not
reported here). For each strain, rats were stratified on total ambulation scores in the open
field and then randomly assigned within each stratum to the 1.0-mA or 2.0-mA foot shock
group for avoidance training. Avoidance training sessions (12 acquisition sessions followed
by 9 extinction sessions) occurred 3 times per week (every 2—3 days). A rat that failed to
emit a lever-press response by the end of the fourth training session was removed from the
study (local IACUC requirement). One SD rat in the low intensity group was dropped from
the study for this reason.

Immunocytochemistry

Two days after the last day of extinction training, 5 rats from each training group were
selected for a brief re-exposure to extinction contingencies. Rats with response latencies on
the 9t extinction session that were closest to their group’s mean latency were selected. The
abbreviated extinction session was 30 min; otherwise, procedures were identical to the
previous extinction sessions. Because the re-exposure session had a fixed time, rats were
exposed to different numbers of trials depending on their behavior.

Ninety minutes after the end of the re-exposure session, rats were anaesthetized with sodium
pentobarbital (150mg/kg) and transcardially perfused with 200 ml of 0.9% saline, followed
by 200 ml of 10% buffered formalin. Brains were extracted, post-fixed in 10% formalin at
4°C overnight, and then stored at 4°C in a 30% (w/v) sucrose in 0.1 M phosphate buffer
(PB) solution until the brains sank.

Coronal brain sections (25 micrometers) were prepared on a freezing microtome from the
mPFC (4.20 mm ~ 2.53 mm anterior to bregma) and the amygdala (2.04 mm ~ 3.24 mm
posterior to bregma) [68]. Every sixth section of the mPFC was stained for c-Fos protein,
which has been used as a marker of neuronal activation [15]. Every fourth section of the
amygdala was immunostained for both c-Fos and parvalbumin neurons.
Immunocytochemistry procedures were similar to those described previously [56,65]
Briefly, sections were incubated in rabbit anti-c-Fos 1gG (#sc-52, 1:1000, Santa Cruz, CA)
or mouse anti-parvalbumin IgG (#P3088, 1:1000, Sigma-Aldrich, MQ). Sections for c-Fos
staining were incubated overnight at room temperature while sections for parvalbumin
staining were incubated for 24 hours at 4 °C, followed by another incubation with secondary
antibodies (biotinylated donkey 1gGs, 1:200, Jackson ImmunoResearch Laboratory, PA) for
2 hours at room temperature. Visualization was performed using the avidin-biotin method
(Vector Laboratories, Burlington, CA) with nickel-enhanced diaminobenzidine for c-Fos
and diaminobenzidine alone for parvalbumin.

c-Fos immunoreactive (ir) nuclei and/or parvalbumin(ir) perikarya were counted in the
anterior cingulate, prelimbic and infralimbic regions of the prefrontal cortex (ACC, PLC,
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and ILC, respectively) and the basolateral, lateral, central and medial amygdala nuclei (BA,
LaA, CeA, MeA, respectively). Estimates of the number of immunostained neurons and
regional volume were obtained using standard stereology procedures [64,94,96]. The optical
fractionator method (Stereo Investigator v.7.0, MicroBrightField, Colchester, VT) was used
to obtain the estimates on a microscope with an x-, y-, z-axis motorized stage (Bio Point 30,
Ludl Electronic Products, Hawthorne, NY). The counting frame had a height of 10 um with
300 pum x 200um dimensions for the amygdala and 80 um x 60 um for medial prefrontal
area. Cell counts and volume measures were assessed in the left hemisphere for a random
half of the rats and in the right hemisphere for the other half. Counts were performed by a
person blind to the treatment and strain of the animal.

Data analysis

Results

All data are expressed as means + the standard error of the mean. Statistical results are
reported only where significant differences were found. For avoidance training, the number
of avoidance responses and nonreinforced responses during the first minute of the ITI (ITRs)
were analyzed. Mean values were obtained for each training session. Acquisition and
extinction were separately analyzed.

Open-field Test

WAKY rats were inhibited compared to SD rats. WKY rats (9.6 + 1.0 s) exhibited longer
latencies to leave the center segment than SD rats (6.4%0.9 s), t(45) = 5.3, p < .05. Moreover,
WKY rats (24.6 + 2.3) segments) exhibited reduced activity compared to SD rats (58.3+2.4
segments), t(45) =101.1, p <.001.

