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Chronic non-discriminatory social defeat is an effective chronic
stress paradigm for both male and female mice
Christine N. Yohn1, Andrew Dieterich1,2, Allyson S. Bazer1, Isabella Maita1,2, Megan Giedraitis1 and Benjamin Adam Samuels1,2

Stress-related mood disorders are more prevalent in females than males, yet preclinical chronic stress paradigms were developed in
male rodents and are less effective in female rodents. Here we characterize a novel chronic non-discriminatory social defeat stress
(CNSDS) paradigm that results in comparable stress effects in both sexes. Male and female C57BL/6J mice were simultaneously
introduced into the home cage of resident CD-1 aggressors for 10 daily 5-min sessions. CD-1 aggressors attacked males and
females indiscriminately, resulting in stress resilient and susceptible subpopulations in both sexes. CD-1 aggressors attacked C57BL/
6J male intruders faster and more frequently than female intruders. However, CNSDS similarly induced negative valence behaviors
in SUS mice of both sexes relative to RES and CNTRL mice. Furthermore, SUS male and female mice displayed similar increases in
plasma corticosterone levels following CNSDS exposure relative to pre-stress exposure levels. The estrous cycle did not impact CD-1
attack behavior or negative valence behaviors. Thus, CNSDS induces chronic stress behavioral and neuroendocrine effects in both
male and female C57BL/6J mice and allows direct comparisons between sexes. Adoption of this modified social defeat paradigm
will help advance the initiative to include female rodents in preclinical chronic stress research.
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INTRODUCTION
Stress-associated psychiatric disorders, such as anxiety and
depression, occur twice as frequently in women than men [1].
However, preclinical research investigating stress effects often
excludes female subjects [2], possibly because female brain and
behavior is impacted by fluctuations in gonadal hormones across
the estrous cycle [3–5]. However, the estrous cycle does not result
in more variability in female behavioral, molecular, and physiolo-
gical traits than what is observed in male rodents [6–8].
Sex differences in stress response are prevalent at all levels of
biological organization, yet the majority of chronic stress
paradigms used in rodents were designed for and are only
effective in males [9–16]. Investigating the validity and reliability
of chronic stress paradigms to produce stress susceptibility
phenotypes in both sexes is necessary for understanding the
etiology of stress-associated mood disorders.
One such chronic stress paradigm, chronic social defeat stress

(CSDS), exposes experimental male mice to 10 daily resident-
intruder bouts with an aggressor CD-1 male and results in both
susceptible (SUS) mice, which display behavioral, neural, and
hormonal alterations consistent with chronic stress, and resilient
(RES) mice, which do not show these alterations [9, 10, 14, 16–19].
However, when female mice are exposed to CSDS, CD-1 male
aggressors display mounting behaviors rather than aggression
toward female intruders [20]. Female resident aggressors do not
produce the necessary bouts of attack characterizing CSDS, as
female-female aggression is limited to territorial species such as
Peromyscus californicus [15] and prairie voles [21], maternal
aggression [22, 23], or following ovariectomy [20]. To circumvent
this limitation, Takahashi and colleagues [24] demonstrated that

chemogenetic activation of the ventral medial hypothalamus in
CD-1 mice induces aggression toward female intruders and
subsequent social avoidance behaviors in the females. Further-
more, Harris and colleagues [25] showed that application of male
CD-1 urine to C57BL/6J female intruders induces attacks by resident
male aggressors, resulting in social avoidance and decreased
sucrose preference behaviors in the females. These methods, while
clever and useful, require either difficult and time-consuming
surgeries that target a deep structure or tedious urine collection.
Here we developed a chronic non-discriminatory social defeat

stress (CNSDS) paradigm that is effective in both male and female
C57BL/6J mice. We demonstrate that simultaneous exposure of both
male and female sexually inexperienced intruder C57BL/6J mice to
an aggressive resident CD-1 mouse yields aggression towards both
C57BL/6J mice. Over the course of the 10-day CNSDS paradigm, the
CD-1 repeatedly attacked both the male and female mice. These
attacks resulted in behavioral and neuroendocrine responses in both
sexes consistent with chronic stress exposure. This streamlined novel
non-discriminatory social defeat paradigm will greatly facilitate the
inclusion of female rodents in chronic stress research and permit
direct comparisons between males and females.

METHODS
Subjects
Eight-week-old female and male C57BL/6J strain mice were
purchased from Jackson Laboratories (Bar Harbor, ME). All mice
were maintained on a 12L:12D schedule with lights coming on at
6 a.m. and going off at 6 p.m., with food and water provided ad
libitum. All behavioral testing took place in the morning, between
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the hours of 8 a.m. and 11 a.m. All experiments were conducted in
compliance with NIH laboratory animal care guidelines and approved
by Rutgers University Institutional Animal Care and Use Committee.

