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Abstract
The ventral medial prefrontal cortex (vmPFC) controls vulnerability to the negative effects of
chronic or uncontrollable stress. Dominance status alters responses to social defeat in the
conditioned defeat model, which is a model characterized by loss of territorial aggression and
increased submissive and defensive behavior following an acute social defeat. We have previously
shown that dominant individuals show a reduced conditioned defeat response and increased
defeat-induced neural activation in the vmPFC compared to subordinates. Here, we tested the
hypothesis that defeat-induced activation of the vmPFC is necessary to confer resistance to
conditioned defeat in dominants. We paired weight-matched male Syrian hamsters (Mesocricetus
auratus) in daily 5-min aggressive encounters for two weeks and identified dominants and
subordinates. Twenty-four hours after the final pairing, animals were bilaterally injected with 200
nl of the GABAA receptor agonist muscimol (1.1nmol) or 200 nl of saline vehicle 5 minutes prior
to social defeat. Defeat consisted of 3, 5-min encounters with resident aggressor hamsters at 10-
min intervals. Twenty-four hours following social defeat, animals received conditioned defeat
testing which involved a 5-min social interaction test with a non-aggressive intruder. Muscimol
injection prior to social defeat prevented the reduced conditioned defeat response observed in
vehicle-treated dominants. Further, there was no effect of muscimol injection on the conditioned
defeat response in subordinates or controls. These data support the conclusion that activation of
the vmPFC during social defeat is necessary for the protective effects of dominant social status on
the acquisition of conditioned defeat.
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1. Introduction
Animal models of stress have traditionally aimed to minimize genetic, physiological, and
behavioral variability between individuals. While this approach has produced a wealth of
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data on the biological basis of the stress response, it has also created a gap in our
understanding of the biological basis of individual differences. Variability in the effects of
stress has been shown in humans as not all individuals who experience a traumatic event
experience long-term negative consequences [1]. Thus, a growing number of researchers are
focused on the mechanisms controlling individual coping styles and vulnerability to the
negative consequences of stressful events.

One brain region implicated in resilience to stress is the medial prefrontal cortex (mPFC).
The mPFC is a brain region known to be important for executive control, integrating
information from multiple sensory modalities and guiding appropriate behavioral responses
to stimuli. Human imaging studies show that the suppression of negative emotion is
associated with increased mPFC activation [2, 3]. In humans, deficits in mPFC activation
are associated with symptoms of depression [2] and anxiety disorders such as post-traumatic
stress disorder [4, 5]. In animals, the mPFC acts as an inhibitory modulator of the emotional
responses produced by aversive stimuli such as restraint [6], forced swim [7], and punished
stimuli in tests such as the Vogel punished-licking test [8]. Additionally, the mPFC can
inhibit the neuroendocrine stress response via a GABAergic relay that projects to the
paraventricular nucleus through an indirect connection in the bed nucleus of the stria
terminalis [9, 10]. Altogether, these findings indicate that the mPFC is an important source
of inhibitory control over behavioral and neuroendocrine responses to stressors.

The ventral portion of the mPFC (vmPFC) has been studied in a variety of models that
examine the mechanisms by which past experience alters susceptibility to future stressors.
For example, the vmPFC plays a critical role in the stress-buffering effects of environmental
enrichment. Mice housed in enriched environments prior to chronic social defeat stress show
a reduction in the behavioral consequences of defeat, which include increased anxiety-like
behavior on the light/dark test, tail suspension test, forced swim test, and social avoidance
test compared to non-enriched mice [11]. Mice living in enriched housing conditions also
show increased defeat-induced neural activation compared to non-enriched controls in both
the prelimbic (PL) and infralimbic (IL) subregions of the vmPFC. Further, lesions of the IL
prior to enriched housing abolished housing-associated resistance to social defeat stress [11].
A similar role for the vmPFC has been found in resistance associated with stressor
controllability. Rats that are able to “escape” tail-shock by turning a wheel to terminate
shock are protected against the negative effects of later inescapable tail-shock. Inescapable
tail-shock produces escape deficits in the shuttle box test, an effect known as learned
helplessness. Pharmacological inactivation of the vmPFC with the GABAA receptor agonist
muscimol during the escapable tail-shocks blocks the protective effect of control against
subsequent inescapable tail-shock [12]. Further, pharmacological activation of the vmPFC
with the GABAA antagonist picrotoxin during inescapable tail-shock blocks the escape
deficit produced by later inescapable tail-shock [13]. These pharmacological studies suggest
that the resistance to learned helplessness provided by prior experience with controllable
tail-shocks requires neural signaling in the vmPFC. Altogether, these models suggest that
the vmPFC controls various forms of experience-dependent stress resistance.

