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Historically, preclinical stress studies have often omitted female subjects, despite evidence that women have higher rates of anxiety and
depression. In rodents, many stress susceptibility and resilience studies have focused on males as one commonly used paradigm—chronic
social defeat stress—has proven challenging to implement in females. We report a new version of the social defeat paradigm that works in
female mice. By applying male odorants to females to increase resident male aggressive behavior, we find that female mice undergo
repeated social defeat stress and develop social avoidance, decreased sucrose preference, and decreased time in the open arms of the
elevated plus maze relative to control mice. Moreover, a subset of the female mice in this paradigm display resilience, maintaining control
levels of social exploration and sucrose preference. This method produces comparable results to those obtained in male mice and will
greatly facilitate studying female stress susceptibility.
Neuropsychopharmacology (2018) 43, 1276–1283; doi:10.1038/npp.2017.259; published online 6 December 2017
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INTRODUCTION

Although women have higher rates of stress-associated
disorders, including anxiety and depression (Kessler et al,
1994; Kessler et al, 2003), the majority of preclinical research
investigating the effects of stress has excluded female subjects
(Beery and Zucker, 2011; Lebron-Milad and Milad, 2012).
Although several studies have reported sex differences in the
neural and behavioral responses to stress (Autry et al, 2009;
Gruene et al, 2015; Hodes et al, 2015; Shansky et al, 2010),
many of the models developed to study the effects of stress in
rodents optimally work in males (Haller, 1999; Kokras and
Dalla, 2014; Shansky, 2015; Trainor, 2011). Among chronic
stress paradigms, chronic social defeat stress (CSDS) has
been widely used to investigate the neural mechanisms
underlying anxiety and depression-like behaviors (Russo and
Nestler, 2013). In this model, experimental animals repeat-
edly undergo social defeat for several days (Kudryavtseva
et al, 1991). In male mice, this experience reliably produces

groups of susceptible mice with reduced social investigation and
sucrose preference as well as groups of resilient mice that
pursue these behaviors at control levels (Berton et al, 2006;
Krishnan et al, 2007). In males, susceptible and resilient mice
differ at the molecular, cellular, brain metabolite, and circuit
level (Chaudhury et al, 2013; Krishnan et al, 2007; Larrieu et al,
2017; Wook Koo et al, 2016). However, it remains unclear
whether these findings extend to female mice. To date, this
model has proven difficult to implement in typical female mice
since under most conditions neither male nor female resident
mice attack intruder females. Thus, past efforts to apply social
defeat stress in female rodents have either relied on logistically
difficult methods (Bourke and Neigh, 2012; Haller, 1999) or
non-standard species (Trainor et al, 2011), limiting the ability
to incorporate females into studies of stress-susceptibility.
To address this issue, we have developed an accessible

model of social defeat for use in female mice. To do so, we
exploited the known propensity of odorants and pheromones
in urine to increase male mouse aggressive behavior
(Chamero et al, 2007; Mugford and Nowell, 1970).
Specifically, we applied male urine to females to induce
aggressive male CD1 mice to repeatedly attack female
intruder C57BL/6J mice over the course of 10 days. This
method closely follows a standard protocol used for CSDS in
male mice (Golden et al, 2011). We anticipate that the
development of this easy-to-use method for social defeat
stress in female mice will greatly facilitate the inclusion of
female subjects in stress research.
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MATERIALS AND METHODS

Animals

A total of 64 female C57BL/6J adult mice aged 3 to 4 months
(Jackson laboratories) were used as subjects, 39 females in
the experimentally stressed group, and 25 females in the
control group. Twenty-two CD1 retired breeder adult males
(Charles River laboratories) were used as aggressors and
social interaction (SI) probands. CD1 males were pre-
screened over the course of 3 days to ensure that they
reliably attacked male mice with a latency of under 1 min.
Except for the 10-day aggression period and the subsequent
SI, C57BL/6J mice were cohoused in groups of 5 from the
time that they were received (aged 10 weeks) and CD1 mice
were housed alone. Stressed mice were regrouped with the
same cagemates after undergoing CSDS. All mice were
maintained on a 12-hour light/dark cycle and given ad
libitum food and water unless otherwise noted. All
behavioral testing was done during the light cycle. All
procedures were done in accordance with guidelines
approved by the Institutional Animal Care and Use
Committees at Columbia University and the New York State
Psychiatric Institute.

