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Chronic social defeat stress in female mice leads to sex-specific behavioral and
neuroendocrine effects
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Mathias V. Schmidt
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ABSTRACT

Over the years, it has become increasingly clear that males and females respond differently towards
environmental stressors, highlighting the importance of including both sexes when studying the effects
of stress. This study aims to provide further insight into the detailed consequences of exposing female
mice to 21 days of chronic social defeat stress (CSDS). We used a protocol that relies on the ability of
odorants and pheromones in male urine to trigger male mouse aggressive behavior. Collected male
C57BIl/6n urine was applied to female C57BI/6n mice who were then attacked by a novel male CD1
mouse each day according to the CDSD protocol. Control females were pair-housed and handled daily.
Physiological, neuroendocrine and behavioral changes were evaluated during the experiment. CSDS
exposure resulted in number of physiological changes, such as body weight gain, enlarged adrenals
and reduced thymus weight, exaggerated HPA-axis negative feedback and increased anxiety-like
behavior. However, no generalized social avoidance behavior was observed. This study provides
important insights in the physiological, neuroendocrine and behavioral responses of female mice to
CSDS, which are partially dependent on estrous cycle stage. This protocol will allow direct comparison
of male and female responses to CSDS and enable sex-specific study of mechanisms underlying indi-
vidual stress resilience.
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LAY SUMMARY

e In this study we found that there are differences in the way that female and male mice respond
towards chronic social stress conditions when it comes to behavior and hormonal changes.

Introduction stress responses argue the importance of including both sexes
when it comes to studying the effects of stress.

Nonetheless, for a long-time, comparison of male and
female mice has been difficult in experimental chronic stress

conditions, especially with regard to social stressors.

Over the past few decades, mental health disorders have
become a wide-spread health concern, and a leading cause of
disability world-wide (World Health Organisation, 2020). The

risk for developing a mental health disorder is dependent on
the interaction between underlying genetic predispositions
and environmental factors (Ron de Kloet et al., 2005). One of
the main environmental factors modulating disease vulnerabil-
ity is chronic exposure to stressors over the life time.

It is well known that stress-related disorders, such as anxiety
disorders and major depressive disorder, are more common in
women than men (Gutiérrez-Lobos et al., 2002; Kessler, 1994;
WHO International Consortium in Psychiatric Epidemiology
2000) In addition, male and female responses to stress exposure
differ critically on several dimensions, which has become par-
ticularly evident from a large number of rodent studies (Dalla
et al., 2005; Galea et al, 1997; Hodes et al, 2015; Sachs et al.,
2014; Westenbroek et al., 2004). Findings of these differential

Application of one of the most widely used chronic stress
paradigms in mice, chronic social defeat stress (CSDS),
strongly relies on aggressive behavior (Kudryavtseva et al.,
1991; Russo & Nestler, 2013). In CSDS, male mice attack male
intruders with a high likelihood, however, such aggressive
behavior towards female mice is usually absent. Furthermore,
female-to-female aggression is less likely to occur under
standard laboratory conditions making it challenging to apply
such CSDS protocols in females. Efforts to replicate effects of
CSDS in female rodents were for a long time hampered by
unavailable or particularly complex methods (Bourke &
Neigh, 2012; Haller et al., 1999; Takahashi et al., 2017). In the
past few years there have been attempts to design a hands-
on protocol in which social defeat of females is achieved
either using male-to-female or female-to-female aggression
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(Harris et al., 2018; Logan, 2019; Newman et al., 2019). One of
these attainable CSDS models was recently described by
Harris et al. This CSDS model relies on the odorants and
pheromones in male urine to increase male mouse aggres-
sive behavior towards female mice and has proved to be suc-
cessful in establishing a stress phenotype (Harris et al., 2018).

The aim of the current study was to reproduce and extend
the findings of the model described by Harris and colleagues,
but with an adjustment to the length of the chronic defeat
to 21 days, as a longer defeat period is also commonly used
in many male CSDS studies (Haenisch et al., 2009; Wagner
et al,, 2011). This has previously been demonstrated to result
in robust depression-like phenotypes in male mice
(Kudryavtseva, 2000; Kudryavtseva et al., 1991) and offers bet-
ter possibilities for pharmacological interventions (Gassen
et al., 2014). This study provides additional insights on the
different physiological, neuroendocrine and behavioral
responses towards CSDS stress in females. The establishment
of a CSDS protocol in female mice will allow researchers to
test gene x environment interactions in both sexes.
Ultimately, this will lead to increased knowledge on the dif-
ferential sex effects in stress resilience mechanisms.