Conditioned defeat is a model of social defeat stress in Syrian hamsters in which normal
territorial aggression is replaced by submissive and defensive behavior in future social
encounters following an acute social defeat [14–17]. We have recently extended the
conditioned defeat model to study the effects of prior dominance status on the conditioned
defeat response. Our previous work indicates that dominant individuals show less
submissive and defensive behavior during conditioned defeat testing than do subordinates
[18, 19]. Further, we found that dominant individuals have increased c-Fos
immunoreactivity in the IL following social defeat stress compared to subordinates [19]. In
the current study, we examined whether the increased defeat-induced neural activity in the
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vmPFC of dominant individuals is necessary for their resistance to conditioned defeat. We
hypothesized that inactivation of the vmPFC prior to social defeat would increase
submissive and defensive behavior of dominant individuals at testing but would not alter
conditioned defeat in subordinates or controls.

2. Materials and Methods
2.1. Subjects

Subjects were male Syrian hamsters (Mesocricetus auratus) obtained from our breeding
colony that was derived from Charles River Laboratories (Wilmington, MA) stock. Subjects
were 8–9 weeks old (120–180 g) at the start of the study and were individually housed.
Older hamsters (> 6 months old, >190 g) were individually housed and used as resident
aggressors for social defeat training. Younger hamsters (approx. 2 months old, <120 g) were
housed in groups of three or four and used as non-aggressive intruders for conditioned
defeat testing. All animals were housed in polycarbonate cages (12 cm × 27 cm × 16 cm)
with corncob bedding, cotton nesting materials, and wire mesh tops. Food and water were
available ad libitum. Cages were not changed for one week prior to dominant-subordinate
encounters to allow individuals to scent mark their territory. Subjects were handled daily for
a week prior to dominant-subordinate encounters to habituate them to the stress of human
handling. Animals were housed in a temperature controlled colony room (21 ± 2 °C) and
kept on a 14:10 hr light:dark cycle. All procedures were approved by the University of
Tennessee Institutional Animal Care and Use Committee and are in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.2. Stereotaxic Surgery
Hamsters were anesthetized with isoflurane and stereotaxically implanted with a 26-gauge
double-barrel cannula with 1 mm between each barrel and aimed at the IL subregion of the
vmPFC. The stereotaxic coordinates were +3.6 mm anterior and −0.5 mm lateral to bregma,
and −1.7 mm below dura. During microinjection, a 33-gauge double-barrel injection needle
was inserted that projected 2 mm below the guide cannula for a final projection of 3.7 mm
below dura. After surgery, dummy stylets that projected 0.5 mm below the guide cannulae
were inserted into the cannulae to maintain patency. Animals were given 7 days to recover
from surgery before dominant-subordinate encounters began and were handled daily.

2.3. Behavioral Protocols
2.3.1. Dominant-Subordinate Encounters—One week following surgery, animals
were weight-matched in resident-intruder dyads and paired in daily aggressive encounters
for 14 days (Fig. 1). Subjects were randomly assigned as a resident or intruder, and all
encounters occurred in the resident’s home cage. The encounter on day 1 was 10 min in
duration, while all subsequent encounters were 5 min. We have previously determined that a
10 min encounter on day 1 facilitates the formation of a dominance relationship, and that 5
min encounters on subsequent days maintain the dominance relationship and reduce the
chance of wounding [18, 19]. Dominant and subordinate animals were identified by the
direction of agonistic behavior within each dyad. In male Syrian hamsters, dominant animals
reliably display aggression only, while subordinate animals reliably display submissive
behavior only. Daily encounters were digitally recorded for later behavioral analysis. We
quantified agonistic behavior during daily encounters using the ethogram described below
for conditioned defeat testing. We also included empty cage controls, which were exposed to
a clean, empty cage each day for seven days. We chose seven days because it is more
analogous to our standard conditioned defeat protocol and 14 days of empty cage exposure
may increase territorial aggression in controls [14, 16, 20].
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2.3.2. Social Defeat Training—Following two weeks of daily aggressive encounters or
one week of empty cage exposure, all dominants and subordinates and half of the empty
cage controls were socially defeated. They were placed in the home cages of three different
resident aggressors for three separate 5-min social defeats, which occurred at 10-min
intervals. Resident aggressors are older, heavier male hamsters that have been singly housed
for a prolonged period of time and display reliable territorial aggression when faced with
intruders. Dominants often fought back against the resident aggressor during the first defeat
but eventually lost and did not fight back during subsequent defeats. To correct for potential
variation in the amount of aggression subjects received, we defined social defeat as starting
at the resident aggressor’s first attack that was accompanied by submissive behavior in the
subject. We digitally recorded all social defeat sessions and quantified behavior using
Noldus Observer software (Noldus Information Technology, Wageningen, Netherlands).
Half of the empty cage controls were not socially defeated, but instead were placed in the
empty home cages of three different resident aggressors for three separate 5-min exposures.
We placed no defeat controls in dirty resident aggressor cages to control for the effect of
exposure to olfactory cues that may impact behavior at testing. One subject from the
dominant muscimol group was excluded from analysis due to wounds sustained during
social defeat training, and one subject from the dominant vehicle group was excluded
because he defeated two resident aggressors.