Avoidance acquisition

Extinction

Both strains acquired the avoidance response, exhibiting mean avoidance above 60% by the
end of training (Figure 1). WKY rats acquired the avoidance response faster and to a higher
asymptotic level than SD rats. However, shock intensity did not affect acquisition in either
strain. Using a 2 x 2 x 12 (Strain x Intensity x Session) mixed-ANOVA, the main factors of
Strain, F(1,43) = 13.4 and Session, F(11,473) = 48.2, and the Strain x Session interaction,
F(11,473) = 2.3, were all significant (ps< 0.01). Although foot shock intensity did not affect
avoidance responses, shock intensity did alter ITRs with higher intensity associated with
greater numbers of ITRs in both SD and WKY rats (Figure 2). Moreover, WKY rats emitted
more ITRs than SD rats during early but not late acquisition sessions. These differences
were confirmed by a 2 x 2 x 12 (Strain x Intensity x Sessions) mixed ANOVA. The main
effect of Intensity, F(1,43) = 7.8, and the interaction of Strain x Sessions, F(11,473) = 2.0,
were significant (ps< .05).

WAKY rats trained with 2.0-mA foot shock perseverated during the extinction phase (Figure
1). SD rats trained with 1.0-mA and 2.0-mA foot shock, and WKY rats trained with 1.0-mA
foot shock reduced their avoidance responding in the absence of foot shock and the ITI
signal. In contrast, WKY rats trained with 2.0-mA foot shock did not appreciably reduce
their avoidance responding during the 9 extinction sessions with mean responding remaining
above 60% for all extinction sessions. Ina 2 x 2 x 9 (Strain x Intensity x Sessions) mixed
ANOVA, main effects of Strain, F(1,43) = 7.6, and Sessions, F(8,344) = 21.7, and the Strain
x Intensity x Sessions interaction, F(8, 344) = 3.7, were significant (ps< .01). WKY rats
trained with 2.0-mA foot shock made greater avoidance responses compared to the other
groups in the last session, confirmed by Strain x Intensity interaction, F(1,43)=6.27, p< .05.
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Similar to the acquisition phase, a greater number of ITRs were emitted by rats trained with
the 2.0-mA compared to 1.0-mA foot shock (Figure 2). WKY rats trained with 2.0-mA foot
shock maintained their high rate of ITRs through extinction sessions in contrast to the other
3 groups, which showed a more pronounced reduction of ITRs. A 2 x 2 x 9 (Strain x
Intensity x Sessions) mixed ANOVA yielded main effects of Strain, F(1,43) = 15.8, and of
Session, F(8,344) = 11.9, and interactions of Intensity x Session, F(8,344) = 2.2 and Strain x
Intensity x Session, F(8,344) = 3.5, all ps<0.01.

Immunocytochemistry

Neuronal activation patterns associated with an abbreviated extinction session were mapped
using immunocytochemistry to the immediate early gene product c-Fos.

mPFC—Fewer mPFC cells were activated in WKY rats compared to SD rats during the
abbreviated extinction session. Less c-Fos (ir) cells were observed in ACC, PLC and ILC
regions of WKY rats compared to SD rats (Figure 3, and Tables 1 and 2). No difference in
c-Fos staining was observed between rats trained at 1.0- and 2.0-mA shock. Thus, despite
the fact that WKY rats trained with 2.0-mA shock were much more resistant to extinction of
avoidance responding compared to the other groups, shock intensity was not associated with
differences in c-Fos (ir) of any mPFC subregions. A 2 x 2 ANOVA demonstrated main
effects of Strain in each of the mPFC sub-regions, ACC, F(1,16) = 8.3, PLC, F(1,16) = 8.5,
and ILC, F(1,16) = 12.5, ps< .05.

Amygdala—The abbreviated extinction session differentially activated parvalbumin
neurons in the BA (Figure 4, and Tables 1 and 2). While similar c-Fos (ir) neurons were
found as a function of strain and stressor intensity (Figure 4b), WKY rats had lower levels of
parvalbumin (ir) cells compared to SD rats, confirmed by main effect of Strain, F(1,16) =
4.7, p< .05 (Figure 4c). Moreover, a smaller proportion of parvalbumin cells were activated
(i.e., double labeled c-Fos (ir) and parvalbumin (ir)) in WKY rats trained with a 2.0-mA
shock compared to all other groups (Figure 4d). Additionally, WKY rats in general had less
activated parvalbumin cells than SD rats. These findings were supported by a main effect of
Intensity, F(1,16) = 38.98, and an interaction of Strain x Intensity, F(1,16)=9.29, ps< .01.
Post hoc analyses indicated that less GABAergic neurons were activated in WKY rats
trained at 2.0-mA shock than those trained at 1.0-mA shock, p<.05.

