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Abstract

Resilience is an active process that involves a discrete set of neural substrates and cellular

mechanisms and enables individuals to avoid some of the negative consequences of extreme

stress. We have previously shown that dominant individuals show less stress-induced changes in

behavior compared to subordinates using a conditioned defeat model in male Syrian hamsters

(Mesocricetus auratus). To rule out pre-existing differences between dominants and subordinates,

we examined whether 14 days of dominance experience is required to reduce the conditioned

defeat response and whether the development of conditioned defeat resistance correlates with

defeat-induced neural activation in select brain regions. We paired hamsters in daily 5-min

aggressive encounters for 1, 7, or 14 days and then exposed animals to 3, 5-min social defeat

episodes. The next day animals received conditioned defeat testing which involved a 5-min social

interaction test with a non-aggressive intruder. In separate animals brains were collected after

social defeat for c-Fos immunohistochemistry. We found that 14-day dominants showed a

decreased conditioned defeat response compared to 14-day subordinates and controls, while 1-day

and 7-day dominants did not differ from their subordinate counterparts. Also, the duration of

dominance relationship was associated with distinct patterns of defeat-induced neural activation

such that only 14-day dominants showed elevated c-Fos immunoreactivity in the ventral medial

prefrontal cortex, medial amygdala, and lateral portions of the ventral medial hypothalamus. Our

data suggest that resistance to social stress develops during the maintenance of dominance

relationships and is associated with experience-dependent neural plasticity in select brain regions.
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1. Introduction

Social defeat is a robust stressor used to investigate behavioral and physiological responses

to social stress and model the biological basis of stress-related mental illness [1, 2].

Conditioned defeat is a type of social stress model in male Syrian hamsters (Mesocricetus

auratus) in which a brief social defeat results in a loss of species-typical territorial

aggression and an increase in submissive and defensive behavior when animals are later

tested with a small, nonaggressive intruder. Social defeat models, including conditioned

defeat, allow for investigation of neurobiological mechanisms controlling vulnerability to

the effects of social stress. For instance, we have previously shown that pairs of male Syrian

hamsters with established dominance relationships respond differently to social defeat stress

such that dominant animals show reduced conditioned defeat compared to subordinates [3,

4].

Exposure to chronic stress is a risk factor for the development of stress-related mental illness

including major depression [5, 6], and exposure to an acute, traumatic stressor is an essential

prerequisite for post-traumatic stress disorder [7–9]. However, in both cases not all

individuals exposed to stressful events develop stress-related psychopathologies [10, 11].

Understanding the neurobiological mechanisms regulating vulnerability and resistance to the

effects of stress is an important step toward advancing treatment options for stress-related

psychopathology. Animal models have identified several brain regions critical for stress

resistance including the ventral medial prefrontal cortex (vmPFC). The vmPFC, which

includes the infralimbic cortex (IL) and prelimbic cortex (PL), controls affective processing

and executive function [12, 13]. The vmPFC is also part of a neural circuit that inhibits

neurons within the paraventricular nucleus of the hypothalamus that control the

neuroendocrine stress response [14, 15]. Neural activation in the vmPFC is required for the

stress resistance which develops following exposure to environmental enrichment [16],

social dominance [4], and controllable stress [17]. For example, exposure to controllable

stress has an immunizing effect on the development of learned helplessness such that

uncontrollable stress fails to produce learned helplessness when rats are pre-exposed to

controllable tail-shocks. Pharmacological inhibition of the vmPFC blocks the immunizing

effect of controllable stress [18], and pharmacological activation of the vmPFC has an

immunizing effect in the absence of controllable stress [19]. Also, stress-induced neural

activation in the vmPFC is associated with individual differences in coping strategies and

baseline trait anxiety in rodents [20, 21]. Overall, the vmPFC is a critical neural substrate

that inhibits neuroendocrine and behavioral responses to stress.

Several other brain regions, outside of the vmPFC, have been implicated in resistance to the

effects of stressful events. Six weeks of voluntary wheel running has been shown to prevent

the shuttle box escape deficits that occur following uncontrollable stress [22]. A series of

studies has shown that voluntary wheel running alters ΔFosB immunoreactivity in the

nucleus accumbens [23], brain-derived neurotrophic factor mRNA expression in the

hippocampus and amygdala [24], and 5-HT1A autoreceptor mRNA expression in the dorsal

raphe nucleus [25]. Chronic social defeat stress in mice leads to heightened reactivity of the

hypothalamic-pituitary-adrenal axis as well as increased anxiety and depression-like
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behavior [26]. However, about one-third of mice exhibit a resilient phenotype insofar as they

do not exhibit social avoidance and anhedonia-like symptoms. Resilient mice show changes

in the expression of K+ channels and AMPA receptor subunits which normalizes firing

within a ventral tegmental-nucleus accumbens circuit [26, 27]. Dominant social status is also

associated with coping style and neuroendocrine responses to stress. In Anolis lizards

dominants have been described as adopting a proactive behavioral strategy during agonistic

social encounters [28]. Dominant lizards also show elevated serotonin levels in the

amygdala following restraint stress whereas subordinates show elevated dopamine levels

[29]. In several species dominants show reduced basal or stress-induced glucocorticoid

activity compared to subordinates [29–32]. Overall, resilience appears to be an active

process that involves multiple brain regions and cellular mechanisms which facilitate coping

with stress.