Chronic non-discriminatory social defeat stress
To determine if female mice experience a similar stress outcome
as the standard CSDS paradigm in males [26], both female and
male mice were exposed to a novel, dual-sex stress protocol. Adult
male and female C57BL/6J mice were randomly assigned to either
chronic stress or no stress control groups. Retired CD-1 breeder
adult males were purchased from Charles River Laboratory
(Wilmington, MA). To screen for aggressive behavior, screener
female and male C57BL/6J mice were simultaneously placed in the
home cage of a CD-1 mouse. CD-1 mice that reliably attacked both
female and male screener mice within 60 sec on consecutive days
were selected as aggressors [27]. Two CD-1 mice were selected for
each pair of experimental mice (one male and one female C57BL/
6J mouse). During the experimental phase, experimental male
C57BL/6J mice were matched with the same experimental female
C57BL/6J mice throughout the duration of the social defeat.
The male and female C57BL/6J pairs were placed into the home
cage of novel CD-1 aggressors for 10 consecutive daily 5-min
sessions. Since our cages only permitted one cage divider, we did
not cohouse the aggressor CD-1 with both the experimental male
and female C57BL/6J mice. Instead, on alternating days, either the
male or female C57BL/6J mice were housed with either the CD-1
aggressor mouse with which they had interacted or a novel
control aggressor CD-1 (previously screened for aggressive
behavior). Co-housed subjects were separated by clear, perforated
plexiglass that permitted sensory but not physical interaction. In
total, both C57BL/6J male and female mice were exposed to
5 days of sensory exposure to the aggressor CD-1 and 5 days
exposure to a novel aggressor CD-1 (previously screened for
aggressive behavior). A separate group of female and male C57BL/
6J mice were simultaneously placed into a standard cage and
allowed to interact for 5 min in the absence of an aggressor CD-1
male over 10 days. These opposite sex control mice were housed
on either side of a divider and placed on a separate rack from
stress mice for 24 h until the next interaction session.
To determine if the number of mice interacting affected control

group behavior, we ran an additional cohort of controls that had
three mice interacting (two males and one female; 2-male CNTRL)
and compared the results to the original control group that had
two mice interacting (one male and one female; 1-male CNTRL).
The 2-male CNTRL group consisted of three mice interacting for
5 min per day for 10 consecutive days. Following the daily 5-min
interaction, male experimental mice were housed, separated by a
divider, with the C57 male they just interacted with. The female
experimental mice were then housed with an unfamiliar C57BL/6J
male, separated by clear, perforated plexiglass.
Videos were recorded (Sony HDR-CX260) to measure attack

latency and frequency, and mounting behavior. CD-1 mounting
behavior toward female mice occurred in 8% of the interactions,
with an average attack latency of 121s for RES and 150s for SUS
female mice. In males, the CD-1 mice displayed mounting
behaviors in 3% of the interactions, with an average attack
latency of 87 s for RES and 76 s for SUS male mice. No mounting
by the CD-1 led to pregnancy in any of the C57BL/6J females
throughout the entire course of the experiment. In total 30 male
and 30 female C57BL/6J mice were exposed to the CNSDS
paradigm, which resulted in RES (male= 13; female= 11) and SUS
(male= 17; female= 19) phenotypes. Additionally, 15 male and
15 female C57BL/6J mice were assigned to the CNTRL group.

Vaginal lavage
To assess estrous cycle state, daily vaginal lavages were performed
2 weeks prior to stress exposure to ensure mice were cycling
throughout all four stages regularly. Subsequent to daily 5-min

aggressive bouts and after completing each behavioral test or
blood collection, vaginal smears were collected via a pipette filled
with ddH2O, placed at the opening of the mouse’s vaginal canal
(without penetration) with ddH2O gently expelled and suctioned
back into the pipette tip [28, 29]. Samples were imaged under an
EVOS FL Auto 2.0 microscope (Thermo Fisher Scientific, Waltham,
MA) at 10x magnification. Estrous phases were identified by the
presence or absence of nucleated epithelial cells, cornified
epithelial cells, and leukocytes [28, 30]. Proestrus mice had mostly
nucleated and some cornified cells, estrus predominantly dis-
played cornified epithelial cells, metestrus had cornified epithelial
cells and polymorphonuclear leukocytes [28], while diestrus
contained polymorphonuclear leukocytes. No differences in
length of estrous cycle was observed 10 days before stress or
the 10 days during stress between the CNTRL and CNSDS mice
(Supplemental Fig. 3A). Additionally, RES and SUS mice had similar
cycle lengths both during the 10 days before stress and 10 days
after stress (Supplemental Fig. 3B).

Behavioral testing
Social interaction test. To assess responsiveness to CNSDS, we ran
the social interaction test (SIT) to analyze social interaction and
avoidance behavior in the presence of a novel CD-1 mouse.
Mice were placed in an open field (OF) arena for two consecutive
2.5-min trials. The first trial had the CD-1 absent, with the CD-1
present in a perforated Plexiglas container within the social
interaction zone (14cmx24cm) during the second trial [26, 27].
Overhead cameras recorded behavior, and EthoVision software
(Noldus, Wageningen, Netherlands) measured time spent in the
interaction zone. Social avoidant and interaction behavior were
measured by time spent in the interaction zone during the first
(CD-1 absent) and second (CD-1 present) trials, with an interaction
ratio calculated: ((interaction time, CD-1 absent)/(interaction time,
CD-1 present)).

Light dark. Within OF arenas, dark plastic rectangular boxes
(opaque to visible light, but transparent to infrared light) covering
1/3 of the arena, were inserted to separate the arena into light and
dark compartments. The dark box contained an opening that
allowed passage between the light and dark [11], with the light
compartment brightly illuminated (1000 lux; Kinder Scientific). At
the beginning of each 5-min test, mice were placed in the dark
compartment, with distance traveled in the light compartment
((distance traveled in the light compartment/total distance) × 100)
and time in the light compartment used for analyses.