LaA neurons were differentially activated after the abbreviated extinction session depending
on shock intensity (Tables 1 and 2). Density of c-Fos (ir) tended to be less in rats trained
with 2.0-mA than 1.0-mA shock, main effect of Stressor Intensity, F(1,16)=3.72, p=0.07. In
contrast to the BA, the density of parvalbumin (ir) cells in the LaA did not differ between
strains. Moreover, LaA parvalbumin (ir) cells were less activated during extinction if the rat
was trained with 2.0-mA shock, main effect of Stressor Intensity, F(1,16)=12.48, p< .01.
WAKY rats had more activated parvalbumin (ir) cells, main effect of Strain, F(1,16)=4.57, p<.
05. Moreover, WKY rats trained at 1.0-mA shock appear to have higher ratio of activated
parvalbumin (ir) cells than WKY rats trained at 2.0-mA shock although the strain x intensity
only reached p=0.08. Neurons in the CeA and MeA were less affected by shock intensity
than BA and LaA neurons. In the CeA, a trend was observed for less c-Fos (ir) staining in
WKY rats compared to SD rats, F(1,16)=4.02, p=0.062 (data not shown). c-Fos (ir) staining
in MeA did not differ between shock intensity or strain. Differences in parvalbumin staining
was not evaluated in the CeA or MeA because parvalbumin is scarcely located in
GABAergic neurons of deep amygdalar nuclei as demonstrated previously [41].
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Discussion

The present study was designed to examine the interaction of strain and stressor intensity in
the acquisition and extinction of lever press avoidance. Consistent with previous work
[18,19,21], SD rats exhibited similar lever press avoidance acquisition to foot shock
modestly differing in intensity. Observation of vocalization and foot movements elicited
training suggested that exposure to 2.0-mA foot shock represented a more intense event for
both rat strains. Although acquisition did not differ, ITRs were more numerous in rats
trained with more intense shock. Thus, these data support the contention that ITRs reflect an
emotional aspect of avoidance responding [12,83]. Also consistent with the literature, inbred
WAKY rats acquired lever press avoidance faster than outbred SD rats [4,83]. Contrary to
expectations, an interaction of strain and stressor intensity was not observed. Training with a
more intense foot shock did not affect the avoidance performance of WKY rats.

As to extinction, WKY and SD rats trained with 1.0-mA foot shock extinguished at similar
rates. These data are seemingly inconsistent with our prior work which showed substantial
perseveration of avoidance in WKY rats [83]. We reasoned the discrepancy is due to a
modification in our present extinction procedure. Previously, the extinction phase began
with the simple removal of the shock. We speculated in our previous work that presentation
of the blinking light during the ITI period insulated the WKY detecting a change in US
contingency during the extinction phase. In the present study, the extinction phase began
with the removal of the shock as well as the blinking light during the intertrial interval. In
the present study, extinction rates for SD and WKY rats did not differ, supporting the
contention continued presence of the ITI cue during the extinction phase retards extinction
of the avoidance response to a greater degree in WKY rats compared to SD rats.

In contrast to acquisition, an interaction of strain and foot shock intensity was evident during
extinction. Although similar rates of extinction were observed in SD rats training with the
two intensities, WKY rats trained at 2.0-mA shock extinguished considerably slower than
WAKY rats trained at 1.0-mA. In fact, there was virtually no change in avoidance responding
up to and including the 9t session. The lack of extinction was further supported by the
persistence ITRs in WKY trained with the higher foot shock intensity. Resistance to
extinction has been observed after extremely intense foot shocks in outbred rats[19,20].
Perseveration of avoidance responses after exposure to intense stressors supports the
characterization of WKY rats as more sensitive to avoidance extinction independent of
avoidance acquisition.