One limitation of studying the natural formation of dominance relationships is that subjects

cannot be randomly assigned to dominant or subordinate status. Subjects may have pre-

existing differences that correlate with both the probability of winning and responses to

stress. The aim of this study was to examine the time course of the status-dependent changes

in conditioned defeat and defeat-induced neural activation. We used the protein product of

the immediate early gene c-fos as a marker of defeat-induced neural activation [33]. We

hypothesized that dominants would show reduced conditioned defeat and elevated defeat-

induced neural activation within brain regions such as the vmPFC compared to subordinates

after 14 days, but not 1 or 7 days, of dominance experience. This approach allowed us to

determine whether dominant and subordinate animals systemically differed in conditioned

defeat and neural activation prior to dyadic dominance interactions or whether behavioral

and physiological changes were experience-dependent.

2. Experimental Procedures

2.1 Subjects

Subjects were male Syrian hamsters (Mesocricetus auratus) obtained from our breeding

colony that was originally derived from hamsters purchased from Charles River

Laboratories (Wilmington, MA). Subjects were 3–4 months old (120–180 g) at the start of

the study and were individually housed one week prior to the start of the study. Older

hamsters (> 6 months, >190 g) were individually housed and used as resident aggressors for

social defeat training. Younger hamsters (approx. 2 months, <120 g) were housed in groups

of 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 one 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 to facilitate aggressive behavior. All behavioral protocols were

performed during the first three hours of the dark phase of their cycle. All procedures were

approved by the University of Tennessee Institutional Animal Care and Use Committee and
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are in accordance with the National Institutes of Health Guide for the Care and Use of

Laboratory Animals.

2.2 Behavioral Protocols

2.2.1 Dominant-Subordinate Encounters—To allow animals to establish social status,

subjects within each cohort were weight-matched in resident-intruder dyads and paired in

daily social encounters for 1 day, 7 days, or 14 days. Subjects were randomly assigned as a

resident or intruder, and all social 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 [3]. Dominant and subordinate

animals were identified by the direction of agonistic behavior within each dyad. Subjects

were pseudo-randomly assigned to the number of dominant-subordinate encounters. Dyads

must have formed a dominant-subordinate relationship during their first encounter to be

assigned to 1 day of social encounters. The remaining dyads, including some that formed a

dominance relationship on the first day, were randomly assigned to 7 days or 14 days of

social encounters. If a dyad did not form a dominance relationship after 5 daily encounters,

that dyad was dropped from the study. Control subjects were individually housed one week

prior to social defeat training and were handled daily during that time.

2.2.2 Social Defeat Training—Dominants and subordinates were exposed to social

defeat training 24 hrs after their final dominance encounter such that defeats occurred 2, 8,

or 15 days after the start of the experiment. Social experience controls were exposed to

social defeat training after one week of individual housing, while the handled controls were

not defeated (Fig. 1). Social defeat consisted of subjects being placed in the home cages of

three different resident aggressors for three separate 5-min aggressive encounters. Resident

aggressors are older, heavier male hamsters that have been singly housed for a prolonged

period of time and display reliable aggression when confronted with intruders. Subjects

received a 5-min rest period in their home cage between each aggressive encounter.

Dominants and social experience controls 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 a subject. Handled control subjects received 3, 5-min exposures to

resident aggressor cages to control for olfactory cues that may impact behavior and neural

activation.

Social defeats were digitally recorded for later behavioral analysis. We quantified the

duration of aggression displayed by resident aggressors and the duration of submission

displayed by subjects using the ethogram described below.

2.2.3 Conditioned Defeat Testing—To assess the effect of duration of dominance

relationship on behavioral responses to social stress, animals were tested for conditioned

defeat behavior 24 hours after social defeat training (Fig. 1, Group 1). Testing consisted of a
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5-min 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 non-agonistic social and nonsocial behavior during conditioned defeat testing, and

do not direct agonistic behavior toward the subject. We digitally recorded all conditioned

defeat testing sessions and quantified the behavior of subjects using Noldus Observer

software (Noldus Information Technology, Wageningen, Netherlands). 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); non-agonistic social (sniff,

approach); and nonsocial (locomotion, grooming, nesting, feeding). We also recorded the

frequency of attacks, flees, and stretch-attend postures. All behavioral scoring was

performed by a researcher blind to the experimental treatment. To establish inter-rater

reliability, we achieved 90% agreement on the duration of aggressive and submissive/

defensive behavior in a subset of videos.