Urine Collection

CD1 mice were placed in plastic containers with raised wire
caging on the bottom for one hour. Urine excreted during
this time was collected from the bottom of the container and
stored at 4 °C.

Behavioral Measurements

Social defeat. In the classical CSDS paradigm, mice
undergo 10 days of 5 to 10-min exposure to a different
resident aggressive mouse each day followed by 24 h of
cohousing with the aggressor across a perforated, transpar-
ent, divider. To adapt this paradigm for female mice, we
treated each experimental female mouse with the urine of a
male CD1 mouse unknown to the resident CD1 aggressors.
Each female mouse was paired with the urine of a particular
CD1 mouse throughout the entire course of social defeat.
Urine was applied at the base of the tail (20 μl) and on the
vaginal orifice (20 μl) and immediately placed in a resident
aggressive CD1 mouse’s homecage for a 5-min interaction
session. Throughout this session, the mice were monitored
for aggressive interactions and mounting behavior. Aggres-
sive bouts were defined as beginning with the resident CD1
attacking the intruder mouse and ending when the female
mouse made an escape leap. The session was terminated
immediately if mounting behavior occurred, or after 5 min of
interaction if no mounting behavior occurred. Mounting
occurred in 11% of interactions at an average latency of
3 min 10 s (range 1:23–5:00 min). In no circumstances did
mounting lead to pregnancy. After each session, female mice
were housed for 24 h across a perforated, transparent divider
from the male aggressor. This process of exposure and
cohousing was repeated daily for 10 days. Control mice were
cohoused across a divider with a different aggressive mouse
for 10 days, but had no physical contact with the aggressive
mice. Nineteen of the twenty-five control mice also had male

urine applied to them. We conducted the social defeat
paradigm in three separate cohorts.

Social interaction. Mice were tested for social affiliation
after social defeat using a social interaction test (Golden et al,
2011) on day 11. To see the persistence of CSDS effects on
social interaction, we also repeated the social interaction test
40 days after defeat in 17 mice. In the social interaction test,
mice explored a chamber (40 cm× 40.5 cm) containing an
empty enclosure (10 cm diameter steel pencil cup) for
2.5 min, followed by exploration of the same chamber for
an additional 2.5 min after the introduction of a novel mouse
(CD1 male) into the enclosure. An interaction zone was
defined by a 30 cm× 14 cm area around the enclosure. The SI
ratio was calculated by dividing the time spent in the
interaction zone with the novel mouse present by the time in
the interaction zone with the empty enclosure.

Sucrose preference. Mice were habituated to a 1% sucrose
solution in their home cages for 4 days. During sucrose
preference testing, the mice were fluid restricted for 8 h daily
while socially housed. They were then placed in individual
cages containing two bottles daily for the remaining 16 h. On
day 1 both bottles contained water and on the subsequent
2 days, the bottles contained either water or a 1% sucrose
solution and were counterbalanced for position. Each
morning the bottles were weighed and sucrose preference
over the course of the 2 days was calculated as the percentage
of sucrose solution out of total fluid consumed (100 × su-
crose/[sucrose+water]).

Elevated plus maze. A subset of mice (n= 35) was tested in
the elevated plus maze (EPM), which was 31 cm above the
floor with two closed arms (7.6 cm wide × 28 cm long, 15 cm
high walls) and two open arms (7.6 cm wide × 28 cm long,
1 cm high lip). Mice explored the EPM for 5 min in 300 lux
lighting. To derive the combined behavioral index (CBI) we
used the formula CBI= (z-scored (SI)+z-scored (sucrose
preference)+z-scored (EPM))/3, with z-score for each
behavior calculated as z-scored (X)= (Xi-mean (X))/standard
deviation (X), where X= the SI ratio, sucrose preference or
EPM open arm exploration.