Elevated plus maze. The elevated plus maze (EPM) test consisted
of a plus-shaped apparatus with two open and two closed arms
(side walls), elevated 2 feet above the floor. During the 5-min test,
the mice were recorded from a video camera mounted on the
ceiling above each EPM arena. EthoVision software (Noldus,
Wageningen, Netherlands) was used to quantify distance traveled
in the open arms ((total open arm distance/total distance
traveled)×100), and time on open arms used for analyses.
EthoVision detected when 2 paws crossed a transition.

Novelty suppressed feeding. Mice were food deprived for 18 h in
their home cage prior to being placed in the corner of a novel,
brightly-lit (1500 lux) testing apparatus (50 × 50 × 20 cm) filled
with 2 cm of corncob bedding, and a single food pellet attached
to a white platform in the center. The novelty suppressed feeding
(NSF) lasted 6min with latency to eat (defined as the mouse
sitting on its haunches and biting the pellet with the use of
forepaws) recorded. Mice that timed-out were assigned a latency
of 360 secs. Immediately after, mice were transferred to their
home cages and given ad libitum access to a food pellet for 5 min.
Latency to eat and amount of food consumed was measured as a
control for feeding behavior observed in the NSF.
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Sucrose preference test. Mice were habituated to a 1% sucrose
solution in their home cage for 2 days. Next, a bottle containing
water and a bottle containing 1% sucrose were placed side-by-
side and switched every 12 h for 3 days. Consumption of both
water and sucrose bottles were measured and compared to
determine preference for a 1% sucrose solution. Preference was
calculated as 1% sucrose consumed divided by total consumption.

Blood collection and corticosterone ELISA
Mice were weighed to ensure that non-terminal blood collection
was no more than 1% of the mouse’s body weight. Prior to stress,
baseline blood samples were collected from the left retro-orbital
sinus of all experimental mice, in accordance with IACUC
guidelines. To measure corticosterone levels in response to
CNSDS, blood was collected from the right retro-orbital sinus
40–45min after the 10th day of CNSDS. CNTRL mice had blood
collected from the right retro-orbital sinus 40–45min after the
10th day of opposite sex exposure. For each blood collections,
blood was collected in microcentrifuge tubes coated with EDTA.
Plasma was isolated from whole blood by centrifugation at 14,000
rpm for 10min at 4 °C, with supernatant collected and stored at
−80 °C until assayed. Total yield of plasma per blood collection
was between 25 and 40 µL. To assess differences in plasma
corticosterone in response to CNSDS, baseline levels were
compared to samples after CNSDS) across 6 mice per sex per
stress susceptibility phenotype (male: CNTRL= 6, SUS= 6, RES=
6; female: CNTRL= 6, SUS= 6, RES= 6). Each sample (total n= 72
across all time-points) was diluted 1:100 and assayed in triplicate
according to the manufacturer’s protocol (Arbor Assays Corticos-
terone ELISA Kit).

Statistical analyses
To investigate sex differences in CD-1 attack behavior (attack
frequency and attack latency) independent samples t-tests were
used. Separate χ2 analyses were used to assess if frequency of
attack behavior was different between sex and estrous cycle
phases. To assess sex and stress susceptibility effects 2 × 3 analysis
of variance (ANOVA) with Bonferroni post-hoc comparisons were
used to analyze behavioral results from SIT, LD, EPM, Sucrose
preference, and Emotionality Index. Prior to conducting each
ANOVA, we ran a Sharpio–Wilk normality test. Each ANOVA
reported in the manuscript passed the Sharpio–Wilk (p-values >
0.05), which justified usage of parametric analyses. When there
was no main effect of sex in the ANOVAs, the mice were collapsed
and Bonferroni post-hoc comparisons were used to compare
stress susceptibility phenotype groups. Planned Bonferroni post-
hoc comparisons (based on the collapsed mice) were then used to
investigate effects within each sex. To investigate differences in
stress susceptibility across the estrous cycle 3 × 4 ANOVAs were
used for all behaviors except NSF. Since NSF data fails to meet
basic assumptions of normality, Kaplan–Meier survival analysis
(nonparametric test) was used. Lastly, to analyze differences in
endogeneous corticosterone levels, time point of blood collection,
sex, and stress susceptibility were used to conduct a 3 × 2 × 2
repeated measures ANOVA. Bonferroni post-hocs in collapsed
mice and planned comparisons within each sex were then
performed as was done for behavior analyses. GraphPad Prism 7
was used for all analyses.

RESULTS
CNSDS induces susceptible and resilient stress susceptibility
phenotypes and negative valence behaviors in both males and
females
To determine whether simultaneous exposure of C57BL/6J male
and female intruder mice to resident CD-1 aggressors results in
attacks of both sexes, we modified a standard CSDS protocol. To
this end, C57BL/6J male (n= 30) and female (n= 30) mice were