2.3 c-Fos Immunohistochemistry

Ninety minutes following the start of social defeat, animals were anesthetized with

isoflurane and were transcardially perfused with 100ml of 0.1 M phosphate buffered saline

(PBS) followed by 100ml of 4% paraformaldehyde solution (Fig. 1, Group 2). Brains were

removed and soaked in 4% paraformaldehyde for 24 hours, followed by 0.1 M PBS/30%

sucrose solution for 48 hours at 4°C, and then were stored in cryoprotectant. A consecutive

series of 30 μm coronal sections were cut on a vibrating microtome reaction which involved

a 15 min incubation in 3,3'-diaminobenzidine (DAB tablet, Sigma-Aldrich, St. Louis, MO)

and nickel dissolved in PBS. The sections were washed five times with PBS and 5 times

with distilled H2O prior to being mounted onto glass microscope slides. After air-drying,

sections were dehydrated using a series of alcohols, cleared with citrisolv and coverslipped

using DPX mountant (Sigma-Aldrich, St. Louis, MO). For each brain region, the tissue from

all subjects was processed simultaneously.

Images were captured at 10× magnification using an Olympus BX41 microscope. The

number of c-Fos immunopositive cells was quantified in several brain regions including the

basolateral amygdala (BLA), dorsal medial amygdala (dMeA), ventral medial amygdala

(vMeA), paraventricular nucleus of the hypothalamus (PVN), lateral regions of the

ventromedial hypothalamus (VMHL), ventral lateral septum (vLS), dorsal lateral septum

(dLS), medial preoptic area (MPOA), prelimbic cortex (PL), and infralimbic cortex (IL). For

each brain region, we recorded background immunoreactivity in unstained regions of each

image. We defined immunopositive cells as those nuclei that showed staining 1.5x darker

than the specific background immunoreactivity calculated for each image. MCID Core

image analysis software (InterFocus Imaging, Cambridge, England) was used to quantify the

number of c-Fos immunopositive cells and the analysis software reached 90% agreement

with manual counting on a subset of images. Cell counts were limited to the area within

defined boxes that were tailored to the size of each brain region (Fig. 2a). Sample images of

c-Fos immunoreactivity in a 800 × 660 μm box within the vMeA of a defeated 14 day

dominant and 14 day subordinate are shown in Figure 2b. For each brain region we

quantified six nonconsecutive sections per individual along a rostral-caudal axis.
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2.4 Group 1: Conditioned Defeat Behavior

We tested the hypothesis that dominant individuals would show reduced submissive and

defensive behavior during conditioned defeat testing compared to subordinates and social

experience controls after 14 days of social encounters, but not after 1 or 7 days of social

encounters. Following the establishment of dominance relationships, dominants,

subordinates, and social experience controls received social defeat training (dominant 1 day,

N = 13; subordinate 1 day, N = 14; dominant 7 day, N = 12; subordinate 7 day, N = 11;

dominant 14 day, N = 13; subordinate 14 day, N = 12; social experience control, N = 14)

and handled controls were not defeated (handled controls, N = 12). All subjects experienced

conditioned defeat testing. Sample sizes were reduced slightly when nine individuals were

removed from statistical analysis because of wounding that occurred during social defeat

training or technical issues with conditioned defeat testing such as aggression by intruders.

2.5 Group 2: Defeat-induced Neural Activation

We tested the hypothesis that dominant individuals would show differences in defeat-

induced c-Fos immunoreactivity in select brain regions compared to subordinates and social

experience controls after 14 days of social encounters, but not after 1 or 7 days of social

encounters. Following the establishment of dominance relationships, dominants,

subordinates, and empty cage controls received social defeat (dominant 1 day, N = 14;

subordinate 1 day, N = 14; dominant 7 day, N = 13; subordinate 7 day, N = 13; dominant 14

day, N = 14; subordinate 14 day, N = 14; social experience control, N = 13) and handled

controls were not defeated (handled control, N = 13). Sample sizes were reduced slightly

when three individuals were removed from statistical analysis because of wounding that

occurred during social defeat training.

