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A B S T R A C T   

Evaluating and coping with stressful social events as they unfold is a critical strategy in overcoming them without 
long-lasting detrimental effects. Individuals display a wide range of responses to stress, which can manifest in a 
variety of outcomes for the brain as well as subsequent behavior. Chronic Social Defeat Stress (CSDS) in mice has 
been widely used to model individual variation following a social stressor. Following a course of repeated 
intermittent psychological and physical stress, mice diverge into separate populations of social reactivity: 
resilient (socially interactive) and susceptible (socially avoidant) animals. A rich body of work reveals distinct 
neurobiological and behavioral consequences of this experience that map onto the resilient and susceptible 
groups. However, the range of factors that emerge over the course of defeat have not been fully described. 
Therefore, in the current study, we focused on characterizing behavioral, physiological, and neuroendocrine 
profiles of mice in three separate phases: before, during, and following CSDS. We found that following CSDS, 
traditional read-outs of anxiety-like and depression-like behaviors do not map on to the resilient and susceptible 
groups. By contrast, behavioral coping strategies used during the initial social stress encounter better predict 
which mice will eventually become resilient or susceptible. In particular, mice that will emerge as susceptible 
display greater escape behavior on Day 1 of social defeat than those that will emerge as resilient, indicating early 
differences in coping mechanisms used between the two groups. We further show that the social avoidance 
phenotype in susceptible mice is specific to the aggressor strain and does not generalize to conspecifics or other 
strains, indicating that there may be features of threat discrimination that are specific to the susceptible mice. 
Our findings suggest that there are costs and benefits to both the resilient and susceptible outcomes, reflected in 
their ability to cope and adapt to the social stressor.   

1. Introduction 

For humans, social interactions can be a source of support or stress. 
The nature of interpersonal relationships and interactions play a crucial 
role in the development of an affective state. Whereas positive social 
relationships can strengthen mental and physical well-being, negative 
social relationships have the propensity to induce highly stressful and 
harmful environments. During social stress, different individuals rely on 
various coping styles or strategies that may prove either adaptive or 
maladaptive in the long term (Billings and Moos, 1984; Connor-Smith 
and Compas, 2002; Wood and Bhatnagar, 2015). 

In rodents, social defeat studies provide a naturalistic dominance 

model that uses agonistic encounters as a trigger, and social coping as a 
dependent measure (Hollis and Kabbaj, 2014). An agonistic encounter is 
often characterized by intense, aggressive interactions among animals of 
the same species that ultimately leads to individuals emerging as either 
’winners’ or ’losers’ following the stress (Kollack-Walker et al., 1999; 
Kabbaj et al., 2001; Hammels et al., 2015). In mice, the Chronic Social 
Defeat Stress (CSDS) model relies on a paradigm where an experimental 
mouse is exposed physically and psychosocially to a more aggressive 
mouse from a different strain. Following the end of the chronic stress, 
the defeated animals diverge into two separate populations of social 
reactivity: a “resilient” group that is socially interactive and a “suscep
tible” group that is socially avoidant (Golden et al., 2011). 
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Defeated mice are termed ‘resilient’ and ‘susceptible’ based on their 
social behavior after stress. Understanding when and how these re
activities arise is critical in identifying predictive factors that set the 
course for vulnerability. For example, baseline differences in wheel 
running (J. Zhang et al., 2021), exploratory drive (Milic et al., 2021), 
anxiety-like behavior, hippocampal volume, and systemic immune fac
tors (Nasca et al., 2019), have all been shown to predict the social 
avoidance outcome to some degree. Additionally, social hierarchies 
established in the homecage, well before the stress, predict the resilient 
and susceptible outcome (Larrieu et al., 2017). This is particularly 
interesting, as it suggests that there may be features of the defeat (e.g., 
dominance) that reflect intrinsic sociability. During defeat encounters, 
mice engage in a variety of active and passive coping behaviors, such as 
fight, escape, and freezing, as they react to the social stressor 
(McLaughlin et al., 2006). Also involved in the interaction is the ability 
to distinguish between threatening and non-threatening social cues, 
such as the environmental context and aggressor (Ayash et al., 2020). 
Observing the features of how these adaptive and reactive strategies 
unfold throughout the chronic stress experience may allow us to identify 
additional predictors of social outcome and paint a more cohesive pic
ture of what constitutes vulnerability. 

The behavioral and physiological components of the stress response 
are deeply intertwined; therefore, it is important to understand how 
interactions between these traits map onto different social outcomes 
following social defeat. The primary driver of the stress response is the 
hypothalamic-pituitary-adrenal (HPA) axis. When activated, a cascade 
of events leads to the adrenal synthesis and release of corticosteroid 
hormones—specifically, corticosterone (CORT) in rodents and cortisol 
in humans—targeting numerous organs, including the brain (Akil, 
2005). Through this neuroendocrine axis, stressful experiences can 
trigger a wave of physiological consequences, including alterations in 
the HPA axis itself, as well as changes in body weight regulation and 
pain sensitivity (Abdallah and Geha, 2017; Butler and Finn, 2009; Iio 
et al., 2014; Jeong et al., 2013). In humans, affective disorders, 
including major depressive disorder, have been associated with shifts in 
circadian cortisol rhythms (Adam et al., 2017) and an initial increase in 
cortisol in response to a social stress (Adam et al., 2017; Young et al., 
2000). 

To understand the specific factors that may lead an animal to display 
features of resilience or susceptibility to social stress, we conducted a 
series of careful studies examining behavioral and endocrine variables 
across the CSDS paradigm. We examined mice before (pre-), during, and 
after (post-) CSDS (Fig. 1A), generating a detailed temporal character
ization of resilient and susceptible mice and allowing identification of 
key variables that predict phenotype divergence. Importantly, our re
sults suggest that social reactivity to CSDS can be visualized during the 

defeat itself via inherent differences in coping mechanisms and that 
social reactivity is specific to the social context. 