exposed simultaneously to male CD-1 aggressor mice for 10 daily
5-min aggressive bouts. Non-stressed control (CNTRL) C57BL/6J
male (n= 15) and female (n= 15) mice experienced 5-min daily
interactions with each other and were then co-housed (Fig. 1a).
Independent samples t-tests revealed sex differences in CD-1
attack latency (t(28)= 3.85, p= 0.006) and number of attacks
(t(28)= 3.7, p= 0.009; Fig. 1b), with males on average being
attacked more quickly and frequently across the 10 days than
females. We next analyzed attack and mounting behaviors from
resident CD-1 males on both male (n= 30) and female (n= 30)
C57BL/6J intruder mice (n= 60). Male C57BL/6J mice were
attacked in a total of 83.77% and were mounted in a total of
2.6% of their interactions with CD-1 aggressors (Fig. 1c). 14.94% of
resident-intruder interactions resulted in neither aggression nor
mounting of the male C57BL/6J mice (Fig. 1c). Female C57BL/6J
mice were attacked in a total of 64.33%, mounted in 7.64%, and
neither in 31.21% of these interactions (Fig. 1c). A X2 test revealed
a significant sex difference (X2= 15.75, p < 0.0001), with males
being attacked more frequently than females. Estrous cycle stage
in females did not impact resident-intruder aggression by the
CD-1 aggressor (X2= 9.03, p= 0.434; Fig. 1c). In addition, 71.34%
of the CD-1 aggressors attacked both males and females (Fig. 1d),
while just 16.56 and 9.55% of CD-1 aggressors attacked males or
females only, respectively. Taken together, these data demon-
strate that in most CNSDS interactions CD-1 aggressors will attack
both the male and female C57BL/6J mice.
Similar to classic CSDS paradigms, we next used a social

interaction test (SIT) to assess stress susceptibility in a new cohort
of CNSDS and CNTRL male and female C57BL/6J mice (Fig. 2a, b).
An interaction ratio ((interaction time with aggressor present)/
(interaction time with aggressor absent)) score of <1 resulted in a
susceptible (SUS) classification, whereas resilient (RES) mice had
an interaction ratio >1 [18, 31]. A 2 × 3 ANOVA (sex × stress
susceptibility) was used to analyze stress susceptibility phenotype
and sex differences in SIT behavior between SUS, RES, and CNTRL
mice. This 2 × 3 ANOVA revealed no main effect of sex within SIT
(p= 0.38). By contrast, a main effect of stress (F(2, 83)= 23.21, p <
0.001) was observed. Therefore, given that no sex differences were
observed, we first collapsed all mice and ran Bonferroni post-hoc
comparisons (Fig. 2b left), which showed that SUS mice had a
lower interaction ratio than RES (p < 0.0001) and CNTRL (p=
0.0003; Fig. 2b left) mice. We next ran planned Bonferroni post-
hoc comparisons (based on the collapsed comparisons) in both
males and females. These separate planned Bonferroni post-hoc
comparisons within sex showed that SUS males had a lower
interaction ratio than RES (p < 0.001) and CNTRL (p= 0.036) males
(Fig. 2b right) and that SUS females had a lower interaction ratio
than RES (p < 0.001) and CNTRL (p= 0.005) females (Fig. 2b right).
Similar to our observations in Fig. 1, 2 × 2 ANOVAs (sex × stress

susceptibility) revealed an effect of sex in average attack latency
(F(1, 26)= 16.99, p= 0.0003; Supplemental Fig. 1A small panel) and
total number of attacks (F(1, 26)= 14.65, p= 0.0007; Supplemental
Fig. 1B small panel) by CD-1 aggressors across the 10 days, with
SUS males on average attacked more quickly (p= 0.0017;
Supplemental Fig. 1A large panel) and more frequently (p=
0.0053; Supplemental Fig. 1B large panel) than SUS females.
Nevertheless, similar to other findings in classic CSDS paradigms
[18], no main effect of stress susceptibility phenotype on attack
latency (p= 0.51) or number of attacks (p= 0.15) across the
10 days existed between SUS and RES mice within males and
within females (Supplemental Fig. 1A, B large panel).
We next subjected the CNSDS and CNTRL mice to behavioral

tests that are affected by classic CSDS, including light dark (LDT),
EPM, sucrose preference test (SPT), and NSF (Fig. 2a). A 2 × 3
ANOVA (sex x stress susceptibility) revealed no main effect of sex
within LDT (light time p= 0.51; light distance p= 0.37), EPM (open
arm time p= 0.61; percent distance in open arms p= 0.91), or
sucrose preference (p= 0.91). Within the LDT a significant main
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Fig. 1 CNSDS paradigm induces attacks to both male and female C57BL/6J mice. a Schematic representation of CNSDS paradigm. b CD1
aggressors attack male quicker (***t(28)= 3.85, p= 0.006) and more (***t(28)= 3.7, p= 0.009) than female C57BL/6J mice. c The percentage of
CD1 behaviors directed towards male and female mice over the 10-day CNSDS protocol. Behaviors directed towards females were further
investigated over the course of the estrous cycle. d Percentage of CD1s that attacked males or females over the 10-day CNSDS protocol
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effect of stress was observed in time spent (F(2, 84)= 16.64, p <
0.001) and distance traveled (F(2, 84)= 14.79, p < 0.001) in the light,
with SUS mice spending less time (RES: p < 0.0001; CNTRL: p=
0.0006; Fig. 2c left) and traveling less distance (RES: p < 0.0001;

CNTRL: p < 0.0001; Fig. 2d left) than RES and CNTRL mice. Planned
Bonferroni post-hoc comparisons revealed SUS males spent less
time (p= 0.002; Fig. 2c right) and traveled less in the light (p=
0.003; Fig. 2d right) than RES males, while SUS females spent less