2.6 Data Analysis

Due to the unbalanced factorial design, we analyzed the data from social defeat training,

conditioned defeat testing, and c-Fos immunohistochemistry with two separate statistical

tests. A 2-way analysis of variance (ANOVA) test was used to investigate an interaction

between social status (2 levels) and duration of dominance relationship (3 levels). A 1-way

ANOVA with Tukey post-hoc tests was used to investigate planned comparisons between

controls and dominant and subordinate groups. The occurrence of counter attacking during

social defeat training was analyzed using a Chi-square test. Results were considered

significant when the α level was P ≤ 0.05.

3. Results

3.1 Dominant-Subordinate Encounters

On average, dominance relationships were decided on day 1.4 ± 0.08. In pairs that did not

form a dominance relationship during the first encounter, both animals were often

aggressive until one animal submitted during the second or third encounter. In all cases,

dominance relationships were stable once established. Subordinates displayed elevated and

stable submissive/defensive behavior compared to dominants, and they never displayed

aggressive behavior after the formation of dominance relationships.
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3.2 Social Defeat Training

Dominants, subordinates, and controls did not significantly differ in either the amount of

aggression received or the amount of submission displayed (data not shown). However,

social status and duration of dominance relationships influenced whether individuals

counterattacked the resident aggressor during the first social defeat episode. After 1 day of

social encounters, dominant and subordinate individuals were equally likely to counterattack

the resident aggressor (3 of 13 dominants 1 day; 0 of 14 subordinates 1 day; χ2 [1,

n=27]=3.63, P>0.05). After 7 days of social encounters, dominant individuals were

significantly more likely to counterattack the resident aggressor than subordinates (8 of 12

dominants 7 day; 0 of 11 subordinates 7 day; χ2 [1, n=23]=11.24, P<0.001) and social

experience controls (3 of 14 social experience controls; χ2 [1, n=26]=6.58, P<0.025). After

14 days of social encounters, more dominants counterattacked than did subordinates (8 of 11

dominants 14 day; 0 of 12 subordinates 14 day; χ2 [1, n=23]=13.38, P<0.001) and social

experience controls (3 of 14 social experience controls; χ2 [1, n=25]=5.42, P<0.025).

3.3 Conditioned Defeat Testing

Subjects with 14 days of dominance experience showed reduced conditioned defeat behavior

at testing, while neither 7 day dominants or 1 day dominants showed a reduction in

conditioned defeat behavior (Fig. 3a). We found a significant main effect of social status on

the duration of submissive/defensive behavior displayed at conditioned defeat testing, such

that dominant individuals showed less submissive/defensive behavior than did subordinate

individuals (F(2,69) = 5.009, P = 0.028). We found that the difference between dominant and

subordinate individuals was not present following 1 day of dominant-subordinate encounters

(P = 0.846) or 7 days of encounters (P = 0.109), while dominants displayed less submissive/

defensive behavior after 14 days of encounters compared to 14 day subordinates (F(1,93) =

5.009, P < 0.0001; Tukey, P = 0.004). Social experience controls displayed an intermediate

level of submissive/defensive behavior compared to 14 day dominants (P = 0.124) and 14

day subordinates (P = 0.153). All defeated groups showed significantly more submissive/

defensive behavior at testing than did handled controls (P < 0.05). We found no effect of

social status or duration of dominance relationship on the frequency of fleeing or stretch-

attend postures in dominant and subordinate individuals or in comparison to controls during

conditioned defeat testing (data not shown).

There was no effect of social status or duration of dominance relationship on the duration of

aggressive behavior displayed at conditioned defeat testing, as all groups failed to display

any aggressive behavior (Fig. 3b). The only subjects to display aggressive behavior during

conditioned defeat testing were handled controls, which displayed significantly more

aggressive behavior than all other groups (P < 0.05). Additionally, handled controls attacked

nonaggressive intruders 1.25 (± 0.66) times during testing which was significantly greater

than in any of the defeat groups (P < 0.05).

There was a significant main effect of social status on the duration of social behavior

displayed during conditioned defeat testing, with dominant individuals displaying more

social behavior than subordinate individuals (F(2,69) = 4.462, P = 0.038) (Fig.3c). Status-

dependent differences in social behavior reached statistical significance only in animals with
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7 days of dominance experience (F(1,93) = 5.384, P < 0.0001; Tukey, P = 0.014). Seven day

dominant individuals showed significantly more social behavior during conditioned defeat

testing than 1 day subordinates (P = 0.034), 14 day dominants (P = 0.046), 14 day

subordinates (P = 0.021), and social experience controls (P = 0.045). Similarly, handled

controls displayed significantly more social behavior during conditioned defeat testing than

1 day subordinates (P = 0.007), 7 day subordinates (P = 0.003), 14 day dominants (P =

0.010), 14 day subordinates (P = 0.004), and social experience controls (P = 0.009).