2. Methods 

2.1. Animals 

All mice were purchased from Charles River Laboratories (Wil
mington, MA) and allowed at least one week for habituation to the vi
varium prior to use in experiments. Subjects included 80 C57BL/6 J 
male mice aged 8–11 weeks, housed 2–4 per cage upon arrival and until 
the start of the experiment. A total of 86 Male CD1 retired breeders (3–6 
months) were used as aggressors and social interaction stimulus mice. 
CD1 mice were singly housed one week prior to aggressor screening and 
the start of the experiment. Black Swiss mice (10–14 weeks) were used 
as stimulus animals in a subset of social interaction tests. Enrichment in 
the form of enviro-paks was provided throughout the study. The rooms 
were kept under a 12 h light:12 h dark cycle starting at 7 a.m. All 
behavioral tests were conducted under standard overhead lighting 
conditions unless otherwise noted. Mice were provided with mouse 
chow and tap water ab libitum and maintained in accordance with the 
NIH Guidelines for the Care and Use of Laboratory Animals. The Uni
versity of Michigan Institute of Animal Use Care and Use Committee 
(IACUC) approved all animal protocols utilized. 

2.1.1. Chronic social defeat stress (CSDS) and control rotation (CR) 
CSDS was performed according to the previously described protocol 

(Golden et al., 2011). Briefly, this paradigm consisted of a C57BL/6 J 
intruder male mouse subjected daily to 5-min bouts of physical defeat 
from a resident CD1 mouse, for a total of ten consecutive days. Each day 
of defeat, the intruder mouse was rotated to a new CD1 resident to 
prevent habituation. All CD1 mice were screened for aggression (defined 
as <1-min interval to aggressive behavior) prior to use in CSDS exper
iments, and CD1 mice were not re-used across cohorts. Following the 
defeat, the intruder mouse was placed across the resident CD1 in a (26.7 
× 48.3 × 15.2 cm) cage with a perforated plexiglass divider between 
them for 24 h to elicit the psychosocial aspect of the stress. Given the 
aggressive nature of defeat in mice, minor physical injuries were 
possible. Animals were closely monitored during each defeat session, 
and where visible wounding occurred (<1 cm), mice were immediately 
separated, and that defeat trial was concluded. In cases where injuries 
resulted in open wounds of >1 cm, both intruder and CD1 mice were 
removed from the study (Golden et al., 2011). Control mice were housed 
2/cage, separated from one another by a plexiglass divider and rotated 
to a new conspecific each day for ten days. All CSDS and CR occurred 
between 9 a.m. and 11 a.m. each day. Following CSDS or CR, 

Fig. 1. Experimental Schematic: Behavioral and endocrine profiling following chronic social defeat stress (CSDS) 
1A. Schematic timeline of the 3 timepoints (pre-, during, and post-defeat) used for behavioral phenotyping and endocrine profiling. Each timepoint includes the 
overall category of experiments conducted. Superscripts indicate the cohorts of mice used for each assay. 
1B. Social Interaction (SI) ratios of all 4 cohorts of mice combined. Defeat (n = 80; mean = 1.096, sd = ±0.877) and Control (n = 77; mean = 1.856, sd = ±0.934). 
Colors: red dash = SI ratio of 1, yellow = susceptible, blue = resilient, grey = control. 
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experimental mice were singly housed in the vivarium with enviro-pak 
enrichment. Defeat sessions were recorded with a video camera and 
manually scored by a blinded observer. The behaviors measured were 
total duration of engagement in the fight and total number of fights, 
escapes, and upright, forward, and crouch-back freezing during physical 
defeat bouts (Table 1). Duration measurements are reported in seconds, 
and all other behaviors are reported as a ratio of behavior measur
ed/total behaviors. Three cohorts were recorded for this analysis, 
resulting in a total of n = 22 resilient mice and n = 26 susceptible mice. 

2.1.2. Social interaction test (SI) 
SI was performed according to a previously described protocol 

(Golden et al., 2011). SI tests were conducted under red light in a testing 
arena (41 × 41 × 40 cm), with a removable stimulus cage (10 × 10 × 10 
cm) used to hold the social stimulus animal. There were two, 2.5-min 
trials. During the first trial, the experimental mouse was allowed to 
explore the arena with an empty stimulus cage. The mouse was then 
removed from the arena, and a social partner (CD1, unless otherwise 
noted) was placed inside the stimulus cage. The experimental mouse was 
returned to the arena for another 2.5 min. Each session was recorded and 
exploration of the whole arena, as well as the exploration of the 
cage/interaction zone was scored using automatic tracking software 
(Noldus Ethovision XT software; Noldus Information Technology, 
Leesburg, VA). The SI Ratio was calculated as time spent in the inter
action zone with CD1 present/not present. A social interaction score of 
≤1 indicates susceptible, while >1 indicates resilient (Assessed in Co
horts 1–4). 

2.2. Body weight (BW) 

Mice were weighed on Day 1 and again on Day 10 of the CR or CSDS. 
Change in body weight was measured as Day 10 (g) – Day 1 (g). 
(Assessed in Cohort 1). 

2.3. Corticosterone (CORT) measurements 

AM/PM Measurements: To assess the circadian rhythm of circulating 
CORT, AM and PM CORT were assayed three days before and following 
CSDS or CR. Blood was drawn 2 h before lights on and 1 h following 
lights off in the mouse vivarium via tail vein under red light using Sar
stedt Inc. MICROVETTE CB300 EDTA tubes (Ref#16.444.100). Blood 
was centrifuged, and plasma was stored at − 80 ◦C until used for CORT 
analysis with the Arbor Assays CORT ELISA kit (Cat#K014–H1). 
(Assessed in Cohort 1). 

Forced Interaction Test (FIT): After CSDS or CR and one day 
following AM/PM blood draws, mice were placed across from a novel 
mouse in a clean CSDS cage, separated by a perforated plexiglass wall for 
40 min to simulate both SI test and CR/CSDS conditions. No physical 
interaction was allowed, but sensory interaction was allowed through 
the perforated divider. Immediately upon the conclusion of this 40-min 
test, mice were sacrificed, trunk blood was collected in 1 mL tubes with 
25 μL of 0.05 M EDTA and centrifuged. Plasma was then stored at 
− 80 ◦C until used for CORT analysis with the Arbor Assays CORT ELISA 
kit (Cat#K014–H1). (Assessed in Cohort 1). 

2.4. Open field (OF) 

After CSDS or CR and one day following SI testing, mice were placed 
in an arena of 41 × 41 × 40 cm in size made of white plexiglass. Mice 
were allowed to explore the open field for 10 min. Time spent in the 
center was scored by Noldus Ethovision XT software. (Assessed in 
Cohort 2). 