Methods
Animals and housing conditions

C57Bl/6n mice were bred in an in-house colony of the Max
Planck Institute of Psychiatry (Munich, Germany) and used
as experimental animals (females, 12 weeks old) or for the
training of resident mice and urine sampling (males).
Experimental animals were pair-housed in standard individu-
ally ventilated caging (IVC) system cages at least 2 weeks prior
to the start of the experiment. In addition, CD1 mice (pur-
chased from Janvier Labs, Germany) were used as residents
(males, 12 weeks old, single-housed before the experiment) or
social interaction partner (females, 6 weeks old, group-
housed). CD1 males were allowed to habituate to the social
defeat cage for two weeks before the start of the experiment.

Housing and experiments were performed under a 12h
light, 12 h dark cycle (lights on at 07.00 a.m.), constant tem-
perature (23+2°C, humidity 55%) conditions and mice had
access to food (Altromin 1324, Altromin GmbH, Germany)
and water ad libitum.

Experiments were performed in accordance with the
European Communities Council Directive 2010/63/EU. At all
times efforts were made to minimize animal suffering during
the course of the experiment. The protocols were approved
by the committee for the Care and Use of Laboratory
Animals of the Government of Upper Bavaria, Germany.

Experimental design

The 24 female C57BI/6n mice were randomly divided into
two groups (n = 12 CSDS; n = 12 control). The CSDS group
was exposed to 21 consecutive days of the CSDS paradigm;
control animals were handled daily. From day 18 until day 21
of the experimental period, behavior of CSDS and control
animals was evaluated using a number of behavioral tasks
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assessing locomotor activity, anxiety-like behavior, social
avoidance (SA) behavior and coping strategy selection
(Figure 1(A)). One day after the last defeat all animals were
sacrificed under basal conditions. A second cohort of female
mice (C57BIl/6n, n = 11) was subjected to the same CSDS
paradigm for a better quantification of the aggressive
encounters during the CSDS exposure.

Chronic social defeat stress paradigm

Prior to the start of the CSDS experiment, resident CD1 males
were tested on likelihood to attack an intruder C57Bl/6n
male and the 12 most aggressive CD1 mice were selected for
the CSDS experiment. Based on a protocol by Harris et al.
(2018) females were covered in previously collected urine (at
room temperature) from C57BIl/6n male mice, in order to trig-
ger an attack by the CD1 residents. Using a brush, urine was
applied to the head, back, tail and at the vaginal orifice. The
CSDS paradigm was performed as previously described
(Wagner et al., 2011). In short, following application of male
urine, female mice were immediately placed into the home-
cage of a CD1 male resident. Animals were separated as
soon as the aggressive confrontation was achieved, or after a
maximum of 5min. Subsequently, animals spent 24 h in the
same cage (45 x 25cm) as the resident CD1 male, separated
by a transparent divider, to prevent any physical contact, but
allow continuation of the social threat via visual and olfactory
cues. Each day, experimental animals were introduced (after
fresh urine application) into a new cage with a novel resident
(Figure 1(A)). The defeat occurred between 11 a.m. and 4
p.m. each day. Starting times of the defeat varied each day
in order to reduce predictability of the stressor and thereby
decreasing the chances of a potential habituation effect.
Control animals remained pair-housed in their home-cage
throughout the experimental period and were exposed to
male odor via bedding material once a week. All animals
were handled on a daily basis.

In order to allow qualitative evaluation and to further
describe the intensity, frequency and duration of the aggres-
sive behavior of the CD1 males towards the female mice, vid-
eos were recorded within a second cohort of animals (n =
11 CSDS female C57BI/6n) on day 1, day 8 and day 14 of the
CSDS experiment. The number of attacks and chasing by the
CD1 male during the 5-min defeat period was quantified.