There was an interaction of social status and duration of dominance relationship on the

duration of nonsocial behavior displayed at conditioned defeat testing (F(2,69) = 4.085, P =

0.021) (Fig. 3d). This result indicates that the maintenance of dominance relationships for 14

days increased the amount of nonsocial behavior in dominants but decreased it in

subordinates. However, post-hoc tests revealed no significant differences between any

groups (F(1,93) = 1.931, P = 0.073).

3.4 c-Fos Immunohistochemistry

In the PL there was a main effect of duration of dominance relationship such that individuals

with 14 days of social encounters had significantly more defeat-induced c-Fos

immunopositive cells than did individuals with 7 days of social encounters (Fig 4a; F(2,58) =

4.214, P = 0.02; Tukey, P = 0.005). Also, 14 day dominants showed an increased number of

c-Fos immunopositive cells compared to both 1 day dominants (F(7,76) = 2.763, P = 0.013;

Tukey, P = 0.024) and social experience controls (P = 0.011).

In the IL there was a significant social status x duration of dominance relationship

interaction (Fig. 4b; F(2,53) = 3.194, P = 0.049). Specifically, 14 day dominants had more

defeat-induced c-Fos immunopositive cells than did 14 day subordinates (F(7,70) = 3.206, P

= 0.005; Tukey, P = 0.032), while there was no effect of social status at either 1 day or 7

days (P > 0.05). Also, 14 day dominants showed more c-Fos immunopositive cells than did

1 day dominants (P = 0.001) and social experience controls (P = 0.011).

In the dMeA we found a main effect of duration of dominance relationship (Fig. 5a; F(2,67) =

4.685, P = 0.012). Subjects with 7 days of social encounters had significantly fewer c-Fos

immunopositive cells than did both 1 day animals (P = 0.011) and 14 day animals (P =

0.012). Also, social defeat increased c-Fos immunoreactivity in control animals such that

social experience controls had significantly more c-Fos immunopositive cells than did

handled controls (F(7,86) = 2.824, P = 0.005; Tukey, P = 0.017).

In the vMeA there was a significant social status x duration of dominance relationship

interaction (Fig. 5b; F(2,66) = 4.612, P = 0.013). Specifically, 14 day dominants showed

increased c-Fos immunopositive cells compared to 14 day subordinates (F(7,85) = 4.963, P<

0.0001; Tukey, P < 0.0001), whereas 1 day and 7 day dominants did not significantly differ

from corresponding subordinates (P > 0.05). In addition, 14 day dominants had more c-Fos

immunopositive cells following social defeat than did 1 day dominants (P = 0.023). Finally,

social defeat increased c-Fos immunoreactivity in the vMeA such that social experience

controls showed more c-Fos immunopositive cells than did handled controls (P = 0.009).
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In the VMHL we found a main effect of social status in which dominants had more c-Fos

immunopositive cells than subordinates (Fig. 6; F(1,55) = 9.72, P = 0.003). Significant

increases in the number of c-Fos immunopositive cells were found in 7 day dominants

compared to 7 day subordinates (F(7,72) = 5.470, P < 0.0001; Tukey, P = 0.031) and in 14

day dominants compared to 14 day subordinates (P = 0.039). Also, social defeat produced

robust c-Fos immunoreactivity in the VMHL as all defeated groups showed significantly

more c-Fos immunopositive cells compared to handled controls (P < 0.01).

In the BLA there was a significant social status x duration of dominance relationship

interaction on c-Fos immunoreactivity (Table 1; F(2,64) = 8.24, P = 0.01). We found that 1

day subordinates had more c-Fos immunopositive cells than 1 day dominants (F(7,83) =

5.485, P < 0.0001; Tukey, P = 0.01), while 14 day subordinates had fewer c-Fos

immunopositive cells than did 14 day dominants (P = 0.016). Also, defeat-induced c-Fos

immunoreactivity appeared to habituate in subordinates as 14 day subordinates had

significantly fewer c-Fos immunopositive cells than did 1 day subordinates (P < 0.0001).

We found few changes in defeat-induced c-Fos immunoreactivity in the dLS, vLS, MPOA,

and PVN (Table 1). In the dLS there was a main effect of duration of dominance

relationship, such that 14 days of social encounters resulted in significantly more c-Fos

immunopositive cells than either 1 day or 7 days of social encounters (F(2,63) = 4.334, P =

0.017; Tukey, P = 0.017, P = 0.004, respectively). In other brain regions we found an effect

of social defeat only such that social experience controls displayed significantly more c-Fos

immunopositive cells than did handled controls in the vLS (F(7,82) = 3.457, P = 0.006;

Tukey, P = 0.018), MPOA (F(7,81) = 4.624, P = 0.008; Tukey, P = 0.011), and PVN (F(7,79)

= 3.716, P = 0.004; Tukey, P = 0.009). Finally, we observed very low c-Fos

immunoreactivity and did not quantify cells in the central amygdala, lateral amygdala,

dorsal hippocampus, dentate gyrus, bed nucleus of the stria terminalis, and nucleus

accumbens.