2.3.3. Conditioned Defeat Testing—Conditioned defeat testing occurred 24 hours after
social defeat stress and consisted of a single 5-minute social interaction test during which a
non-aggressive intruder was placed in the subject’s home cage. Non-aggressive intruders are
younger, group-housed animals that display social and nonsocial behavior during
conditioned defeat testing. We digitally recorded all testing sessions and quantified the
behavior of subjects using Noldus Observer software. We quantified the total duration of the
following categories of behavior: submissive/defensive (flee, avoid, upright and side
defensive postures, tail-up, stretch-attend, head flag); aggressive (chase, attack including
bite, upright and side offensive postures); nonagonistic social (sniff, approach); and
nonsocial (locomotion, grooming, nesting, feeding). We also recorded the frequency of
attacks, flees, and stretch-attend postures. A researcher blind to the experimental conditions
performed all behavioral scoring. On a subset of videos, inter-rater reliability on the duration
of submissive/defensive behavior was greater than 90%, while inter-rater reliability using
the more strict Cohen’s kappa measure was r = 0.62, which is good agreement. One subject
from the dominant vehicle group was excluded from analysis because it was attacked during
conditioned defeat testing.

2.4. Drugs and Drug Injection
The GABAA receptor agonist muscimol (Sigma Aldrich) was dissolved in sterile saline for a
final concentration of 1.1 nmol in 200 nl. This dose was chosen because it has successfully
been used to alter the acquisition and/or expression of conditioned defeat behavior in prior
studies [21, 22]. All subjects were injected with either muscimol or vehicle 5 min prior to
social defeat stress. Dummy stylets were removed and subjects were gently restrained while
a bilateral injection needle was inserted into the cannula. A 1 μl syringe (Harvard
Instruments) was used to connect the bilateral injection needle to a Harvard Syringe Pump
(Harvard Instruments). Injection of 200 nl of muscimol or vehicle per side took place over a
1 min period, and needles were left in place for 1 min after the injection to allow for drug
diffusion. One subject from the subordinate vehicle group and one subject from the
dominant vehicle did not receive successful bilateral injections due to clogged cannulae and
were excluded from analysis.
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2.5. Verification of Injection Site
Following conditioned defeat testing, animals were given a lethal cocktail of 93% sodium
pentobarbital and 7% isopropyl alcohol (Sleep Away, Webster Veterinary) and infused with
200 nl of India ink into the IL. Brains were then removed, frozen on dry ice, and stored at
−80°C. Brains were sliced at 30 μm on a cryostat, and sections were stored on microscope
slides. Sections were stained with neutral red and coverslipped prior to being examined
under a light microscope for evidence of ink in the IL (Fig. 2). Subjects with bilateral
injections sites > 300 μm from the IL or with injection sites between the two hemispheres
were excluded from analysis (Fig. 3).

2.6. Data Analysis
Our experimental design included three independent variables (dominance status, drug dose,
social defeat). Because we did not have a complete factorial design, we used one set of 2-
way analysis of variance (ANOVA) tests to investigate dominance status (dominant,
subordinate, empty cage control) and drug dose (vehicle vs. muscimol) and another set of 2-
way ANOVAs to investigate social defeat (defeat vs. no defeat) and drug dose (vehicle vs.
muscimol). We also used independent samples t-tests as planned comparisons to separately
assess the effect of drug treatment on dominants, subordinates, and empty cage controls. The
occurrence of counter attacking during social defeat training was analyzed using a Chi-
square test. All statistical tests were two-tailed, and the α level was set at p ≤ 0.05.