Fig. 2 CNSDS SUS male and female mice have an increase in negative valence behaviors. a Timeline of CNSDS paradigm and behavior.
b–g represent separate 2 × 3 ANOVAs with the left graph representing collapsed groups to explore the main effect of stress susceptibility
phenotype, while the right displays planned Bonferroni post-hoc comparisons (SEX × STRESS). Main effect of stress was observed in SIT
(F(2, 83)= 23.21, p < 0.001; ****SUSvsRES p < 0.0001; ***SUSvsCNTRL p= 0.0003; male ****SUSvsRES p < 0.0001; *SUSvsCNTRL p= 0.036; female
****SUSvsRES p < 0.0001; **SUSvsCNTRL p= 0.005), LDT light time (F(2, 84)= 16.64, p < 0.001; ****SUSvsRES p < 0.0001; ***SUSvsCNTRL p=
0.0006; male **SUSvsRES p= 0.002; female ***SUSvsRES p < 0.001; ***SUSvsCNTRL p < 0.001), LDT light distance (F(2, 84)= 14.79, p < 0.001;
****SUSvsRES p < 0.0001; ****SUSvsCNTRL p < 0.0001; male **SUSvsRES p= 0.003; female ***SUSvsRES p < 0.001; **SUSvsCNTRL p= 0.01), EPM
open arm time (F(2, 83)= 15.33, p < 0.001; ****SUSvsRES p < 0.0001; **SUSvsCNTRL p= 0.0018; male **SUSvsRES p= 0.003; *SUSvsCNTRL p=
0.047; female ***SUSvsRES p < 0.001; *SUSvsCNTRL p= 0.035), EPM open arm distance (F(2, 83)= 15.7, p < 0.001; ****SUSvsRES p < 0.0001;
***SUSvsCNTRL p= 0.0002; male **SUSvsRES p= 0.004; **SUSvsCNTRL p= 0.015; female ***SUSvsRES p < 0.001; *SUSvsCNTRL p= 0.045), in
sucrose preference (F(2, 80)= 4.79, p= 0.011; *SUSvsRES p= 0.0125; females *SUSvsRES p= 0.044). Scatterplots h represents feeding behavior
differences from Bonferroni Kaplan–Meier survival analysis between the stress susceptibility phenotypes ****SUSvsRES (X2 (1) 17.75, p=
0.0035) ***SUSvsCNTRL (X2 (1)= 14.94, p= 0.0065). Separate Bonferroni Kaplan–Meier survival analysis were also conducted between sexes
with male **SUSvsRES (X2 (1) 8.51, p= 0.0035), **SUSvsCNTRL (X2 (1)= 7.4, p= 0.0065) and female ***SUSvsRES (X2 (1) 6.81, p= 0.0009),
**SUSvsCNTRL (X2 (1)= 6.4, p= 0.01). i represents separate 2 × 3 ANOVAs with the left graph representing collapsed groups to explore the
main effect of stress susceptibility phenotype, while the right displays planned Bonferroni post-hoc comparisons (SEXxSTRESS) for
emotionality index (F(2,84)= 43.34, p < 0.0001, ****SUSvsRES p < 0.0001; ****SUSvsCNTRL p < 0.0001; male ****SUSvsRES p < 0.0001;
***SUSvsCNTRL p= 0.0001; female ****SUSvsRES p < 0.0001; ****SUSvsCNTRL p < 0.0001. j Correlations collapsed by sex showed significant
relationships between SIT ratios and time spent in the light, in EPM open arms, and NSF latency to eat. k Correlations within males revealed
significant relationships between SIT ratios and time spent on the EPM open arms as well as NSF latency to eat. l In females, significant
correlations emerged between SIT ratios and time spent light, and on the EPM open arms
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time (RES: p < 0.001; CNTRL: p < 0.001; Fig. 2c right) and traveled
less (RES: p < 0.001; CNTRL: p= 0.01; Fig. 2d right) in the light than
RES and CNTRL females. Significant effects of stress were also
found in time spent (F(2, 83)= 15.33, p < 0.001) and percent
distance traveled (F(2, 83)= 15.7, p < 0.001) in EPM open arms, with
SUS mice spending less time (RES: p < 0.0001; CNTRL: p= 0.0018;
Fig. 2e left) and traveling less on the EPM open arms (RES: p <
0.0001; CNTRL: p= 0.0002; Fig. 2f left) than RES and CNTRL mice.
Planned Bonferroni post-hoc comparisons indicated that SUS
males spent less time (RES: p= 0.003; CNTRL p= 0.047; Fig. 2e)
and traveled less (RES: p= 0.004; CNTRL p= 0.015; Fig. 2f) in EPM
open arms than RES and CNTRL males and that SUS females also
spent less time (RES: p < 0.001; CNTRL p= 0.035; Fig. 2e right) and
traveled less (RES: p < 0.001; CNTRL p= 0.045; Fig. 2f right) than
RES and CNTRL females in the EPM open arms. There was also a
significant effect of stress (F(2, 80)= 4.79, p= 0.011; Fig. 2g) in
sucrose consumption, with SUS mice having a lower preference
for 1% sucrose solution than RES mice (p= 0.0125; Fig. 2g left).
Planned Bonferroni post-hoc comparisons revealed that this effect
was observed in females, with SUS females showing less
preference for a 1% sucrose solution than RES females (p=
0.044; Fig. 2g right). Lastly, in the NSF, Kaplan–Meier survival
analyses between the stress susceptibility phenotypes showed a
significant effect of stress susceptibility phenotype (X2 (2)= 20.53,
p < 0.0001), with SUS mice having a longer latency to eat than RES
(X2 (1)= 17.75, p= 0.0035) and CNTRL (X2 (1)= 14.94, p= 0.0065)