4. Discussion

4.1 Behavioral response

We found that resistance to the effects of social defeat in dominant male hamsters is an

experience-dependent phenomenon resulting from the maintenance of dominance status.

Dominant individuals only showed resistance to conditioned defeat, indicated by decreased

submissive/defensive behavior compared to subordinates, following 14 days of dominance

experience. Dominance status maintained for either 1 day or 7 days was not sufficient to

produce resistance to conditioned defeat. In previous studies, it has been unclear whether

dominants are resistant to the effects of social defeat or whether subordinates are

susceptible, or both [4]. These data suggest that while neither dominants nor subordinates

significantly differ in conditioned defeat response at day 14 compared to day 1, maintenance

of dominance relationships produces both a resistant behavioral phenotype in dominants and

a vulnerable behavioral phenotype in subordinates. This idea is consistent with the finding

that social experience controls display an intermediate level of submissive and defensive

behavior compared to 14 day dominants and subordinates. The effects if dominance social

status are specific to submissive/defensive behavior at conditioned defeat testing, as 14 day
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dominants and subordinates displayed no significant differences on aggressive, social, or

nonsocial behavior. We found that 7 day dominants show increased non-agonistic social

behavior during testing compared to 7 day subordinates which suggests that some behavioral

changes may precede resistance to conditioned defeat. Our findings are consistent with a

growing body of literature that differential responses to stress can develop following specific

experiences such as environmental enrichment [16], exercise [34], controllable stress

exposure [35], and social dominance [29].

In previous studies, we have found that dominant individuals initially respond to social

defeat by counter attacking their opponent [4, 36]. Similar to conditioned defeat behavior,

the incidence of counter attacking was influenced by the duration of dominance relationship,

with 7 day and 14 day dominants showing significantly more counter attacking of resident

aggressors than corresponding subordinates and controls. Counter attacking the resident

aggressor may represent a proactive coping style and is similar to how some rats respond to

social defeat [20]. Coping style is typically considered a behavioral trait which remains

stable [37], although in this case the experience of social dominance may generate a

proactive coping style. If dominants use a proactive coping style in other situations their

resistance to conditioned defeat may transfer to other domains. Interestingly, elevated

offensive aggression has been associated with increased struggling during a forced swim test

[38], increased shock probe burying [37], and increased active avoidance in a shuttle box

[39]. An intriguing possibility for future studies is whether dominance status promotes

resilience in other tests of anxiety-like behavior.

Importantly, our behavioral results suggest that even though subjects self-select into

dominant and subordinate roles, resistance to conditioned defeat in dominants and

susceptibility in subordinates is not related to pre-existing differences. Winning a single

dominance interaction was not sufficient to alter how hamsters respond to social defeat in

terms of counter aggression or the conditioned defeat response.

4.2 Neural activation

In several brain regions such as the PL, IL, and vMeA we found that defeat-induced c-Fos

immunoreactivity increased in dominant animals only after they maintained dominant social

status for two weeks. Importantly, these time-dependent changes in c-Fos immunoreactivity

parallel the reduction of conditioned defeat in dominants. These results suggest that

resistance to conditioned defeat in dominant individuals is associated with experience-

dependent neural plasticity in select brain regions that develops during two weeks of social

encounters.

We found that in both the IL and PL cortex 14 days of dominance experience leads to an

increase in defeat-induced c-Fos immunoreactivity, compared to 1 day dominants and

defeated controls. We also found that after 14 days of social encounters dominants display

significantly more c-Fos immunoreactivity in the IL cortex compared to subordinates. These

results are consistent with several animal models which indicate that neural activity within

the vmPFC facilitates coping with stressful events. Optogenetic stimulation of vmPFC

neurons reverses depression-like behavior in mice susceptible to chronic social defeat stress

[40]. Brief maternal separation in squirrel monkeys promotes stress inoculation and
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increases cortical volume in the vmPFC [41]. Also, neural activity in the vmPFC is both

necessary and sufficient for the resistance to learned helplessness conferred by prior

experience with controllable stress [18, 19, 42]. Within the vmPFC, neural activity in both

the IL and PL cortex can promote stress resistance. Pyramidal neurons in the IL cortex send

projections to the BLA complex as well as intercalated amygdala cells to facilitate extinction

of conditioned fear [43–45]. The IL cortex is also essential for the ability of enriched

housing to promote resistance to chronic social defeat [16]. In contrast, pyramidal neurons in

the PL cortex sends projections to DRN GABAergic cells which inhibit DRN serotonin

activity [46, 47]. Controllable tail shock selectively activates PL neurons projecting to the

DRN which can inhibit the DRN activation critical for the development of learned

helplessness [48]. One possibility is that maintenance of dominance relationships generates

experience-dependent neural plasticity in both IL-BLA and PL-DRN neural circuits to

modulate responses to subsequent social stress.