2.5. Forced swim test (FST) 

After CSDS or CR and two days following SI testing, mice were 
recorded from above and placed in a tall container (30 × 10 cm) filled 

Fig. 2. Pre-stress: Basal social interaction and corticosterone levels did not predict resilience or susceptibility post social defeat. 
2 A. Schematic timeline of pre-post SI test and AM/PM corticosterone (CORT) sampling. 2 B. In control mice, SI Ratios displayed before the rotation did not correlate 
with SI ratios measured after the rotation. 2C. In defeated mice, SI ratios measured before defeat did not correlate with SI ratios displayed after defeat. 2D. CORT 
ELISA showing diurnal patterns of CORT before and after CSDS/CR. For all groups, the diurnal CORT patterns remained stable throughout the experiment, with 
higher PM CORT. For either pre- or post-CSDS/CR timepoints, there were no differences in CORT levels between groups. Significance Codes: n.s. = not significant. 
Colors: grey = control, blue = resilient, yellow = susceptible. 

Table 1 
Summary table of behaviors scored during physical defeat bouts.  

Behavior Scored Description 

Fight Intruder mouse actively engages in fight 
Escape When approached, the intruder mouse jumps over the resident 

mouse 
Upright Freeze Intruder mouse freezes while on hind legs 
Forward Freeze Intruder mouse freezes while on all four legs, facing towards the 

resident 
Crouch Back 

Freeze 
Intruder mouse freezes with all four legs pulled in, facing away 
from resident  
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within 2 inches from the top with 25 ± 2 ◦C water for 6 min. Total time 
spent immobile was hand-scored using a timer by an observer blind to 
the groups. Time spent immobile was defined as the least amount of 
movement to stay afloat (one hind-paw peddling or total immobility). 
(Assessed in Cohort 2). 

2.6. Von Frey (VF) 

After CSDS or CR and one day after SI testing, each mouse was placed 
in a Plexiglas box atop a mesh platform and allowed to habituate for 30 
min each day for three days. On the third day, mice were tested. Von 
Frey filaments of various forces starting from lowest to highest (0.008(g) 
- 2.0(g) Aesthesio Precise Tactile Sensory Evaluator Item#415000-20C) 
were placed on the plantar surface of the hind paw (of each foot) until 
the fiber bends or the mouse withdrew its paw from the stimulus. Each 
hind paw was tested twice for force necessary to cause a withdrawal 
response and then all 4 values were averaged for the final score. 
(Assessed in Cohort 3). 

2.7. Cohort breakdown 

Four cohorts of mice were used to explore the above behaviors and 
physiological differences. Breakdown of group sizes and testing condi
tions are as follows: 

During Stress: Cohorts 1, 3, and 4a were videotaped and scored for 
‘During Stress’ Scoring (Fig. 3A). 

2.8. Statistics 

Graphpad Prism and R (version 4.0.2) were used for figure design 
and statistical analyses. In R, pastecs, car, afex, nlme, and emmeans 
packages were used for statistical analyses (Fox and Weisberg, 2019; 
Grosjean and Ibanez, 2018; Lenth, 2020; Pinhero et al., 2020; Singmann 
et al., 2016). To determine main effects, one-way ANOVAs were eval
uated with the car package, (aov function). To determine main and 
interaction effects with multiple time points, 2 × 2 ANOVAs were 
evaluated using the afex package (aov_ez function), with between factor 
= Group (control, resilient, susceptible) and within factor = time or 
tester strain. To control for cohort effects for the during stress behaviors, 
we added ‘cohort’ as a covariate to the 2 × 2 ANOVA. Post-hoc tests 
were conducted with the emmeans package (emmeans and pairs func
tion), using a Tukey-HSD test. Mann-Whitney T-test was used for single 
comparisons among control and defeat groups. Pearson correlations 
were conducted via the cor.test function to assess linear relationships 
between outcome variables. Multi-level model (MLM) for baseline CORT 
data was evaluated using the nlme package (lme function) with estimates 
optimized using Restricted Maximum Likelihood (REML) and summa
rized to produce individual coefficients, approximate standard errors, 
and respective p-values for each level of the fixed effects variables. MLM 
was used to examine datasets that contain both repeated measures and 
missing data. There were missing data points for baseline AM/PM CORT 
samples due to not collecting enough blood from the tail vein (data 
point = blood collection time point–9 data points missing in controls, 7 

Fig. 3. During Stress: Mice that end up susceptible used escape as a coping behavior 
3A. Schematic timeline indicating observation of coping behaviors during Day 1 and Day 10 of defeat. 3 B. Average % of freezing, escape, and fight behaviors 
displayed on Day 1 and Day 10, according to resilient and susceptible phenotype. 3C. i. Ratio of # of fights/total behaviors observed on Day 1 and Day 10 of defeat. 
Overall, fight behaviors decreased from Day 1 to Day 10, but levels of fighting were similar between resilient and susceptible groups. 3C. ii. Fight ratios measured on 
Day 1 of defeat were positively correlated with SI ratios measured post-defeat. 3D. i. Ratio of # of escapes/total behaviors observed on Day 1 and Day 10 of defeat. 
Escape behaviors were higher overall in susceptible compared to resilient mice and also higher overall on Day 10 compared to Day 1.3D. ii. Escape ratios measured 
on Day 1 of defeat were negatively correlated with SI ratios measured post-defeat. 3D. ii. Escape contingency table illustrating a higher proportion of susceptible mice 
escape compared to resilient on Day 1.3 E. i. Replication of Escape analysis in an additional cohort presented a trend for susceptible mice to escape more compared to 
resilient. 3 E. ii. Escape contingency table in replicate cohort illustrating a higher proportion of susceptible mice escape compared to resilient on Day 1. Significance 
Codes: Group Main Effect α, Day Main Effect β, *p < 0.05. Colors: blue = resilient, yellow = susceptible. 
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data points missing in defeated mice). All significance thresholds were 
set at p ≤ 0.05. Receiver operating characteristic curve analysis was 
done in Prism to test for the sensitivity and specificity of using Day 1 
escape behavior as a predictive variable for social outcome. The Fisher’s 
exact test was run in prism to analyze the contingency table of resilient 
and susceptible mice Day 1 escape behavior. Detailed statistics are 
included in the Supplemental Tables. 