mice (Fig. 2h left) with both sexes collapsed. We also examined
the effects of CNSDS on NSF within each sex. SUS males had a
longer latency to eat than RES (X2(1)= 8.51, p= 0.0035; Bonferroni
corrected) and CNTRL (X2(1)= 7.4, p= 0.0065; Bonferroni cor-
rected) males (Fig. 2h right) and SUS females had a longer latency
to eat than RES (X2(1)= 6.81, p= 0.0009; Bonferroni corrected)
and CNTRL (X2(1)= 6.4, p= 0.01; Bonferroni corrected) females
(Fig. 2h right). No differences in home cage feeding behavior were
observed (Supplemental Fig. 3C).
Next, we used an emotionality index to assess CNSDS-induced

behavioral differences across LD, EPM, Sucrose Preference, and
NSF. As previously described [32], this emotionality index
calculates z-scores for each behavioral test (LD, EPM, Sucrose,
and NSF) by normalizing individual mice against CNTRL averages
and the standard deviation for that specific behavior. This allows a
comprehensive analysis of multiple behavioral modalities. A score
above zero represents a mouse with less time and distance in the
light of the LD, less time and distance on EPM open arms, low
preference for 1% sucrose solution, and longer latency to feed in
the NSF task relative to CNTRL. A 2 × 3 ANOVA showed that there
was a significant effect of stress susceptibility phenotype (F(2,84)=
43.34, p < 0.0001), but no main effect of sex (p= 0.085). Bonferroni
post-hoc comparisons showed that SUS mice have a higher
emotionality index than RES (p < 0.0001) and CNTRL (p < 0.0001)
with all mice collapsed (Fig. 2i left). Planned Bonferroni post-hoc
comparisons within sex showed that SUS males have a

Fig. 3 Female negative valence behavior is not impacted by estrous cycle stage during behavioral testing. a Time line of experiment. b–d 3 × 4
ANOVAs revealed that stress susceptibility phenotype effects persisted in the SIT (F(3, 33)= 6.44, p= 0.004; ***SUS vs. RES p < 0.001; *SUS vs
CNTRL p= 0.018), LDT (F(3, 33)= 7.62, p= 0.002; ***SUS vs. RES p < 0.001; **SUS vs CNTRL p= 0.007 Bonferroni corrected), and EPM (F(3, 33)=
6.65, p= 0.004; ***SUS vs. RES p < 0.001; *SUS vs CNTRL p= 0.041 Bonferroni corrected). e Kaplan–Meier analysis also revealed differences in
NSF latency to eat (X2 (11)= 57.69, p < 0.001; **SUS vs. RES p= 0.01; **SUS vs CNTRL p= 0.01 Bonferroni corrected)
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higher emotionality index score than CNTRL (p= 0.0001) and RES
(p < 0.0001) males (Fig. 2i right). Similarly, SUS females had a
higher emotionality index score than CNTRL (p < 0.0001) and RES
(p < 0.0001) females (Fig. 2i right).
To further assess the relationship between stress susceptibility

phenotype and the other behaviors, separate correlations
revealed that SIT ratio is significantly related to LD light time
(r= 0.387, p= 0.0022; Fig. 2j), EPM open arm time (r= 0.519, p <
0.0001; Fig. 2j), and NSF latency to eat (r=−0.393, p= 0.0019;
Fig. 2j) when both sexes were collapsed. There was not a
significant relationship between SIT ratio and sucrose preference
(r= 0.216, p= 0.096). We also examined the effects of CNSDS on
these behavior correlations within each sex. SIT ratio in males was
related to EPM open arm time (r= 0.625, p= 0.0002; Fig. 2k), and
NSF latency to eat (r=−0.496, p= 0.0089; Fig. 2k). In females, SIT
ratio was significantly related to LD light time (r= 0.482, p=
0.007; Fig. 2l) and EPM open arm time (r= 0.418, p= 0.021;
Fig. 2l).
We also ran an additional control group in which three mice

interacted (two males and one female; 2-male CNTRL) and
compared the effects on behavior to what was observed when
two mice interacted (one male and one female; 1-male CNTRL)
(Supplemental Fig. 2). We found no differences in any of the
behavioral tasks (Supplemental Fig. 2B–I).
Taken together, these results demonstrate that the CNSDS

paradigm effectively induces susceptible and resilient behavioral
phenotypes in both males and females. Both SUS male and SUS
female mice displayed increases in negative valence behaviors
relative to RES and CNTRL mice and there were no sex differences
in negative valence behaviors or sucrose preference. Thus, the
CNSDS paradigm yields comparable stress effects on behavior in
both sexes.

Estrous cycle does not impact stress susceptibility phenotype
Within females, the behavioral results were not impacted by the
estrous cycle since 3 × 4 ANOVAs (stress susceptibility × estrous
cycle phase) revealed no main effect of estrous cycle phase in
SIT (p= 0.159), LDT (p= 0.472), or EPM (p= 0.105) (Fig. 3a–d).