Learned helplessness, environmental enrichment, and social dominance models also differ in

the time course of events required for resilience. A single session of controllable tail shock

increases intrinsic membrane excitability in PL pyramidal neurons and promotes resistance

to learned helplessness [49]. In contrast, a single session of social dominance does not

confer resistance to conditioned defeat. The neural plasticity associated with resistance to

conditioned defeat in dominants requires two weeks of social encounters. In the

environmental enrichment model neural plasticity also develops gradually as increased

FosB/ΔFosB immunoreactivity requires three weeks of enriched housing [16]. IL lesions

prior to environmental enrichment prevent resistance to chronic social defeat, while IL

lesions prior to social defeat do not, suggesting that the IL is responsible for the

development but not expression of stress resistance. In contrast, pharmacological

inactivation of the vmPFC prior to social defeat or uncontrollable tail shock blocks the

formation of conditioned defeat and learned helplessness, respectively [18, 36, 42]. Overall,

these differences between models suggest that social and physical experiences generate

stress resistance via separate cellular and molecular mechanisms in the PL and IL.

The MeA is a critical neural substrate for detecting biologically relevant odors and a key

component of the brain's social behavior network [50, 51]. We have previously found that

neural activation in the vMeA is associated with a reduction in conditioned defeat in

dominant animals [4]. In the current study, defeat-induced neural activation in the vMeA

increased only after two weeks of dominance experience. After 14 days of encounters,

dominant individuals display significantly more defeat-induced c-Fos immunoreactivity

compared to both 14 day subordinates and 1 day dominants. Because the time course of

neural activation in the vMeA closely matches the time course of changes in conditioned

defeat, the vMeA may be an important neural substrate controlling resistance to conditioned

defeat in dominant individuals. Our findings are consistent with other research showing that

the MeA regulates agonistic behavior [52–54]. In Syrian and long-tailed hamsters,

aggressive encounters increase c-Fos expression in the MeA in both winners and losers [33,

55, 56]. In rats, social defeat increases c-Fos immunoreactivity in MeA cells that contain

corticotropin-releasing factor type-2 receptor mRNA [57]. Also, pharmacological

inactivation of the MeA during social defeat decreases the acquisition of the conditioned

defeat response [58]. However, the MeA appears to modulate the acquisition of conditioned
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defeat via connections to other brain regions, such as the basolateral amygdala, because

inhibition of protein synthesis in the MeA fails to disrupt the acquisition of conditioned

defeat. One possible mechanism by which social dominance might modulate neural

signaling in the MeA is via androgen receptors. The MeA contains an abundance of

androgen receptors [59], and winning agonistic encounters can increase plasma testosterone

levels and androgen receptor expression [60, 61]. Altogether, neural activation in the MeA is

associated with both increased and decreased defensive behavior, which is likely modulated

by neuropeptides and steroid feedback. Because the MeA contains medium-sized

GABAergic principal neurons which colocalize a wide variety of neuropeptides and have a

heterogeneous set of efferent projects [62, 63], it will be important to know the phenotype of

the vMeA cells activated in dominant animals to better understand the development of

conditioned defeat resistance.

Whereas the VMHL has not been associated with resistance to stress, it is a key brain region

controlling aggressive behavior in hamsters [64, 65]. We found that dominant hamsters have

greater defeat-induced c-Fos immunoreactivity in the VMHL compared to subordinates after

both 7 days and 14 days of dominance experience. A proactive coping style during social

defeat, such as displayed by dominants, has been associated with increased c-Fos expression

in the VHML in studies of hamster aggression. While neural activation in the VHML may

be associated with reduced conditioned defeat, it is also possible that neural activation in the

VMHL is associated with counter attacking resident aggressors during social defeat training.

This possibility is supported by the finding that dominants after 7 days and 14 days of

experience are significantly more likely to counter attack resident aggressors than

subordinates, a time course that matches VMHL c-Fos expression.

The BLA is a key brain region regulating stress-induced changes in behavior, including

conditioned defeat. Several studies have indicated that the acquisition of conditioned defeat

requires NMDA receptor activation, protein synthesis, and BDNF signaling [58, 66, 67].