3. Results 

3.1. Characterizing the resilient-susceptible outcome 

We first examined social interaction behavior following ten days of 
chronic social defeat stress (CSDS) or control rotation (CR). Across four 
cohorts, control mice demonstrated a preference for social interaction, 
with a mean SI Ratio of 1.856 (sd = ±0.934). In contrast, animals that 
experienced social defeat displayed a significant reduction in SI Ratios, 
with a mean of 1.096 (sd = ±0.877) (Fig. 1B; p < 0.001, Mann-Whitney 
U = 1600). Defeat increased the proportion of socially avoidant mice (SI 
Ratio ≤1) from 16% (controls) to 48% (defeat). Notably, defeated mice 
could now be grouped according to two distinct response patterns: so
cially avoidant (susceptible) and socially interactive (resilient). 

To understand this shift in population distribution due to defeat, we 
asked how the final susceptible and resilient features evolve longitudi
nally. We characterized defeated mice by observing features of behav
ioral, physiological, and neuroendocrine read-outs before (pre-), during, 
and after (post-) CSDS (Fig. 1A). The information gathered was used to 
identify which time(s) and which behavior(s) can predict the divergence 
of resilient and susceptible mice. This allowed us to ask whether the 
social avoidance phenotype is apparent early on, or whether it emerges 
due to the full extent of the repeated stress. 

3.2. Pre-defeat: SI ratios and CORT levels were not predictive of future 
reactivity to CSDS 

3.2.1. Pre-CSDS SI ratios did not correlate with post-CSDS SI ratios 
Given that the most robust finding following CSDS is the split of 

resilient and susceptible behaviors in the SI test, we asked whether this 
social behavior is a stable trait that 1) precedes stress and 2) could be 
used to predict resilient and susceptible groups. To that end, we con
ducted SI testing one day before and one day after CSDS and CR in the 
same animals (Fig. 2A). There was no correlation between SI ratios pre- 
or post-CR in control mice, nor pre- or post-CSDS in defeated mice 
(Control: Fig. 2B, Supp. Table 2; p > 0.05, Defeat: Fig. 2C, Supp. Table 2; 
p > 0.05). These data demonstrate that the development of vulnerability 
to CSDS cannot be predicted by social behavior before experiencing 
defeat. 

3.2.2. Social reactivity outcome was not predicted by basal diurnal CORT 
rhythms, either before or after CSDS 

We then wanted to assess if baseline neuroendocrine differences 

predicted resiliency or susceptibility. There is a distinct diurnal pattern 
of CORT in rodents, with relatively low levels in the morning and high 
levels in the evening (Moore and Eichler, 1972). We assayed both AM 
and PM plasma CORT levels in the same mice taken two days before and 
two days after the CSDS/CR (Fig. 2A). We fit a linear mixed-effects 
model with CORT (ng/mL) levels as the outcome variable and pre-vs. 
post- CSDS/CR, time of day, and group and their interactions as the 
fixed effects. Across control, resilient, and susceptible mice, time of day 
was a significant predictor of CORT levels (Supp. Table 1; est = 1.552, sd 
= 0.503, p = 0.003), indicating that the diurnal rhythm of CORT 
remained robust in all groups. Importantly, this diurnal pattern was not 
predictive of social outcome (p > 0.05), denoting that the resil
ient/susceptible phenotype did not shift the circadian cycle of stress 
hormones. Moreover, pre- and post- CSDS/CR levels were not predictive 
(p > 0.05), suggesting that the process of going through the CSDS/CR 
itself did not alter baseline CORT levels (Fig. 2D). 

3.3. During the initial defeat encounter, susceptible mice engaged in more 
escape behavior 

During agonistic encounters, mice engage in a variety of coping be
haviors, including freeze, fight, and escape (McLaughlin et al., 2006; 
Scott, 1966). Therefore, we asked whether the type of coping behavior 
utilized during the defeat encounter has any predictive value for the 
resilient or susceptible outcome. To do this, we quantified these active 
and passive coping behaviors (Table 1) on Day 1 (a stress-naïve first 
encounter) and on Day 10 (experienced final stress encounter) (Fig. 3A). 
As shown in Fig. 3B, resilient and susceptible mice displayed different 
patterns of freeze, fight, and escape. We then compared the expression of 
these behaviors on Day 1 and Day 10 between resilient and susceptible 
groups. 

3.3.1. Freezing behaviors were not related to resilient or susceptible 
outcomes 

For all three freezing behaviors (Upright, Crouch, or Forward), there 
were no changes across Day or between Groups (Supp. Fig. 1C–D, Supp. 
Table 5; Day p > 0.05, Group p > p0.05). Freezing behaviors were also 
not correlated with post-defeat SI ratios (Supp. Table 15). Thus, these 
data suggest that the freezing response is not related to the sociability 
outcome. Therefore, we assessed whether differences in the active 
coping behaviors (fight versus escape) mapped onto future expression of 
resilience and susceptibility. 

3.3.2. Greater initial fighting was correlated with subsequent resilience 
Fighting behavior over the course of the defeat protocol is dynamic. 

Over the course of the ten days of the defeat protocol, there was an 
overall significant decrease in fight duration (Supp. Fig. 1B; Test Day 
F1,44 = 16.20, p < 0.001). Across all defeat sessions, neither fight 
duration nor ratio of total fight engagements differentiated the resilient 
and susceptible groups, as these groups displayed similar durations of 
active fighting across the defeat sessions (Supp. Fig. 1B; Group F1,44 =

0.030, p = 0.860). Similarly, the fight ratios over the course of defeat 
were similar between resilient and susceptible mice (Fig. 3C i; Group 
F1,44 = 3.45, p = 0.070). However, the amount of fighting behavior 
displayed early in the course of defeat (in the initial encounter) was 
related to the eventual sociability phenotype, as indicated by a signifi
cant positive correlation between SI ratio and fight behavior on Day 1 
(Fig. 3 Cii; r = 0.312, p = 0.031). Thus, although overall fighting levels 
were similar between groups, higher SI ratios correlated with higher 
levels of fighting on the first aggressive encounter. 

3.3.3. Day 1 escape behavior predicted which mice become susceptible 
Escape behaviors are also dynamic, but in contrast to fight, escape 

ratios increased over the course of defeat (Fig. 3D i.; Test Day F2,44 =

29.92, p < 0.001). There was also a significant group difference for this 
coping behavior, as mice that emerged as susceptible exhibited 

Table 2 
Testing conditions per experimental cohort.  