Kaplan–Meier analysis also showed no difference in latency to eat
in NSF across estrous (p= 0.768; Fig. 3e). Furthermore, when
analyzing potential effects of the four stages of estrous on
behavior, the main effect of stress susceptibility persisted in SIT
ratio (F(3, 33)= 6.44, p= 0.004; SUS vs. RES p < 0.001; SUS vs CNTRL
p= 0.018 Bonferroni corrected), LDT time in light (F(3, 33)= 7.62,
p= 0.002; SUS vs. RES p < 0.001; SUS vs CNTRL p= 0.007
Bonferroni corrected), and EPM time in open arms (F(3, 33)=
6.65, p= 0.004; SUS vs. RES p < 0.001; SUS vs CNTRL p= 0.041
Bonferroni corrected; Fig. 3b–d). Kaplan–Meier analysis also
revealed stress susceptibility phenotype differences in NSF latency
to eat (X2(11)= 57.69, p < 0.001; SUS vs. RES p= 0.01; SUS vs
CNTRL p= 0.01 Bonferroni corrected; Fig. 3e). No significant
differences were observed in home cage feeding behavior
between estrous phases and stress susceptibility phenotype
(Supplemental Fig. 3D). These data indicate that the estrous cycle
does not impact stress susceptibility or behavior in stressed and
non-stressed freely cycling female C57BL/6J mice. Furthermore,
CNSDS did not affect the estrous cycle. CNSDS-exposed and
CNTRL females had similar cycle lengths prior to and during either
CNSDS or CNTRL exposure (Supplemental Fig. 3A). RES and SUS
females also had similar cycle lengths both prior to and during
CNSDS exposure (Supplemental Fig. 3B).

CNSDS increases plasma corticosterone levels
Increases in HPA axis activation are found in response to CSDS
stress [33–35]. Therefore, we next evaluated whether the CNSDS
paradigm elicited increases in plasma corticosterone levels, with
blood collected before CNSDS (baseline) and again on the final
day of CNSDS exposure, following the last 5-min interaction
(defeat; Fig. 4a). To analyze differences between sex and stress
susceptibility phenotype (RES, SUS, and CNTRL) across the two
blood collection time points (baseline, defeat) a repeated
measures 2 × 2 × 3 ANOVA revealed significant main effects of
stress (F(2, 60)= 15.6, p < 0.0001) and time point F(1, 60)= 17.17,
p= 0.0001), with a significant interaction between stress suscept-
ibility phenotype and blood collection time point (F(2, 60)= 10.86,
p < 0.0001). There were no significant effects of sex (p= 0.215) on

Fig. 4 CNSDS increases plasma corticosterone levels. a Timeline of retro-orbital eye bleeds. b–d 2 × 2 × 3 repeated measures ANOVA revealed
significant main effects of stress susceptibility phenotype (F(2, 60)= 15.6, p < 0.0001), time point F(1, 60)= 17.17, p= 0.0001), and interaction
between stress susceptibility phenotype and blood collection time point (F(2, 60)= 10.86, p < 0.0001). Bonferroni post-hoc comparisons
collapsed by sex (b) showed significant differences in corticosterone response following CNSDS exposure (****SUS vs CNTRL p < 0.0001;
***RES vs CNTRL p= 0.0001). CNSDS also increased corticosterone levels relative to baseline in both RES (**p= 0.0059) and SUS (****p <
0.0001). In males (c) Bonferroni post-hoc comparisons showed differences in corticosterone in response to CNSDS exposure (****SUS vs CNTRL
p < 0.0001 and ****RES vs CNTRL p < 0.0001). Additionally, CNSDS increased corticosterone levels relative to baseline in both SUS (**p=
0.0018) and RES (*p= 0.0098) males. d Bonferroni post-hoc comparisons in females showed differences in corticosterone in response to
CNSDS exposure (***SUS vs CNTRL p= 0.0002 and **SUS vs RES p= 0.0043). Lastly, CNSDS significantly increased corticosterone levels
between baseline and defeat only in SUS females (**p= 0.0018)
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plasma corticosterone levels. Bonferroni post-hoc comparisons
demonstrated that CNTRL mice had lower corticosterone levels
than RES (p= 0.0001) and SUS (p < 0.0001) following exposure to
CNSDS (Fig. 4b) when all mice were collapsed. Additionally,
corticosterone levels following CNSDS interaction were signifi-
cantly different relative to baseline in both SUS (p < 0.0001) and
RES (p= 0.0059; Fig. 4b). We next ran planned Bonferroni post-hoc
comparisons within each sex. In males, CNTRL mice had lower
corticosterone levels than SUS (p < 0.0001) and RES (p < 0.0001)
males following the final CNSDS interaction (Fig. 4c), and CNSDS
increased corticosterone levels relative to baseline in both SUS
(p= 0.0018) and RES (p= 0.0098) males (Fig. 4c). In females, SUS
mice had higher corticosterone plasma levels than RES (p=
0.0043) and CNTRL (p= 0.0002) females following the final CNSDS
interaction (Fig. 4d), and CNSDS significantly increased corticos-
terone levels between baseline and defeat only in SUS females (p
= 0.0018; Fig. 4d). RES females subjected to CNSDS did not show
an increase in corticosterone levels relative to their baseline (p=
0.99). Taken together, these data indicate that CNSDS results in a
significant increase in HPA axis activation in both SUS males and
SUS females as well as in RES males.