Corticosterone Measurement and Estrous Cycle Phase
Determination

Blood collection and corticosterone measurement. Thirty
minutes after the first day of social defeat, blood was
collected from the sub-mandibular vein into tubes containing
0.5M EDTA. We collected blood from the control mice and
stressed mice on the same day and matched the time of day
by interleaving control and stressed mice. Samples were
placed on ice until centrifugation (3000 rpm for 15 min at 4 °
C) and the supernatant was stored at -80 °C. Plasma
corticosterone levels were measured using an ELISA kit
(Enzo Life Sciences, Farmingdale, NY).

Estrous cycle. To determine the phase of the estrous cycle
during daily social defeat, we used the visual inspection
method (Byers et al, 2012). On SI days, the phase of the
estrous cycle was determined histologically using wet smears
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obtained from vaginal lavage (Caligioni, 2009). We com-
pared the two methods and determined that the visual
inspection method reliably distinguishes between pro-estrus/
estrus and metestrus/diestrus, but does not accurately
discriminate pro-estrus from estrus nor metestrus from
diestrus (data not shown). As a result, we report grouped
pro-estrus/estrus data and grouped metestrus/diestrus data.

Analysis

Unless otherwise noted, all behavior tests and aggression
trials were recorded in 100 lux lighting using Neuralynx
Cheetah (Bozeman, MT) for video tracking. Mouse tracking
data was extracted from video files using idTracker (Perez-
Escudero et al, 2014) and imported to Matlab for further
analysis using custom scripts. Data across all conditions were
grouped and outliers removed using the Tukey method.
Means were compared using non-parametric tests (Wilcox-
on-rank sum test or Kruskal–Wallis test, with post hoc
Wilcoxon-rank sum test and Bonferroni correction).

RESULTS

Female mice were subjected to 10 days of social defeat,
followed by successive daily behavioral testing in the social
interaction and sucrose preference tests, as well as the
elevated plus maze for a subset of the animals (Figure 1a).
Introducing female mice paired with aggressive male scent
induced attacks from resident male mice to the female mice
(Supplementary Video 1) and subordinate postures from
female mice (Supplementary Video 2). Approximately half of
resident–intruder pairings resulted in aggression, whereas
courtship behavior (assayed by mounting) occurred infre-
quently (Figure 1b). This distribution of aggressive and
mounting behavior did not vary across phases of the estrous
cycle (Figure 1b; n= 220 interactions, χ2= 0.2341, P40.89).
As expected for a stressful experience, female mice

encountering the aggressive males showed elevated corticos-
terone levels relative to control mice, measured on the first
day of social defeat (Figure 1c; n= 25, 38; Wilcoxon-rank
sum, P= 0.0043), and this social aggression-induced increase
persisted to day 10 (Supplementary Figure 1; n= 25, 38,
Wilcoxon-rank sum, P= 0.029). Over the course of 10 days,
resident male mice attacked female mice a median of 5 days
(range 1–10; Figure 1d). Aggressive days consisted of a
median of 2 aggressive bouts/session (range 1–9 bouts). The
median duration of an aggressive bout was 5.3 s (n= 50
analyzed bouts; range 2–9.7 s). We further characterized the
interactions between resident male and intruder female mice,
drawing on the classic literature describing aggression and
courtship behavior (Supplementary Table 1) (McGill, 1962;
Miczek and O'Donnell, 1978).
Previous studies using social defeat stress in male mice

have reported that stress-induced effects on behavior only
emerge after multiple days of aggression (Chaudhury et al,
2013; Wook Koo et al, 2016). To determine the threshold of
aggression needed to induce stress effects, we calculated a
CBI by averaging the z-scores of sucrose preference, SI and
EPM open arm exploration. We then grouped the mice by
the number of aggression days they experienced and
compared the CBI with control mice, revealing that 4 days
or more of aggression induced a significant reduction in CBI
(Supplementary Figure 2). As a result, we excluded mice that
experienced fewer than 4 days of aggression (n= 9/39) from
subsequent analyses.
Female mice that underwent repeated defeat selectively

decreased their exploration of a novel mouse relative to
control mice, despite intact exploration of a non-social target
(Figure 2a; Kruskal–Wallis, χ2= 15.3; P= 0.0015 for main
effect of group, post hoc Wilcoxon-rank sum P= 0.001 for
exploration of mouse; P= 0.51 for exploration of a non-social
target; (n= 25, 30), Bonferroni corrected critical value=
0.0125). As a result, the stressed mice had reduced SI ratios
(Golden et al, 2011) measured 1 day post defeat (see