Although there is mounting evidence in humans and rats implicating the mPFC and
amygdala in fear extinction [9,16,17,47,53,60,69] and neuropathology of anxiety [14,27],
there is a dearth of information regarding the neuronal circuits involved in avoidance
extinction and its perseveration. We have previously shown that the medial septum and by
implication the hippocampus is important for avoidance extinction but not avoidance
acquisition [64], supporting the idea of separate circuits involved in acquisition and
extinction of avoidance similar to the fear conditioning [33]. One issue to resolve is the
similarities (or differences) of the neural circuits involved in fear conditioning and
avoidance. In the present study, we examined two key brain areas important in fear
extinction to determine whether they were also involved in avoidance extinction. Neuronal
activation of mPFC and amygdala subregions was visualized during an abbreviated
extinction session. In response to the abbreviated extinction session, WKY rats exhibited
lower c-Fos (ir) in prefrontal regions (ACC, ILC and PLC) than SD rats. The lower
activation of prefrontal regions in WKY rats may reflect the reduced ‘warm up’ — the
tendency for well-trained rats to exhibit escape early in a training session—observed in WKY
rats compared to SD rats. Reduced warm up is reflected by the increased number of trials
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experienced by WKY rats compared to SD rats in the abbreviated, fixed time extinction
session (SD rats trained with normal intensity foot shock = 5.2 £ .5 trials; SD trained with
higher intensity = 5.2 + .2 trials; WKY rats trained with normal intensity = 6.6 * .6 trials;
WAKY rats trained with the higher intensity = 8.8 + .6 trials). Thus, the lack of warm up
exhibited by WKY rats may be reflected in the reduction of mPFC c-Fos (ir) activation.
Reduced activation of the IL and PL regions of the rat PFC are reminiscent of findings in
anxious patients displaying reduced activity in areas of the prefrontal cortex [32,38,42]. For
anxious patients, such reduced activation patterns may represent a source of vulnerability to
anxiety states or may develop concomitant with anxiety. Thus, our present data suggest that
reduced mPFC activation may be associated with a lack of warm up and leading to enhanced
avoidance acquisition and insulation from changes in contingencies.

While training with intense foot shock and the attendant perseveration of avoidance
responding by WKY rats was not associated with changes in mPFC activation, different
activational patterns were observed in amygdala sub-regions. WKY rats exhibited less
parvalbumin labeling than SD rats in the BA but not in the LaA. Parvalbumin is a calcium
binding protein that is found in 50~ 60% GABAergic BA and LaA neurons [41], and the
reduced parvalbumin (ir) neurons in the BA is suggestive of less GABAergic tone in the
BA. The MeA and CeA did not have parvalbumin staining to an appreciable extent in all rats
consistent with earlier work [41]. At present, it is unclear whether the reduced parvalbumin
(ir) in the BA of WKY rats is an inherent difference between strains or results from previous
avoidance acquisition or extinction sessions.

c-Fos (ir) did not differ in the amygdala subregions either as a function of strain, shock
intensity or the interaction. Although overall activation did not differ, the activation of
parvalbumin neurons was less in WKY rats trained with the more intense stressor compared
WKY rats trained with a lower shock intensity or SD rats trained at either intensity. Thus,
the reduced GABAergic tone of WKY rats was compounded by reduced activation of
GABAergic cells when training involved more intense shock. The reduced GABAergic
activation likely results in greater activation of non-GABAergic neurons, explaining why
overall activation did not differ between shock intensities. These data suggest that reduced
GABAergic tone in the BA is a sensitive index of extinction perseveration in WKY rats.
Both GABA, receptor antagonism and chronic stress can reduce inhibitory tone in the BA
and result in enhanced fear conditioning response in rats [76,77]. The BA and LaA aspects
of the amygdala have received substantial attention with regards to their role in acquisition
and extinction of aversive memories [44,45,46,47,48,51,74,81,85,97]. Both anatomical and
electrophysiological evidence indicate that BA parvalbumin (ir) neurons are associated with
synchronization of the firing activity of local pyramidal neurons, which is essential for
consolidation as well as recall of fear-related memory [52,61,76]. Thus, vulnerability to
acquire avoidance may be traced to inherently less activation of the prefrontal cortex and
less inhibitory tone in the BA, whereas impediments to the extinction of avoidance behavior
may reflect inherently low GABAergic activation in the BA.