Urine collection

Urine from C57BI/6n male mice was either collected in a
tube while manually restraining the mouse, or by placing
mice in an empty cage on top of a metal grid. After 1h,
urine was then collected from the bottom of the cage. Fresh
urine of 15-20 mice was collected every 3-4 days, mixed
together and stored at 4°C.

Fur status and body weight

Fur status was determined every 2-5 days prior to the social
defeat and body weight was measured weekly for both
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Figure 1. Female C57BI/n mice are socially defeated by a CD1 male mouse over a period of 21 days when covered in male C57BI/6n urine. (A) Over the course of
21 days female C57Bl/6n mice were exposed to a social chronic defeat stress (CSDS) paradigm. In this CSDS paradigm female mice were covered in male C57BI/6n
urine after which they were immediately exposed to a social defeat of 5min by a CD1 male mice, subsequently separated by a transparent divider and housed
together with the CD1 male for 24 h. This procedure was repeated with a novel CD1 each day. (B) In a separate cohort of animals, this 21-day CSDS paradigm led to
a substantial number of attacks and chasing by the CD1 male as quantitively illustrated for the 5-min defeat on day 1, day 8 and day 14 of the experiment. (C) In
this cohort, the percentages in which estrus, proestrus or metestrus/diestrus cycle phases occur from day 10 to day 18 of the experiment are comparable for control
and CSDS mice. D: day; CSDS: chronic social defeat stress.



control and CSDS mice. The condition of the fur was assessed
by an experienced investigator as described previously
(Mineur et al., 2003). In short, scores were classified according
to a 4-point scale, where 1 stands for a perfect, clean fur,
while 4 represents a disheveled, scruffy fur, often including
traces of wounds and scurf. Ratings of 2 and 3 demonstrate
intermediate fur states, respectively.

Behavioral assessment

Tests were performed between 08.00 a.m. and 12.00 p.m.
and took place in a specially equipped behavioral room, adja-
cent to the housing room. After performance of the test, con-
trol mice were put back in their homecage and CSDS females
returned to the same cage with the same CD1 as prior to
test performance, separated by the transparent divider. On
the days of behavioral testing chronic social defeat took
place in the afternoon. All tests were recorded and tracked
using the automated video-tracking system Anymaze 4.99z
(Stoelting, Dublin, IE). In case manual scoring was necessary,
this was performed by an experienced observer that was
blinded to the experimental condition.

Open field

On day 18 of the experiment, the open field (OF) was con-
ducted as previously performed (Schmidt et al, 2007;
Sterlemann et al., 2008) to assess locomotor activity and anx-
iety-like behavior. The test was executed in an empty open
field arena (50cm x 50cm x 50cm), made out of gray poly-
vinyl chloride (PVC), under constant lighting conditions of
approximately 20 lux. Total test duration was 10 min, in which
total distance travelled and the number of entries, time spent
and distance travelled within the inner zone of the OF
were analyzed.

Elevated plus maze

The elevated plus maze (EPM) was performed on day 19 of
the experiment to measure anxiety-like behavior as previ-
ously described (Schmidt et al, 2007; Sterlemann et al,
2008). The apparatus was comprised of a plus shaped plat-
form, with two opposing open arms (30cm x 5cm x 0.5cm)
and two opposing enclosed arms (30cm x 5cm x 15cm),
made of gray PVC, which were connected by a central area
(5cm x 5cm x 0.5cm). The whole apparatus was elevated
50cm above the floor. Lighting conditions were set at 20 lux
in the open arms and less than 10lux in the closed arms. At
the start of the test, animals were placed in the central zone,
facing an enclosed arm. The test lasted for 5min, in which
the following parameters were measured: number of entries,
time spent and distance travelled in the open and closed
arms of the EPM.

Social avoidance task

To test whether CSDS led to avoidance of a social encounter
with an adolescent female CD1 mouse, the SA task was con-
ducted on day 20 of the experimental period (according to
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Tsankova et al., 2006). The SA task consisted of two phases:
the acquisition phase and the retrieval phase, which all ani-
mals underwent subsequently. In the acquisition phase ani-
mals were placed in the OF arena with a small empty cage
placed in a fixed position of the arena. The acquisition phase
lasted for 2.5 min. While animals remained in the OF arena,
the empty cage was replaced with a cage containing a
female adolescent CD1 mouse, allowing experimental animals
to socially interact or avoid interaction with the newly intro-
duced mouse. This retrieval phase lasted for another 2.5 min.
A “social zone” was defined, which included an area closely
surrounding the inserted cage. Time spent in this social zone
was manually scored when the experimental mouse was also
directing its head towards the cage.