3. Results
3.1. Dominant-Subordinate Encounters

Dominance relationships were formed quickly and were stable throughout the daily
agonistic encounters. On average, a dominance relationship formed between a pair on day
1.9 (± 0.3). Subordinates displayed a greater duration of submissive/defensive behavior
during agonistic encounters compared to dominants, which never showed submissive/
defensive behavior (subordinates: 118.6 ± 18.7 sec per day, N = 24; dominants: 0.0 ± 0.0 sec
per day, N = 22). Further, subordinates showed overt submissive/defensive behavior, such as
fleeing, throughout the agonistic encounters (1.3 ± 0.3 flees per day). Dominants displayed a
greater duration of aggressive behavior during daily agonistic encounters compared to
subordinates (subordinates: 0.0 ± 0.0 sec per day, N = 24; dominants: 70.9 ± 14.2 sec per
day, N = 22). Similarly, dominants attacked subordinates 1.8 (± 0.3) times per day, while
subordinates never attacked dominants.

3.2. Social Defeat Training
There was no significant difference between the groups in the total amount of aggression
received during social defeat (Table 1). However, there were effects of dominance status and
of muscimol treatment on the behavior of subjects during social defeat. During the first
defeat session, subjects responded differently to the initial attack of the resident aggressor.
We found that 16 out of 22 dominant individuals counter attacked the resident aggressor,
which is significantly more than the proportion of subordinates that counter attacked (0 out
of 24 subordinates; χ2 (1, N = 46) = 26.8, p < 0.001) and the proportion of empty cage
controls that counter attacked (3 out of 19 controls; χ2 (1, N = 41) = 13.3, p < 0.001).
Additionally, the proportion of empty cage controls that counter attacked was significantly
higher than the proportion of subordinates that counter attacked (χ2 (1, N = 41) = 4.1, p <
0.05). Muscimol treatment did not alter the proportion of dominants, subordinates, or empty
cage controls that counter attacked resident aggressors (dominant vehicle: 9 out of 11;
dominant muscimol: 7 out of 11; subordinate vehicle: 0 out of 11; subordinate muscimol: 0
out of 13; empty cage control vehicle: 1 out of 10; empty cage control muscimol: 2 out of 9).
Also, there was an effect of both dominance status and muscimol treatment on the total
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amount of submissive and defensive behavior displayed during all three defeat sessions
(Table 2). Specifically, muscimol treatment resulted in an increase in the display of
submissive and defensive behavior compared to vehicle treatment (F(1,59) = 5.65, p = 0.021).
Also, dominant individuals showed significantly less submissive and defensive behavior
throughout social defeat training than did subordinates (F(2,59) = 5.17, p = 0.008; Tukey, p =
0.005; Table 2).

3.3. Conditioned Defeat Testing
We found that injection of muscimol into the vmPFC prior to social defeat training
increased the acquisition of conditioned defeat in dominants but not in subordinates or
controls (Fig. 4). Among defeated individuals, there was a main effect of dominance status
on the duration of submissive/defensive behavior (F(2,59) = 4.35, p = 0.017). Specifically,
dominant individuals showed significantly less submissive/defensive behavior than did
subordinates (Tukey, p = 0.014). Further, analysis with independent samples t-tests showed
that vehicle-treated dominants displayed significantly less submissive/defensive behavior at
testing than did muscimol-treated dominants (t(1,20) = 3.42, p = 0.003). However, muscimol
treatment did not alter the duration of submissive/defensive behavior in either subordinates
or empty cage controls compared to vehicle treatment (p > 0.05). Among defeated
individuals, we found that there was no effect of status or muscimol treatment on the
duration of aggressive, social, or nonsocial behavior displayed at testing (p > 0.05, Fig. 4b–
d).