Figure 1 Resident male mice attack female intruders paired with male scent. (a) Experimental timeline. (b) Rates of aggression and mounting during
resident–intruder sessions (n= 39 mice, 10 sessions per mouse) for all sessions (upper charts), and split by estrous phase (lower charts). (c) Day 1 plasma
corticosterone responses to aggression (Wilcoxon-rank sum, **Po0.01; n= 25 and 39 for control and stressed animals, respectively). Error bars represent
SEM. (d) Number of aggressive interactions over 10 days of social defeat, for each animal (n= 39). Error bars represent 1.5 × the interquartile range (IQR).
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Materials and Methods; Figure 2b; Wilcoxon-rank sum
Po0.0001). We conducted our experiments in 3 different
female cohorts. In all of the cohorts, the socially defeated
female mice had decreased SI ratios relative to unstressed
controls (cohort 1: SI ratios 1.2 vs 0.8, Wilcoxon-rank sum,
P= 0.012, n= 10, 5; cohort 2: SI ratios 1.6 vs 1.2, Wilcoxon-
rank sum P= 0.054, n= 10, 8; cohort 3: SI ratios 1.3 vs 0.8,
rank sum P= 0.050, n= 5, 17). These data suggest that our
findings are highly replicable. Mice who prefer interacting
with a social target over an inanimate object have a SI ratio
4 1, whereas conversely those that prefer the inanimate
object have a SI ratio o 1. As a result, prior studies have
identified mice with a SI ratio ofo 1 as susceptible and those
with an SI ratio of 41 as resilient (Golden et al, 2011;
Krishnan et al, 2007). Splitting the data in this way has
revealed substantial molecular, cellular and electrophysiolo-
gical differences between susceptible and resilient mice
(Chaudhury et al, 2013; Friedman et al, 2014; Krishnan
et al, 2007; Lobo et al, 2013). Using these definitions, female
mice exposed to CSDS also formed susceptible and resilient
groups, with susceptible mice spending significantly less time
exploring a novel social target than resilient mice (Figure 2d;
Kruskal–Wallis, χ2= 20.7; Po0.00003 for main effect of

group, post hoc Wilcoxon-rank sum Po0.00001 control vs
susceptible (n= 25, 17), Po0.0001 susceptible vs resilient
(n= 17, 13), P= 0.28 control vs resilient (n= 25, 13),
Bonferroni corrected critical value= 0.0167). Corticosterone
levels of stressed mice on the first day of social defeat
inversely correlated with the social interaction outcome
(Pearson’s r= -0.39, P= 0.047), suggesting that lower SI
ratios were associated with higher reactivity to the social
defeat stress. As can be seen from the cumulative distribution
of the SI values of control and stressed mice, 58% of the
female mice are susceptible (Figure 2e). Previous studies of
socially defeated males have produced comparable percen-
tages of susceptible mice (~55%) (Challis et al, 2013; Francis
et al, 2015; Krishnan et al, 2007).
In male mice, CSDS reduces exploration of a novel mouse

both immediately (1 day after CSDS) and persistently
(4 weeks after CSDS) (Krishnan et al, 2007). We tested
whether CSDS has a long-lasting impact on female mice by
re-testing social interaction 40 days after the conclusion of
CSDS in a subset of mice. We found that CSDS also reduces
the social interaction ratio at this later time point (n= 3, 14
Wilcoxon-rank sum P= 0.047, Supplementary Figure 3).