Clearly, the mapping of activation during avoidance acquisition and extinction is in its
infancy. Activational patterns were assessed after several weeks of avoidance training,
weeks of extinction training in the absence of shock and safety signal, and an abbreviated
extinction training session. Thus, a further analysis on neuronal activation is necessary to
differentiate effects of acquisition and extinction and to evaluate a possible interaction of
acquisition and extinction of these strains. Nonetheless, the present study suggests that strain
differences in acquisition and extinction are reflected in alterations in mPFC and amygdala
activity.
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To determine whether basal c-Fos expression differed between WKY and SD rats, c-Fos
staining was assessed in four behaviorally naive rats from each strain. In these rats, c-Fos
expression was scarce but similar in both strains in mPFC and amygdalar regions (data not
shown). Our results are consistent with previous observations in forebrain in home-cage rats
[33,35,91], demonstrating c-Fos (ir) cell numbers were low.

Recent studies have increased our appreciation of vulnerability toward the risk of
developing anxiety disorders [28,71] and illustrated the intimate relationship of avoidance
and avoidant behavior in the development of anxiety disorders [63]. Thus, the role of
vulnerability in avoidance sensitivity and its persistence is critical to an understanding of the
development of anxiety disorders. WKY rats model vulnerability to anxiety disorders, as
they display a rare combination of behavioral inhibition, stress sensitivity, and enhanced
avoidance acquisition. Under conditions of more intense stressor exposure, avoidance
perseveration is selectively apparent in WKY rats. Avoidance sensitivity is associated with
less activation in the prefrontal cortex and less GABAergic neurons in BA of the amygdala.
In addition, reduced activation of GABAergic neurons in the amygdala is associated with
avoidance perseveration. Detailing the neurobiological processes subsuming avoidance
sensitivity and its perseveration has the potential to advance our understanding of the
dynamic interaction of vulnerability and the development of anxiety disorders, such as
PTSD.
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Figure 1.

Avoidance lever-press of SD and WKY rats by sessions.

Avoidance response in the phases of acquisition (12 sessions) and extinction (9 sessions)
was expressed as avoidance ratio per session. Each session was composed of 20 trials.
Avoidance lever-press increased during acquisition in both strains regardless of shock
intensity, while WKY rats made more avoidance lever-presses than SD rats. However,
during extinction, WKY rats extinguished slower as compared to SD rats in general. Higher
shock intensity resulted in greater number of avoidance lever-press in WKY rats indicating
resistance to extinguish. Each data point represents group mean + S.E.M. (n=11-12/group).
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Figure 2.

Lever presses (ITRs) of SD and WKY rats during the first minute of safety period by
session.

Lever presses during the first minute of ITI (ITRs) was expressed as the number of
responses in acquisition and extinction. WKY rats made more lever-presses compared to SD
rats during early acquisition sessions. Higher shock intensity resulted in greater number of
lever-presses during extinction in both strains. Each data point represents group mean +
S.E.M. (n=11-12/group).
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Figure 3.

Density of c-Fos (ir) cells in mPFC, namely anterior cingulate cortex (ACC), prelimbic (PL)
and infralimbic (IL).

Density of c-Fos (ir) cells in the mPFC, namely anterior cingulate cortex (ACC), prelimbic
(PL) and infralimbic (IL), was depicted. WKY rats exhibited lower density of c-Fos (ir) cells
in all three sub-regions as compared to SD rats (8, ps<0.05), regardless of intensity of foot
shock. Data is expressed as group mean * S.E.M. (n=5/group).
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Figure 4.

Double staining of c-Fos and PV in the basolateral amygdala (BA).

Density of c-Fos (ir) and PV (ir) cells in the BA was depicted. C-Fos (ir) (arrow), PV (ir)
(arrow head) and c-Fos/PV (ir) (block arrow) cells were visualized by DAB-NiCl,, DAB
and DAB/ DAB-NICI, staining (100x) (a). C-Fos (ir) cell density did not differ between
strains or conditions (b). However, WKY rats exhibited lower density of PV (ir) cells as
compared to SD rats (8, p<0.05) (c). The proportion of double-labeled cells in PV (ir) cells
was lower in rats trained under 2.0-mA shock (1, p<0.01); WKY rats trained under 2.0-mA
shock exhibited lower ratio compared to their counterpart trained under 1.0-mA shock (*,
post hoc p<0.05) (d). Data is expressed as group mean * S.E.M. (n=5/group).
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