To analyze the effect of drug treatment on agonistic behavior, we included empty cage
control subjects that were not socially defeated. Among empty cage control individuals,
there was a main effect of defeat experience on submissive/defensive behavior (F(1,34) =
29.90, p < 0.0001), such that defeated individuals displayed significantly more submissive/
defensive behavior at testing than did no defeat controls (Fig. 4a). There was not a main
effect of muscimol treatment or an interaction of muscimol treatment x defeat experience on
the duration of submissive/defensive behavior at testing among empty cage control subjects
(p > 0.05). Additionally, we found a main effect of social defeat on the duration of
aggressive behavior (F(1,34) = 21.02, p < 0.0001), the duration of social behavior (F(1,34) =
18.59, p < 0.0001), and the duration of nonsocial behavior (F(1,34) = 27.84, p < 0.0001).
Thus, defeated empty cage control individuals displayed less aggressive, less social, more
nonsocial and more submissive/defensive behavior than did non-defeated empty cage
control individuals.

4. Discussion
We have shown that inactivation of the vmPFC with the GABAA receptor agonist muscimol
during social defeat results in an increase in submissive and defensive behavior at testing in
dominants only. Importantly, the effect of muscimol in dominants was specific to the
duration of submissive and defensive behavior. This suggests that inactivation of the vmPFC
does not increase submissive and defensive behavior by non-selectively altering other types
of social or nonsocial behavior. Additionally, muscimol treatment at social defeat training
does not alter submissive and defensive behavior in no-defeat controls at testing, indicating
that inactivation of the vmPFC does not interfere with the production of agonistic behavior
in the absence of social defeat. Further, the effect of muscimol treatment in dominants was
not a result of a differential social defeat experience, as muscimol treatment prior to social
defeat did not alter the amount of aggression received by subjects. While muscimol
treatment did not affect the behavior of resident aggressors, muscimol treatment increased
the submissive and defensive behavior displayed by subjects during social defeat. However,
this muscimol-dependent increase in submissiveness during social defeat was not associated
with a universal increase in conditioned defeat. Only dominant individuals showed an
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increased conditioned defeat response. Altogether, these results suggest that neural activity
in the vmPFC during social defeat is necessary for dominants to show a resistant-like
behavioral phenotype at testing.

While inactivation of the vmPFC during social defeat altered the conditioned defeat
response in dominants, it did not affect the initial coping style that they employed during
social defeat, as indicated by whether or not they counter attacked the resident aggressor.
Specifically, a similar rate of counter attacking was observed in both vehicle-treated and
muscimol-treated dominants as well as in subordinates and empty cage controls. In this and
other studies, we have found that dominant individuals reliably counter attack the resident
aggressor during social defeat [14, 18]. The occurrence of counter aggression may indicate
that dominants are displaying a proactive coping style, as offensive aggression is associated
with proactive coping on a variety of measures in rats and mice [23]. In previous studies,
coping style has been found to predict behavioral responses to future stressors. For example,
in rats, the use of a proactive coping style during social defeat leads to reduced negative
effects of social defeat, including decreased conditioned fear when exposed to the social
defeat arena 24 hours later [24]. Our current findings suggest that counter aggression in the
absence of vmPFC activation is not sufficient to produce resistance to social defeat in
hamsters. It is possible that both counter attacking and level of submissive and defensive
behavior at testing are independent characteristics of the resistance phenotype seen in
dominant individuals, and are not causally related.

In our previous study, dominants showed increased neural activation in the IL subregion of
the vmPFC following social defeat compared to subordinates [19]. In the same study, we
found a similar, albeit nonsignificant, trend in the PL, making it unclear whether resistance
to conditioned defeat is mediated by the IL or PL. While our stereotaxic coordinates were
aimed at the IL in the current study, we cannot say with certainty that the drug stayed within
the boundaries of the IL. When we excluded animals with drug injections into the PL, our
main findings remained unchanged such that muscimol increased conditioned defeat in
dominant animals only (data not shown). However, we did not have enough injections
directly into the PL to analyze these animals separately. Altogether, these findings suggest
that the IL mediates resistance to conditioned defeat in dominant hamsters.