Figure 2 Repeated social defeat results in social avoidance. (a) Time spent interacting with an empty cup (non-social target) and a novel mouse (social
target) after chronic social defeat stress (Kruskal–Wallis, χ2= 15.3; P= 0.0015, Wilcoxon-rank sum, ***Po0.001; control n= 25, stressed n= 30). (b) Right,
social interaction ratios for control and stressed mice (Wilcoxon-rank sum, ***Po0.001; control n= 25, stressed n= 30). Left, heat maps indicating time spent
in the interaction chamber for example control and stress mice. (c) Social interaction ratios for control (n= 25), susceptible (n= 17, social interaction ratios
o1), and resilient (n= 13, social interaction ratios41) mice. (d) Time spent in the interaction zone with social target for control (n= 25), susceptible (n= 17),
and resilient (n= 13) mice (Kruskal–Wallis χ2= 20.7; Po0.00003, Wilcoxon-rank sum, ***Po0.001). (e) Top, the percent of resilient and susceptible mice.
Bottom, the cumulative distribution of SI values for control (black line) and stressed mice. Blue line indicates susceptible and red line indicates resilient mice.
Error bars represent SEM.
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To determine the impact of CSDS on the pursuit of
rewarding stimuli in female mice, we tested sucrose
preference. As has been previously reported for male mice
(Chaudhury et al, 2013; Krishnan et al, 2007), susceptible
female mice exhibited decreased sucrose preference, whereas
resilient mice preferred sucrose at control levels (Figure 3a;
Kruskal–Wallis, χ2= 8.6; Po0.01 for main effect of group,
post hoc Wilcoxon-rank sum Po0.01 control vs susceptible
(n= 24, 15), Po0.015 for susceptible vs resilient (n= 15, 10),
P40.98 for control vs resilient (n= 24, 10), Bonferroni-
corrected critical value= 0.0167). Sucrose preference posi-
tively correlated with SI score in stressed mice (r= 0.4,
Po0.5), but not in control mice (r= 0.1, P40.6;
Supplementary Figure 4).
To assess anxiety-like behavior, we measured the time

mice spent exploring the open arms of an EPM. Chronically
defeated mice explore the open arms less than control mice
(Figure 3b; Wilcoxon-rank sum P= 0.035 (n= 14, 21)).
Interestingly, there was no significant difference in open
arm exploration between susceptible and resilient mice
(Figure 3c; Wilcoxon-rank sum P= 0.47 (n= 13, 8),
Supplementary Figure 5), suggesting that the anhedonic
and anxiogenic effects of CSDS are separable.
This paradigm yields susceptible and resilient cohorts of

female mice. However, it is important to rule out other

potential sources of experimental variability that could lead
to apparent susceptible and resilient outcomes. First, both
susceptible and resilient cohorts experience comparable days
of aggression (Figure 4; Kolmogorov–Smirnov test, P= 0.63).
Second, although VTA dopaminergic activity reportedly
influences SI (Gunaydin et al, 2014) and varies with estrous
cycle phase (Calipari et al, 2017), estrous cycle phase did not
impact social exploration in either unstressed mice
(Figure 4b, left; Wilcoxon-rank sum P= 0.4 (n= 11, 6)) or
in chronic social defeated mice (Figure 4b, right; Wilcoxon-
rank sum P= 0.72 (n= 8, 6). Finally, to ensure that
behavioral effects in females result from repeated aggression
rather than the application of male scent, we compared the
effects of male scent application on behavior in control mice.
We found no effect of the application of male scent alone on
corticosterone levels, social exploration, and sucrose pre-
ference (Supplementary Figure 6).

DISCUSSION

There is increasing recognition of the need to include female
subjects in both pre-clinical research and clinical trials
(Miller et al, 2017). CSDS has proven a powerful tool for
dissecting the mechanisms underlying stress susceptibility

Figure 3 Repeated social defeat results in decreased sucrose preference and open arm exploration. (a) Sucrose preference for control, susceptible and
resilient mice (Kruskal–Wallis, χ2= 8.6; Wilcoxon-rank sum, **Po0.01; n= 24, 10, 16). (b) Time spent by control and stressed mice in the open arms of the
elevated plus maze (Wilcoxon-rank sum, *Po0.05; n= 14, 21). (c) Time spent in the EPM by susceptible and resilient mice (not significant (n.s.); n= 8, 14).
Error bars represent SEM.