Cohort Group Size Test Conditions Testing 
Timelines 

1 n = 20 control, n =
16 defeat 

SI, Baseline CORT, FIT CORT, 
Body Weight 

Figs. 2A & 5A 

2 n = 20 control, n =
15 defeat 

SI, OF, FST Fig. 4A 

3 n = 19 control, n =
17 defeat 

SI, VF Fig. 4A 

4a n = 10 control, n =
17 defeat 

SI w/CD1, SI w/Novel C57BL/ 
6 J 

Fig. 6A 

4 b n = 8 control, n = 15 
defeat 

SI w/CD1, SI w/Black Swiss Fig. 6A  
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significantly greater escape behaviors on Day 1 than resilient mice 
(Fig. 3D i.; Group F1,44 = 7.070, p = 0.011). Notably, we observed a 
significant negative correlation between SI Ratio and escape behavior on 
Day 1 (Fig. 3D ii.; r = − 0.297, p = 0.040). 

We next asked whether escape behavior could predict susceptibility/ 
resilience prospectively. To do this, we separated mice on Day 1 into two 
groups: high escape vs. low escape, based on whether mice escaped one 
standard deviation above or below the mean (mean = 0.195, sd =
±0.160). A Fisher Exact Test revealed a significant correlation between 
SI Ratio and high/low escape behavior (p = 0.041). A 2 × 2 contingency 
table analysis shows that on Day 1, the proportion of high escape mice 
that become susceptible to CSDS (7 out of 9) was larger than resilient 
individuals (1 out of 6) (Fig. 3D ii.). This was further confirmed by using 
a receiver operating characteristic curve analysis, which found that 
escape behavior on Day 1 significantly predicted the outcome of resilient 
and susceptible groups following CSDS (Supp. Fig. S2; area = 0.720, p =
0.009). 

We used an additional cohort to verify that Day 1 high escape be
haviors predict the emergence of susceptibility. In this cohort, mice 
overall escaped at an average ratio of 0.161 (sd = ±0.117) with a trend 
for future susceptible mice to have a higher escape ratio (Fig. 3E i.; p =
0.064). After separating this cohort into high vs. low escape, a Fisher 
Exact Test revealed again that there was a significant correlation be
tween SI Ratio and high/low escape behavior (p = 0.033). A 2 × 2 
contingency table analysis shows that on Day 1, the proportion of high 
escape mice that become susceptible to CSDS (6 out of 7) was larger than 
resilient individuals (0 out of 3) (Fig. 3E ii). Thus, examining escape 
behavior as either a continuous measure or categorical variable shows a 
predictive relationship between high escape and eventual susceptibility. 

3.4. Post-stress: comprehensive behavioral phenotyping associated with 
social outcome 

3.4.1. Traditional affective readouts: the open field (OF) and forced swim 
test (FST) 

To address whether resilient and susceptible phenotypes (according 
to the SI test) are generalizable to traditional measures of anxiety- and 
depressive-like behavior, we conducted the Open Field (OF, anxiety-like 
measure) and Forced Swim Test (FST, depression-like measure) 
following CSDS or CR (Fig. 4A). 

In the OF test, social defeat reduced the percent time spent in center 
compared to controls (Fig. 4B; F2,31 = 6.689, p = 0.004), indicating a 
general increase in anxiety-like behavior following CSDS. However, 
there was no difference between resilient and susceptible mice (p >
0.05), and there was no correlation between SI Ratios and percent time 

spent in the center in defeated mice (p > 0.05) (Supp. Table 10). 
Therefore, although defeat itself increased anxiety-like behavior in the 
OF, there was no difference between resilient and susceptible groups. 

In the FST, there was a significant difference across groups in time 
spent immobile (Fig. 4C; F2,31 = 3.93, p = 0.030). Compared to controls, 
there was no significant difference between resilient (p > 0.05) or sus
ceptible (p > 0.05) mice. However, susceptible mice spent significantly 
more time immobile compared to resilient mice (p = 0.023). In this test, 
SI Ratios did not correlate with immobility time in defeated mice (Supp. 
Table 10; p > 0.05). 

3.4.2. Mice with lower SI ratios displayed greater sensitivity to mechanical 
nociception (Fig. 4D) 

Due to the physical nature of social defeat, we conducted the Von 
Frey (VF) test to understand whether pain sensitivity differed between 
resilient and susceptible mice. There was a significant effect of group on 
filament force (g) used in the VF test (Fig. 4E; F2,33 = 5.163, p = 0.011). 
Susceptible mice needed a significantly lower filament force to elicit a 
mechanical response than controls, indicating an increased mechanical 
nociception sensitivity (p = 0.009). In contrast, resilient mice had a 
similar filament force threshold to control mice (p > 0.05). There was a 
trend for lower pain threshold in susceptible mice compared to resilient 
(p = 0.069). And moreover, within defeated mice, there was a positive 
correlation between SI Ratio and force (g) of filament threshold (Fig. 4F; 
p = 0.015, r = 0.581), indicating a relationship between social avoid
ance and increased pain sensitivity. These data highlight a relationship 
between social interaction and pain sensitivity that goes beyond the 
traditional measures of affective-like behaviors. 

3.5. Post-stress: sociability outcome was related to physiological measures 
of weight and CORT 

To determine whether there were neuroendocrine and physiological 
differences in resilient and susceptible mice following stress, we con
ducted a social stress challenge and observed changes in body weight 
and CORT. 