Nevertheless, we found low c-Fos immunoreactivity in the BLA in all animals. Interestingly,

we found that c-Fos immunoreactivity in the BLA decreased in subordinates during 14 days

of social encounters such that on day 1 subordinates had greater defeat-induced neural

activation than dominants, whereas on day 14 they had less. These findings suggest that

defeat-induced c-Fos expression in the BLA habituates in subordinates and is inversely

correlated with their conditioned defeat response after 14 days of social encounters.

Similarly, other research indicates that neural activation in the BLA habituates after chronic

social defeat [68], and interestingly behavioral and neuroendocrine habituation to repeated

restraint stress depends on β-adrenergic receptor activity in the BLA [69]. Furthermore,

social anxiety disorder is associated with increased neural habituation in the amygdala [70].

4.3 Conclusion

We have demonstrated that social status-associated resistance to conditioned defeat develops

over a two-week period. Further, the time course for reduced conditioned defeat parallels the

time course for defeat-induced neural activation in the IL, PL, and vMeA. These findings

suggest that defeat-induced neural activity in these brain regions is experience-dependent

and facilitates coping with social stress. Identifying the neural substrates that contribute to
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reduced conditioned defeat in dominant hamsters should help elucidate a neural circuitry

controlling experience-dependent forms of resilience.
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Highlights

• Hamsters show reduced conditioned defeat after 14 days of dominance

experience.

• 14 days of dominance experience increases c-Fos expression in the IL, PL, and

vMeA.

• Development of reduced conditioned defeat parallels increased neural

activation.

• Resistance to social defeat stress requires experience-dependent neural

plasticity.
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Fig. 1.
A schematic representation of the experimental design. Dominance interactions occurred

daily for either 1, 7, or 14 days. Social experience controls and handled controls were singly

housed one week prior to social defeat or no defeat, respectively. Group 2 animals were

euthanized after social defeat training which occurred 24 hrs following the final dominance

interaction for each pair. Group 1 animals were treated similarly and experienced

conditioned defeat testing 24 hrs following social defeat.
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Fig. 2.
The diagrams indicate the location of brain regions selected for c-Fos quantification (a). The

diagrams were modified from the hamster atlas of Morin & Wood and values indicate the

distance from bregma [71]. The box sizes used for quantification are as follows (width ×

height): 440 μm × 400 μm (BLA); 325 μm × 650 μm (VMHL); 439 μm × 330 μm (PVN);

500 μm × 500 μm (dLS, vLS, BNST, MPOA); 870 μm × 660 μm (dMeA, vMeA, PL, IL).

Representative photomicrograph of the vMeA from a defeated 14 day dominant and 14 day

subordinate used for c-Fos quantification (b). Black dots represent c-Fos immunopositive

nuclei.
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Fig. 3.
Durations (mean ± SE) of submissive/defensive (a), aggressive (b), social (c), and nonsocial

(d) behaviors are shown during a 5 min test with a non-aggressive intruder. Dominant (black

bars) and subordinate (gray bars) animals received social defeat 24 h prior to conditioned

defeat testing. Social experience controls received social defeat 24 h prior to testing (white

bars) whereas handled controls did not experience social defeat (hatched bars). An asterisk

(*) indicates a significant difference between the bracketed bars and pound sign (#) indicates

that handled controls are significantly different from all other groups (P < 0.05).

Morrison et al. Page 20

Behav Brain Res. Author manuscript; available in PMC 2015 August 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4.
Number (mean ± SE) of c-Fos immunopositive cells in subregions of the ventral medial

prefrontal cortex measured following social defeat. Dominants (black bars), subordinates

(gray bars), and social experience controls (white bars) were exposed to social defeat,

whereas handled controls (hatched bars) were not. In the PL (a), there was a main effect of

duration of dominance relationship. In the IL (b), there was an interaction between duration

of dominance relationship and social status. Post-hoc tests revealed significant differences

between bracketed bars represented by an asterisk (*, P < 0.05).
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Fig. 5.
Number (mean ± SE) of c-Fos immunopositive cells measured in subregions of the medial

amygdala following social defeat. Dominants (black bars), subordinates (gray bars), and

social experience controls (white bars) were exposed to social defeat, whereas handled

controls (hatched bars) were not. In the dMeA (a), there was a main effect of duration of

dominance relationship. In the vMeA (b), there was an interaction between duration of

dominance relationship and social status. Post-hoc tests revealed significant differences

between bracketed bars represented by an asterisk (*, P < 0.05).
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Fig. 6.
Number (mean ± SE) of c-Fos immunopositive cells in the VHML measured following

social defeat. Dominants (black bars), subordinates (gray bars), and social experience

controls (white bars) were exposed to social defeat, whereas handled controls (hatched bars)

were not. There was a significant main effect of social status and significant differences

between bracketed bars are represented by an asterisk (*, P < 0.05). Also, handled controls

were significantly different than all other groups (#, P < 0.05).
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