Figure 4 Neither number of aggressive encounters nor estrous cycle determines susceptible outcome. (a) Left, cumulative distribution of days of aggression
for susceptible and resilient mice (Kolmogorov–Smirnov test, P= 0.63). Right, distribution of aggressive days grouped by susceptible vs resilient (n= 13–18). (b)
Social interaction times for control and chronically stressed mice across estrous phase (not significant (n.s.); n= 6–11). Error bars represent SEM.

A method for chronic social defeat stress in female mice
AZ Harris et al

1280

Neuropsychopharmacology



and resilience (Chaudhury et al, 2013; Francis et al, 2015;
Friedman et al, 2014; Krishnan et al, 2007). However, the
inability to include females in these studies has posed a
serious limitation. In this paper, we present an easy-to-use
method for conducting CSDS in female mice. We demon-
strate that this paradigm impacts social exploration, sucrose
preference and anxiety-like behavior in female mice. More-
over, it yields groups of susceptible and resilient mice that
differ in social interaction and sucrose preference but exhibit
similar anxiety-like responses. We also find that estrous cycle
phase does not significantly impact the ability to elicit male
aggression and does not modulate social exploration, the
primary assay of CSDS. These results should mitigate
concerns about behavioral variability in female mice due to
hormonal changes. Interestingly, although other chronic
stress paradigms cause females to stop cycling (Breen et al,
2012), CSDS did not disrupt estrous cycle (data not shown).
The absence of a stress-induced effect on estrous cycle is
likely due to the continuous presence of male mice and urine
throughout the stress paradigm since both male mice and the
proteins found in their urine suffice to induce estrus in
female mice (Jemiolo et al, 1986; Whitten, 1966; Whitten
et al, 1968). Overall, our findings strikingly resemble those
seen in chronic socially defeated male mice (Krishnan et al,
2007) and provide the foundation for parallel studies
comparing the underpinnings of susceptibility and resilience
in males and females.
In this study, we used male urine to induce aggressive

interactions between males and females. Mugford and
Nowell, 1970 demonstrated that applying urine from
aggressive males to the backs of castrated males increased
resident–intruder aggression, whereas applying female urine
decreased the number of attacks (Mugford and Nowell,
1970). In a different study, male urine had a pro-aggressive
effect on female behavior (Palanza et al, 1994). Further work
has identified the responsible odorants as two major urinary
proteins and highlighted the role of the vomeronasal circuit
(Chamero et al, 2007) and ventral medial hypothalamus
(VMH) for generating this aggressive behavior (Falkner et al,
2014; Lin et al, 2011; Maruniak et al, 1986).
Although female mouse aggression is rarely observed

under standard laboratory conditions, ethologic studies
reveal that female aggressive interactions do occur under a
variety of circumstances. Female mice attack both males and
females to maintain population size (Chovnick et al, 1987;
Yasukawa et al, 1985) and to defend their nests in the post-
partum period (Haney et al, 1989). Moreover, male mice that
establish territory together with a pregnant or lactating
female attack both male and female intruders (Palanza et al,
1996). Indeed, females across many species in addition to
mice, including rats (DeBold and Miczek, 1984), blackbirds
((Yasukawa and Searcy, 1982), and non-human primates
(Huchard and Cowlishaw, 2011; Isbell, 1991) engage in
aggressive interactions. Moreover, acute and chronic stress
can increase female aggression in rats (Albonetti and
Farabollini, 1993; Cordero et al, 2013). Thus, female
aggressive experience represents an ethologically sound
stressor.
Nonetheless, because standard laboratory conditions rarely

reveal aggressive behavior towards females, few studies have
examined CSDS in female rodents (Solomon, 2017) and no
published studies exist for conducting CSDS in females in the