3.5.1. In response to a social stress challenge, lower SI ratios were 
correlated with lower CORT expression 

Although pre-defeat experiments showed no differences in basal 
CORT rhythms, we wanted to determine whether resilient and suscep
tible mice would display different CORT responses when given a social 
stress challenge. Following 40-min exposure to a CD1 mouse, there was 
an overall group difference between control, resilient, and susceptible 
mice (Fig. 5B; F2,33 = 4.560, p = 0.0214). This group effect was driven by 

Fig. 4. Post-Stress: Characterization of Behavioral Outcomes. 4 A. Schematic timeline of assessing traditional read-outs of anxiety-like (Open field, OF) and 
depression-like (Forced swim test (FST) behavior tests. 4 B. Cumulative duration (%) of time spent in the open area of the OF was overall decreased by defeat. 4C. 
Resilient mice spent less time immobile compared to susceptible mice. 4D. Schematic timeline of Von Frey (VF) testing. 4 E. In the VF test, susceptible mice had 
increased pain sensitivity compared to controls. 4 F. Lower SI ratios were correlated with lower force (g) filaments used to elicit a response in the VF test (increased 
pain sensitivity). Significance Codes: Group Main Effect α, *p < 0.05, **p < 0.01. Colors: grey = control, blue = resilient, yellow = susceptible. 
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increased CORT expression in resilient mice compared to controls (p =
0.016). Interestingly, within defeated mice, there was a significant 
positive correlation between SI ratios and CORT levels (r = 0.055, p =
0.026), indicating that the more socially interactive mice mounted 
higher CORT responses to the social stress challenge (Fig. 5C). 

3.5.2. Susceptible mice had reduced weight gain by the end of CSDS 
As an additional physiological measure of the effects of stress, we 

compared changes in body weight across the experimental period in 
mice exposed to CSDS or CR (Fig. 5A). Weight change across social 
defeat was calculated (Day 10 wt – Day 1 wt) and showed an overall 
group difference between control, resilient, and susceptible mice 
(Fig. 5D; F2,33 = 18.60, p < 0.001). This difference was driven by a 
significant reduction in weight in susceptible mice compared to both 
control (p < 0.001) and resilient (p < 0.001) mice. Within the defeated 
group, there was a significant positive correlation between SI Ratio and 
body weight (Fig. 5E; r = 0.492, p < 0.001), further indicating that social 
avoidance was related to reduced weight gain. 

We ran a linear regression to test whether there was a relationship 
between body weight and SI Ratio on FIT CORT expression. We found 
that while there was an effect of body weight change on SI Ratio (p =
0.017), there was no effect of weight change on FIT CORT expression 
(Supp. Table 9; p > 0.05). This analysis indicates that although body 
weight and stress-induced CORT were independently related to social 
reactivity outcome of defeat, the two physiological variables were not 

directly related to each other. 

3.6. Post-stress: susceptible mice exhibited an ability to discriminate social 
threat 

Recent evidence suggests that a conditioned response to a threat
ening social stimulus may play a role in the development of social 
avoidance (Ayash et al., 2020). Therefore, we next wanted to ask 
whether the reduced SI ratios observed in susceptible mice reflect a 
generalized reduction in social motivation, or whether the change is 
specific to the strain associated with defeat. To determine the strain 
specificity of social interaction behavior in this study, two additional 
cohorts of defeated and control mice were assessed with SI tests using 
different strains of mice as social partners. First, to measure social re
sponses to animals not associated with an aggressive encounter, subjects 
were tested with either a novel C57BL/6 J mouse or a mouse from a 
different outbred strain (Black Swiss). These “non-aggressor” tests were 
followed by a SI test using a CD1 mouse as a social partner. (Fig. 6A). 

3.6.1. Susceptible mice were not socially avoidant when tested with non- 
aggressor strains 

When we tested defeat subjects with a partner of the same strain 
(C57BL/6 J) or with a CD1, we found that there was a significant 
interaction effect between group and strain of social partner (Fig. 6B; 
F2,23 = 13.70, p < 0.001). This interaction reflects a group difference in 

Fig. 5. Susceptible mice gained less 
weight and mounted a blunted CORT 
response compared to resilient mice. 
5 A. Schematic timeline of body weight 
and Forced Interaction Test (FIT) CORT 
measurements. 5 B. FIT-induced CORT 
(ng/mL) levels increased in resilient 
mice compared to controls. 5C. In 
defeated mice, lower FIT CORT (ng/mL) 
levels correlated with lower SI Ratios. 
5D. Change in BW (Day 10 – Day 1) 
indicates that susceptible mice had 
reduced weight gain compared to resil
ient and control mice. 5 E. In defeated 
mice, higher SI ratios were significantly 
correlated with larger weight gains over 
the course of the experiment.Signifi
cance Codes: Group Main Effect α, *p <
0.05, **p < 0.01. Colors: grey = control, 
blue = resilient, yellow = susceptible.   
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the CD1 SI test, but not the C57BL/6 J SI test (CD1 test: F2,23 = 34.08, p 
< 0.001; C57BL/6 J test: F2,23 = 0.373, p = 0.693). When the CD1 was 
the social partner, susceptible mice displayed significantly lower SI 
Ratios compared to both resilient (p < 0.001) and control (Supp. 
Table 13; p < 0.001). In contrast, when the C57BL/6 J was the social 
partner, susceptible, resilient, and control mice all had comparable SI 
Ratios (Supp. Table 13; all post-hoc comparisons: p > 0.05). 

When we tested subjects with a different outbred strain (Black Swiss) 
or with a CD1, we again found a significant interaction between group 
and strain of social partner (Fig. 6B; F2,20 = 13.27, p < 0.001). Similarly, 
this interaction reflects a group difference in the CD1 SI test, but not the 
Black Swiss SI test (Fig. 6C; CD1 test: F2,20 = 19.39, p < 0.001; Black 
Swiss test: F2,20 = 0.120, p = 0.888). When the CD1 was the social 
partner, susceptible mice displayed significantly lower SI Ratios 
compared to both resilient (p < 0.001) and control (p < 0.001) mice. 
Resilient mice displayed a significant decrease in SI ratios compared to 
controls (p = 0.035); nevertheless, resilient mice tested with a CD1 still 
had SI ratios above 1, which is indicative of a socially interactive 
phenotype (one-sample t-test, t = 3.801, df = 7, p = 0.007). Importantly, 
when the Black Swiss was the social partner in the SI test, susceptible, 
resilient, and control mice all had comparable SI Ratios (Supp. Table 13; 
all post-hoc comparisons: p > 0.05). 

Collectively, our results demonstrate that, when tested with either of 
the non-CD1 (non-aggressor) strains, susceptible mice exhibited SI ratios 
comparable to control and resilient mice, indicating that the shift in 
sociability is specific to strains associated with the actual defeat. 
Therefore, susceptible mice can clearly discriminate between a threat
ening strain (CD1) and non-threatening (C57BL6/J or Black Swiss) 
strain. 