DISCUSSION
Several chronic stress paradigms that are used in rodents are
ineffective in females. One such example is chronic social defeat
stress. Recently described modifications that involve chemoge-
netics or application of male urine to females have permitted
usage of social defeat in females. However, these clever
modifications require difficult surgeries or tedious urine collection
[24, 25]. Here we develop a streamlined novel non-discriminatory
social defeat paradigm (CNSDS), that, while similar to CSDS,
induces chronic stress behavioral and neuroendocrine phenotypes
in both males and females of the widely-used C57BL6/J strain.
CNSDS has face validity as it permits stratification of stressed male
and female mice into SUS and RES groups. This stratification is
similar to the stress response observed in males in classic CSDS
[27, 31] and in females in modified CSDS paradigms [24, 25].
Therefore, the CNSDS paradigm successfully induces chronic stress
behavioral phenotypes in both males and females.
To the best of our knowledge, the only other chronic stressor

that simultaneously exposes males and females to stress is the
vicarious social defeat paradigm [36, 37]. Within this paradigm,
male C57BL/6J mice undergo physical defeat stress, while female
mice experience emotional stress through exposure (separated by
a divider) to the aggressive bouts displayed from CD-1 aggressors
to C57BL/6J mice. However, unlike CNSDS, in which the same
physical stressor is applied to both sexes, comparison between the
sexes in vicarious social defeat is difficult because the males
experience physical stress and females experience emotional
stress. Although female-to-female aggression occurs infrequently,
a recent study showed that housing intact swiss webster (CFW)
female mice with a castrated male resulted in CFW females
displaying aggressive behavior to intruding C57BL/6J female mice
[38]. These defeated females displayed reduced social interaction,
which was then reversed by ketamine treatment. This paradigm is
very interesting, but one advantage that CNSDS offers is that it
permits some direct comparisons of chronic stress responses
between sexes, as both males and females are being exposed to
the same aggressor and experience simultaneously.
Male-to-female aggression is rare in classic CSDS, as resident

CD-1 males are more likely to display mounting behaviors against
female intruders [20]. However, CD-1 males attack male intruders
[27, 39, 40]. In CNSDS, CD-1 aggressors attack both males and
females possibly because of a generalized aggressive response to
the male intruders. Although the CD-1 aggressors attacked males
more frequently and with a shorter latency than females, the
attacks of the females were sufficient to induce RES and SUS

behavioral and neuroendocrine phenotypes similar to what was
observed in males. Thus, similar to what is observed when
comparing SUS and RES mice in traditional CSDS [18], the number
of attacks and latencies to attack do not impact stress suscept-
ibility phenotypes when comparing males and females.
Overall the CNSDS paradigm affected both sexes similarly in the

LDT, EPM, NSF, and SPT. SUS male and female mice displayed
increases in negative valence behaviors associated with anxiety
relative to RES and CNTRL same sex counterparts. However,
CNSDS also resulted in a significantly increased sucrose preference
in RES females relative to SUS females, a finding that was not
observed in males. While classic CSDS is often reported to result in
differences in sucrose preference between SUS and RES males,
some studies report more mixed results [41, 42]. Furthermore, we
found no effect of C57BL/6J estrous stage on CD-1 attack behavior
of females in the CNSDS paradigm, which could be due to the
presence of C57BL/6J male mice during all defeat interactions
[43, 44]. Similarly, Harris and colleagues [25] also found that
estrous did not impact CD-1 attack behavior in their modified
version of CSDS that applied urine to C57BL/6J females. Thus,
CNSDS permits direct comparison of chronic stress effects on
males and females without the need for estrous cycle tracking.
Previous studies have demonstrated that female mice spend

less time in the open arms than male equivalents during diestrus,
but spend more time in the open arms during proestrus [45, 46].
Studies that collapse all rodents regardless of estrous phase have
found that female rats spend more time in the open arms than
males [47]. Previous studies also found baseline sex differences in
sucrose preference, with female rats and mice consuming more
sucrose than males [48, 49]. The lack of baseline sex differences in
this study may be due to strain, as other studies have also
observed no sex differences in C57BL6 mice at baseline [50, 51].
To assess the effects of CNSDS on the HPA axis, blood samples

were collected prior to CNSDS and again on the last day of CNSDS.
Overall, both SUS male and female mice showed an increase in
corticosterone levels after 10 days of defeat relative to baseline
levels before stress exposure and compared to CNTRL. Similarly,
classic CSDS increases plasma corticosterone levels in male
experimental mice [34], and modified CSDS increases plasma
corticosterone levels in female experimental mice [25]. However,
within males we found that CNSDS increased corticosterone levels
in both RES and SUS mice, which is similar to the findings of
Krishnan and colleagues [18] using the traditional CSDS paradigm.
By contrast, SUS females displayed higher corticosterone levels
than RES females following CNSDS. These data suggest that
CNSDS induces a robust corticosterone response specifically in
SUS females.
While clever modifications of the classic CSDS protocol exist for

inducing stress in female mice, CNSDS is a streamlined paradigm
that does not require difficult, time-consuming surgeries or urine
collection [24, 25] and doubles experimental output by allowing
the simultaneous defeat of two mice (one male and one female).
However, one potential drawback to CNSDS is that experimental
C57BL6/J males and females receive different levels of attack from
CD-1 aggressors. While CNSDS does induce similar behavioral
effects and stress susceptibility phenotypes in males and females,
the attack differences may be a confound. One advantage of the
Takahashi and colleagues paradigm [24] is that different levels
of CD-1 aggression can be achieved through chemogenetic
approaches.
Overall, the CNSDS paradigm leads to similar behavioral and

neuroendocrine effects in both male and female C57BL/6J mice.
Adoption of this streamlined CNSDS paradigm will help advance
the initiative to include female rodents in preclinical chronic stress
research. Thus, we present a CNSDS paradigm to simultaneously
investigate the mechanisms underlying stress susceptibility and
resilience in both sexes as well as the potential to study the neural
circuitry underlying therapeutic interventions in both sexes.
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