commonly used and genetically tractable Mus musculus.
Existing methods for conducting social defeat stress in
females include using monogamous species such as the
California mouse, whose females show territorial aggression.
Importantly, unlike Mus musculus mice, male California
mice do not develop social deficits in response to chronic
defeat, making it difficult to directly compare the under-
pinnings of stress susceptibility in males and females.
Lactating rat (Haller, 1999) and mouse (Jacobson-Pick

et al, 2013) dams attack intruders to their nests. This
approach has been successfully exploited to chronically
defeat female rats (Haller, 1999) and to acutely defeat female
mice (Jacobson-Pick et al, 2013). However, implementing
this method on a large scale poses substantial logistical
challenges, as it involves maintaining large colonies of
similarly timed pregnancies to generate sufficient lactating
aggressors.
A recent study by Russo et al (2016) cleverly exploited the

recently discovered VMH neurons that promote aggression
(Lee et al, 2014; Lin et al, 2011) to generate aggressors for
conducting CSDS. This method also induces intermittent
aggression against females and consequent social avoidance.
However, this approach requires stereotactic targeting of the
VMH with a virus and daily drug administration to activate
aggression. We believe our paradigm is more accessible as it
relies on readily available mice and requires no surgery or
reagents.
Despite its advantages, our technique has limitations. First,

although female aggression is part of the natural behavioral
repertoire of mice (Chovnick et al, 1987; Haney et al, 1989;
Palanza et al, 1996; Yasukawa et al, 1985), our method
induces this experience in an artificial manner. Second,
female mice exhibit sex-specific stress responses, such as
disruption of the estrous cycle (Breen et al, 2012), yet in our
approach these effects are likely masked by the continuous
presence of males (Jemiolo et al, 1986; Whitten et al, 1968).
Third, although we have modeled it on a male protocol, it
differs in a few respects: the number of aggressive bouts
per session (2 in females; 5–10 in males (Golden et al, 2011))
and the number of days of aggression (average 5 vs 10).
These differences limit the ability to compare the impact of
the exact same stressors in males and females. That both
male and female paradigms produce comparable behavioral
outcomes mitigates this concern. Fourth, our method
produces varying levels of aggression, ranging from 1 to
10 days. Although we show that susceptibility does not
depend on the supra-threshold days of aggression
(Supplementary Figure 2; Figure 4), this protocol results in
20% of mice that undergo sub-threshold stress. Subthreshold
social defeat stress has been used as an experimental
manipulation for testing circuit interventions on suscept-
ibility (Chaudhury et al, 2013; Francis et al, 2015). These
mice could thus potentially be used as a separate experi-
mental group. Finally, the need to collect urine and apply it
to female mice makes this method slightly more time
consuming than CSDS in males.
Are female mice more susceptible than males? At first

glance, male and female mice show comparable rates of
susceptibility to CSDS (58 vs 55%). It is worth noting that
females develop susceptibility after 4 days, whereas a recent
study reported that male mice do not develop social deficits
with up to 5 days of social defeat (Wook Koo et al, 2016).
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The concept that female susceptibility manifests in response
to fewer days of stress is consistent with other work
comparing male and female responses to chronic stress.
For instance, one study showed that female mice succumbed
to chronic variable stress after 7 days, whereas males
required 21 days (Hodes et al, 2015).
In future experiments, we plan to test whether we can

improve the efficiency of the paradigm by pooling urine
from multiple aggressive mice, using the identified major
urinary proteins that elicit aggression to increase the
aggression toward female subjects (Chamero et al, 2007),
using new resident aggressors for each cohort of females, or
selecting only those male mice that consistently demonstrate
aggressive behavior towards females. More importantly, we
will begin testing the molecular and physiological under-
pinnings of stress susceptibility and resilience in female mice.
Exciting recent molecular work has identified unique genes
that are dysregulated in stressed male and female mice
(Hodes et al, 2015). Our method makes it possible to test the
contributions of these genes and other identified cellular and
circuit mechanisms that mediate female susceptibility and
resilience.
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