4. Discussion 

The CSDS model has proven valuable in investigating the underlying 
neurobiological mechanisms of social reactivity after resilient and sus
ceptible groups are established. Following CSDS, neuroanatomical dif
ferences (Anacker et al., 2016), transcriptional profiles (Bagot et al., 
2016), and neural activity patterns (Hultman et al., 2018; Muir et al., 
2018, 2020; Muir et al., 2020) have all been linked to susceptibility or 
resilience. In our study we performed a characterization of the behav
ioral differences either before or early in the stress experience that may 
set the course for the social outcome. We assessed behavioral, neuro
endocrine, and physiological differences pre-stress, during the early 
social stress experience, and post-stress. The current work outlines 
several key findings that shed light on the affective makeup of resilient 

and susceptible mice. 
Key Findings:  

a) We did not identify a priori behavioral readouts that predicted 
resilient or susceptible outcomes. The degree of social interaction 
before stress is not predictive of social response following stress, 
suggesting that these animals do not simply differ in “sociability.” 
Moreover, physiologically, basal CORT has no predictive value for 
social reactivity to CSDS.  

b) By contrast, coping style during the first encounter is a key variable in 
the emergence of the eventual phenotype: higher rates of escape 
behavior on Day 1 indicate a greater likelihood of a subsequent 
classification of susceptible. In addition, the propensity for more 
fighting on Day 1 correlates with greater resilience scores.  

c) Following stress, social avoidance is not generalizable to traditional 
measures of affective behavior. However, it is associated with greater 
sensitivity to physical pain and significant weight loss. Moreover, 
lower social interaction ratios correlate with lower CORT expression 
when mice are placed back in the social stress context.  

d) Social avoidance is social context-specific, as susceptible mice do not 
avoid non-aggressive strains. 

Taken together, our findings demonstrate that the susceptible, so
cially avoidant animals exhibit high reactivity to a specific social 
stressor, characterized by a greater propensity to escape during the early 
encounters. This initial difference evolves into a relatively lower endo
crine stress response to social threat, along with greater sensitivity to 
pain and weight loss. However, susceptible mice appear clearly attuned 
to the nature of the aggressor and do not generalize the threat response 
to either con-specifics or other novel strains of mice. Through this work, 
we have expanded our understanding of susceptibility in this animal 
model, adding context to the socially avoidant phenotype. 

4.1. Evaluating how social outcome tracks with traditional measures of 
emotional vulnerability 

Across multiple labs, the variation in behavioral responses to social 
defeat reflects the complexity of defining vulnerability and the nuanced 
relationship between stress and affective behaviors. When assessed after 
defeat, traditional measures of anxiety-like behavior, such as open field 
and elevated plus maze, generally do not track between resilient and 
susceptible outcomes (Alves-Dos-Santos et al., 2020; Krishnan et al., 
2007). In measures of depression-like behavior, such as the forced swim 
test, there have been contradictory findings related to the link to 

Fig. 6. Susceptibility in the SI test was specific to 
strain used during defeat 
6A. Schematic timeline of strain-specificity social 
interaction testing. 6 B. When tested with the 
aggressor strain (CD1) as the social partner, suscep
tible mice had reduced SI ratios compared to the 
other groups, indicating social avoidance. However, 
susceptible mice displayed similar SI ratios compared 
to controls and resilient mice when placed with a 
C56BL/6 J (BL6). 6C. When tested with a Black Swiss 
(BS), susceptible mice displayed SI ratios similar to 
control and resilient mice. Susceptible mice only 
exhibited social avoidance when a CD1 was the social 
partner in the SI test. Resilient mice displayed lower 
SI ratios compared to controls in the CD1 interaction 
but remained above 1 (socially interactive). Signifi
cance Codes: Group Main Effect α, Interaction Effect І, 
*p < 0.05, **p < 0.01, p<****0.0001. Colors: red 
dash = SI ratio of 1, grey = control, blue = resilient, 
yellow = susceptible.   
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resilience or susceptibility (He et al., 2018; Krishnan et al., 2007; Lee 
et al., 2021; K. Zhang et al., 2021). Although we detected a difference in 
FST immobility between resilient and susceptible mice, both groups 
were comparable to controls. Additionally, within defeated animals, 
there was no relationship between social reactivity and this particular 
depressive-like measure. It is important to highlight that CSDS is both a 
physical and psychosocial stressor—in our work, delineation of resilient 
and susceptible animals involved measures that were physical (pain 
sensitivity and body weight) or psychosocial (coping behavior, FIT 
CORT, and susceptible threat-discrimination). Thus, although anxiety- 
or depressive-like assays can be useful in characterizing general affective 
states following CSDS, these tests do not appear to reflect the relevant 
stimuli encoded by the social stress itself and may be less tied to the 
social outcome at the time points downstream behavior is observed. 
Another important variable to consider when parsing susceptible or 
resilient outcomes of social defeat is the nature of the CSDS protocol 
itself. For example, increasing the number of defeat sessions from 10 to 
21 consecutive days increases susceptibility and provokes stronger and 
more reliable differences in depression-like and anxiety-like measures 
(Fang et al., 2020; Lu et al., 2021), suggesting that social interaction 
outcomes following a more prolonged stress track well with traditional 
affective assays. In contrast, acute social defeat stress (3 sessions in 1 
day) does not reveal any differences between resilient and susceptible 
outcomes in depression-like or anxiety-like tests (Grossman et al., 2022). 
Finally, an added layer of complexity for these studies relates to the 
potential for sex differences in how resilient or vulnerable phenotypes 
emerge. Examining sex differences in the CSDS model has been 
complicated by the fact that territorial aggression is provoked by 
different experimental conditions in male vs. female mice, and the ma
jority of previous CSDS studies to date have focused on male subjects 
(Carnevali et al., 2020; Hammels et al., 2015; Martinez et al., 1998). 
Nevertheless, researchers have begun to explore inter-female aggression 
using modified CSDS protocols and have identified unique consequences 
of this type of social stress in females (Harris et al., 2018; Logan, 2019; 
Takahashi et al., 2017; van Doeselaar et al., 2021). Although we did not 
include female mice in our current work, defining the neurobiology of 
vulnerability and resilience to social stress in both sexes remains a 
critical gap in this model and will be essential for our understanding of 
underlying risk factors for stress-related disorders in humans (Lyons 
et al., 2018; Senst et al., 2016; Varholick et al., 2019). 