Anatomical studies point to distinct functional connections for the vmPFC subregions.
Studies examining afferent and efferent projections suggest that the IL projects to and
receives input from brain regions that are important in visceral and motor control, while the
PL projects to and receives input from regions that are more important in directly controlling
limbic and cortical functions [25–27]. Importantly, both the IL and PL send efferent
projections to the basolateral complex of the amygdala (BLA) where they differentially
modulate conditioned fear. Electrical stimulation of the PL has been shown to increase the
expression of conditioned fear [28], whereas electrical stimulation of the IL reduces
conditioned fear [29]. Also, brain-derived neurotrophic factor (BDNF) signaling in the PL is
necessary for the acquisition and consolidation of fear memories [30]. On the other hand,
pharmacological inactivation of the IL, but not the PL, impairs extinction memory [31]. The
vmPFC is also a critical neural substrate for stress resistance in models using environmental
enrichment [11] and stressor controllability [12]. Voluntary wheel running also protects
individuals against the anxiety-like consequences of uncontrollable stress [32–34], and the
vmPFC is a likely candidate for mediating the exercise-induced resistance to stress [35].
Environmental enrichment in mice appears to confer resistance to future social defeat
through activity in the IL. Lesions of the IL, but not the PL, prior to housing in an enriched
environment block the stress resiliency conferred by enrichment [11]. In contrast, neural
activity in the PL appears critical for stress resistance conferred by controllable shock
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exposure. For example, controllable shock selectively activates a PL-dorsal raphe nucleus
(DRN) circuit [36] and increases the excitability of PL pyramidal neurons [37].

While there are similarities in the brain regions involved in the neural circuitry of
conditioned defeat and learned helplessness, neural activation patterns and hypothesized
locations of neural plasticity differ. A key node in the acquisition of learned helplessness is
the DRN. While the vmPFC mediates resistance to learned helplessness, it is thought to do
so by altering neural plasticity within the DRN [38], although recent work suggests that
neural plasticity in the vmPFC may also contribute to resistance [37]. In conditioned defeat,
activation of serotonin neurons in the DRN is necessary for both the acquisition and
expression of the conditioned defeat response [39]. Further, we have shown that social
defeat decreases 5-HT1A mRNA in the DRN, indicating a role for defeat-induced plasticity
in the DRN in the conditioned defeat response [20]. The vmPFC sends glutamatergic
projections to GABAergic interneurons in the DRN [40, 41], and it is possible that dominant
individuals have enhanced inhibition of the DRN and thus decreased 5-HT release into
forebrain regions. Additionally, defeat-induced neural activation in brain regions important
for the analysis of social information, such as the medial amygdala (MeA) [22], and
regulation of aggressive behavior, such as the lateral ventromedial hypothalamus (VMHL)
[42, 43], has been associated with conditioned defeat resistance [19]. Resistance to learned
helplessness does not involve social information or social behavior, and no role has been
found for brain regions such as the MeA and VMHL. In contrast, brain regions important for
producing escape behavior, such as the dorsal straitum [44], are critical parts of the neural
circuitry controlling resistance to learned helplessness, although their role in conditioned
defeat is unknown.

The BLA is a key region for the neural plasticity underlying conditioned defeat [15, 45–47].
Both subregions of the vmPFC project to the amygdala and the vmPFC is capable of
inhibiting amygdala output [48]. This inhibition is thought to be mediated through activation
of BLA GABAergic interneurons, which would cause a decrease in spontaneous firing and a
decrease in responsiveness to other inputs [49]. There is also evidence for other possible
mechanisms controlling vmPFC-BLA signaling. For example, the vmPFC might inhibit the
output of BLA neurons by activating the GABAergic neurons within the intercalated cell
mass of the amygdala [48, 50]. One possible mechanism of resistance to conditioned defeat
is that increased activity in the vmPFC of dominants during social defeat decreases BLA
activity and perhaps disrupts the defeat-induced neural plasticity that supports the
acquisition of conditioned defeat. Alternatively, increased vmPFC activation may lead to the
facilitation of the extinction of conditioned defeat in dominant hamsters. As mentioned
earlier, neural activation within the IL is known to be critical for the extinction of fear
memories [31, 51–53], and this process may be facilitated in dominant individuals.