4.2. Predicting the resilient-susceptible outcome 

Recently there has been greater emphasis on uncovering what traits 
or combinations of traits are needed to predict resilient and susceptible 
outcomes. For example, Nasca et al. found that predicting susceptibility 
is optimized when multiple behavioral, neuroanatomical, and physio
logical measures are combined (Nasca et al., 2019). When looking spe
cifically at social behavior features, Larrieu et al. identified that 
hierarchal status before defeat predicts the social phenotype; mice that 
are higher-ranked in their home cage are more likely to exhibit sus
ceptible and socially avoidant behaviors following social defeat (Larrieu 
et al., 2017). Moreover, it has been shown that features of behaviors that 
can be classified as ‘active actions’ are predictive of social outcome. 
Indeed, mice displaying low baseline physical activity in a voluntary 
wheel running assessment prior to CSDS are more likely to become 
susceptible compared to more active mice (J. Zhang et al., 2021). 
Similarly, low levels of exploration in a novel environment (exploratory 
drive) predict susceptibility following CSDS (Milic et al., 2021). 
Consistent with a role for active behavioral traits in predicting social 
outcome, the current results provide novel evidence that less “active” 
coping behaviors displayed during the initial defeat (e.g., escape) pre
dicted susceptibility. Taken together, this pattern suggests that the 
resilient or susceptible responses to social stress may reflect broad 
temperamental differences in active vs. passive traits. 

4.3. Evaluating the cost-benefit balance in susceptible mice 

The two main coping behaviors we observed during the defeat, fight 
and escape, can be understood in the context of evolutionarily conserved 
predator-prey interactions (Koolhaas et al., 1999). For example, mice 
can either engage in the fight to assert active territorial control 
(Anderson and Hill, 1965) or deploy an escape strategy to avoid the 
looming threat of the approaching predator (De Franceschi et al., 2016; 
Eilam, 2005; Shang et al., 2018). Mice that go on to become resilient 
engage in more fights on day 1 of defeat, suggesting that they may be 
attempting to assert dominance over the social threat through height
ened aggression and fight engagements. This interpretation is further 
supported by our finding that CORT responses to social stress challenge 
were elevated in resilient mice, as increased plasma glucocorticoids 
have been linked to increased levels of aggression and fight engage
ments (Haller et al., 1998). Similarly, Milic et al. found that when 
assessing CORT expression following an SI test that occurred 1 week 
post-CSDS, elevated CORT levels were positively correlated with 
exploration time of a novel CD1 (Milic et al., 2021). A heightened level 
of CORT in resilient mice may come at a cost, as sustained CORT 
expression can have detrimental health effects on both body and brain 
(McEwen and Akil, 2020). Although we did not observe CSDS-induced 
changes in baseline CORT, other CSDS protocols have cited baseline 
shifts, perhaps reflecting differences in the exact protocol or blood 
collection methods (Gururajan et al., 2019). The potential for CSDS to 
significantly shift HPA function, altering the consequences of subse
quent stressors, highlights the need for more studies examining CORT 
trajectories in resilient and susceptible mice. 

Although susceptibility has often been thought to reflect a mal
adaptive reduction in social motivation, our results suggest possible 
advantages to this response. In susceptible mice, the high propensity to 
escape indicates that these animals tend to employ an evasive strategy to 
avoid harm and are perhaps highly sensitive to threat. This underlying 
difference in threat assessment can also be seen in Milic et al. where they 
observed that susceptible mice show increased avoidance to harm in a 
passive avoidance task prior to stress (Milic et al., 2021). Interestingly, 
we showed that susceptible mice do not appear to have reduced social 
motivation in general, only reduced exploration specific to the strain 
associated with aggression. Similarly, when using a modified social 
interaction test in which defeated mice were placed in a 
three-chambered social approach task, Ayash et al. found that suscep
tible mice interacted more with the non-aggressive C57BL6/J or 129/Sv 
than a CD1 (Ayash et al., 2020). Both studies show that when tested 
either sequentially or forced to make a choice, the social avoidance 
behavior in susceptible mice is specific to the aggressor context. The 
potential benefits of susceptibility, in terms of increased threat avoid
ance, appear to come at some cost, as these animals also had reduced 
weight gain and increased pain sensitivity following CSDS. Other studies 
have observed overall increased pain sensitivity following defeat (Marco 
Pagliusi et al., 2020; M Pagliusi et al., 2020), but it is unclear whether 
individual variation in pain sensitivity precedes the defeat; additional 
studies are needed to uncover whether this is a predictive factor. Taken 
together, our results suggest that susceptibility should be viewed in a 
more nuanced way, as the conditions in which the observed behavior is 
expressed dictates whether there it is a cost or benefit to the animal. 

4.4. Concluding remarks 

It is worth recalling that resilient and susceptible mice in these and 
other studies derive from a single inbred strain and therefore share a 
common genetic makeup. Despite this, inbred strains exhibit a high 
degree of individual variability in behavioral outputs (Tuttle et al., 
2018; Wahlsten et al., 2006), highlighting the key role of developmental 
and contextual variables in shaping emotional reactivity. Some of these 
variables may arise from differences in environmental enrichment 
(Caradonna et al., 2021), maternal behavior (Pedersen et al., 2011), or 
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from social dominance hierarchies (Horii et al., 2017). Here, our lon
gitudinal study suggests the existence of an ongoing interplay between 
the animal’s initial propensity for adopting different coping strategies, 
the specific characteristics of the stress condition, and the cumulative 
effects of daily stress experience. Over the course of the stress, these 
factors work together to determine resilient or susceptible outcomes, 
each with their own set of costs and benefits. This perspective provides a 
context for future studies investigating the neurobiology underlying 
social defeat stress, as well as the unique and dynamic changes associ
ated with distinct behavioral phenotypes. 

Going forward, detailed quantification of coping behaviors displayed 
during defeat, and the incorporation of coping strategy itself as a vari
able in predicting social outcome, will serve useful in the CSDS model. 
Intervention studies, employing pharmacological or environmental 
manipulations to shift coping behaviors early in the course of defeat, can 
be used to directly test the role of coping in shaping final behavioral 
outcome. In this way, understanding the factors that determine coping 
traits may provide a valuable clinical framework for defining affective 
risk, as well as identifying potential behavioral therapeutic in
terventions that are protective against human stress-related disorders. 
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