In the current study, inactivation of the vmPFC during social defeat had no effect on the
acquisition of conditioned defeat in either subordinates or control subjects. This indicates
that activation of the vmPFC during social defeat is not necessary for species-typical
conditioned defeat. Our results are in contrast with a recent study showing that inactivation
of the vmPFC with muscimol during social defeat significantly enhanced the acquisition of
conditioned defeat [54]. It is not initially clear why these two studies are not in agreement
about the role of the vmPFC in conditioned defeat, as there were only minor differences in
the drug dose and intensity of social defeat. In both studies, subjects were exposed to social
defeat for a total of 15 min. However, Markham and colleagues used a single defeat
experience with one resident aggressor and we used three, 5 min exposures to three different
resident aggressors. It is possible that our subjects experience a more intense social defeat,
and this could have resulted in a ceiling effect on the duration of submissive and defensive
behavior at testing. However, in previous studies, acute social defeat has produced durations
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of submissive and defensive behavior at testing greater than 100 sec, indicating that a ceiling
effect is unlikely [15, 16, 18, 39]. The most apparent difference is that Markham et al.
(2012) delivered 2.2 nmol of muscimol into one side of the vmPFC, while we delivered 1.1
nmol of muscimol into each side. It is possible that the dose used in our study was not high
enough to alter conditioned defeat in our subordinates and controls, and that dominants are
more sensitive to lower doses of muscimol treatment. Another important finding is that
delivery of the protein synthesis inhibitor anisomycin into the vmPFC prior to social defeat
does not alter the acquisition of conditioned defeat [54]. This finding indicates that the
vmPFC does not directly alter the acquisition of conditioned defeat, but that activation of the
vmPFC may alter defeat-induced neural plasticity elsewhere in the brain.

Conclusion
We found that pharmacological blockade of the vmPFC prior to social defeat increases the
acquisition of conditioned defeat in dominant hamsters only. These data indicate that defeat-
induced activation of the vmPFC is necessary for the protective effects of dominant social
status on the development of conditioned defeat. Because our data indicate a critical role for
the IL, dominance status might lead to resiliency by facilitating the extinction of stress-
induced changes in social behavior.
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Abbreviations

5-HT serotonin

ANOVA analysis of variance

BLA basolateral amygdala

DRN dorsal raphe nucleus
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Highlights

Dominant individuals show reduced conditioned defeat compared to subordinates.

Blockade of vmPFC activation during social defeat blocks resistance to defeat.

Blockade of vmPFC activation during social defeat does not affect coping style.
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Figure 1.
A schematic representation of the experimental design. All subjects received an injection of
muscimol or saline vehicle into the vmPFC 5 min prior to social defeat or no defeat.
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Figure 2.
A representative photomicrograph shows a coronal brain section of the vmPFC injected with
India ink and stained with neutral red. The bilateral injection sites are clearly visible within
the vmPFC. PL – prelimbic cortex, IL – infralimbic cortex, fmi – forceps minor corpus
callosum, E/OV – ependyma & subependymal layer/olfactory ventricle. The dashed line
represents the approximate division between the PL and IL.
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Figure 3.
The location of vmPFC injection sites is shown using illustrations adapted from a hamster
stereotaxic atlas [55]. The distances shown for each illustration are relative to bregma. Black
circles indicate the approximate placement of injection sites within the vmPFC. Black
triangles represent misplaced injection sites. Circles and triangles may represent more than
one individual.
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Figure 4.
Mean durations (sec ± SEM) of a) submissive/defensive, b) aggressive, c) nonagonistic
social and d) nonsocial behaviors are shown during a 5 min test with a non-aggressive
intruder. Social defeat animals received an injection of muscimol (dominant, N = 11;
subordinate, N = 13; empty cage control, N = 9) or vehicle (dominant, N = 11; subordinate,
N = 11; empty cage control, N = 10) into the vmPFC 5 min prior to social defeat training.
Empty cage no defeat (ND) controls received an injection of muscimol (N = 10) or vehicle
(N = 9) into the vmPFC 5 min prior to the no defeat procedure. An asterisk (*) indicates a
difference of p < 0.05 between the bracketed bars.
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Table 1

Total duration (mean sec ± SEM) of aggression received during social defeat training

0 nmol Muscimol 1.1 nmol Muscimol

Dominant 435 ± 43 (N = 11) 416 ± 47 (N =11)

Subordinate 413 ± 28 (N = 11) 457 ± 31 (N =13)

Empty Cage 426 ± 24 (N = 10) 464 ± 25 (N = 9)
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Table 2

Total duration (mean sec ± SEM) of submissive behavior displayed during social defeat training

0 nmol Muscimol 1.1 nmol Muscimol*

Dominanta 717 ± 37 (N = 11) 747 ± 25 (N = 11)

Subordinateb 797 ± 32 (N = 11) 870 ± 43 (N = 13)

Empty Cagea,b 721 ± 22 (N = 10) 812 ± 19 (N = 9)

Note: An asterisk (*) indicates a main effect of drug dose (p < 0.05). There was also a main effect of dominance status, as indicated by unshared
superscript letters (p < 0.05).

Behav Brain Res. Author manuscript; available in PMC 2014 April 15.