Forced swim task

The forced swim task (FST) was performed on day 21 of the
experiment in order to assess choice of coping strategy upon
exposure to a stressful and unescapable environment (as
described by Hartmann et al, 2012). For this, animals were
put in a 2liter glass beaker (diameter: 13 cm; height: 24 cm)
filled with tap water (21£1°C) up to 15cm height, so that
the mouse could not touch the bottom of the beaker with its
hind paws or tail, nor climb out of the beaker. The test lasted
for 6min and after completion of the test, mice were dried
with a towel to prevent hypothermia. The following parame-
ters were manually scored: time spent swimming, struggling
and floating.

Vaginal smear sampling

Wet vaginal smear samples were taken on each day of
behavioral testing. Smears were taken in between 11 a.m.
and 1 p.m,, right after completion of the behavioral task. As
previously described (Caligioni, 2009), 40 pl of sterile PBS
(room temperature) was carefully pipetted up and down the
vaginal canal multiple times, without penetrating the vaginal
canal. The collected fluid was then placed on a glass slide
and air-dried for at least 1h. Subsequently, slides were
stained with a Giemsa-Wright staining (Sigma-Aldrich) for 30s
and washed with distilled water for 3-7min. Afterwards,
slides were analyzed using a light microscope at 10x magnifi-
cation. It was decided to divide the cycle in a biphasic man-
ner with proestrus/estrus (P/E) as stages where estradiol
levels are usually high and with metestrus/diestrus (M/D) as
stages where estradiol levels are usually lower (McLean et al.,
2012). When samples were ambiguous, they were excluded
from analysis.

Stress neuroendocrine assessment

After completion of the FST, all animals were placed in a
novel cage to recover from the acute stressor.
Neuroendocrine response profiles were assessed by collecting
blood samples in 1,5mL EDTA-coated microcentrifuge tubes
(Kabe Labortechnik, Germany) via a tailcut (Fluttert et al.,
2000) 30 min after onset of the stressor (stress response) and
90min following onset of the FST (stress recovery). After



172 L. DOESELAAR ET AL.

completion of blood sampling, animals returned to their
home-cage (for controls) or their CSDS cage. Blood samples
were kept on ice and subsequently centrifuged at 8000 rpm,
for 15min at 4°C. At least 5 pl of plasma was collected and
stored at —20°C. Later, corticosterone levels (ng/ml) were
quantified by radioimmunoassay following the manufacturer’s
instructions (MP Biomedicals Inc.; sensitivity 12.5 ng/ml).

Sampling procedure

One day after the last defeat, animals were weighed and sub-
sequently sacrificed by decapitation following quick anesthe-
sia by isofluorane. Baseline trunk blood was collected in
1.5mL EDTA-coated microcentrifuge tubes (Kabe
Labortechnik, Germany). Blood samples were saved on ice
and subsequently centrifuged at 8000 rpm, for 15 min at 4°C.
Blood plasma was collected and stored at —20°C. In addition,
the adrenal glands and the thymus were removed, dissected
from fat and weighed.

Statistical analyses
Data were analyzed using the IBM SPSS statistics v25 package
and graphs were prepared using Graphpad Prism v8.3.
Physiological and neuroendocrine measures were analyzed
using independent t-tests. In case data were not normally dis-
tributed the non-parametric Mann-Whitney U test was per-
formed. In time-course analyses, a repeated measures analysis
of variance (ANOVA) with time as a within-subject factor and
condition (CSDS vs. control) as a between-subject factor was
applied. For fur status results the non-parametric Friedman
test, followed by Chi Square post-hoc testing, was performed.
All behavioral measures were analyzed using a two-way
ANOVA with condition (CSDS vs. control) and estrous cycle (P/
E vs. M/D) as fixed factor. If no effect of estrous cycle and no
interaction effect were found, the data were analyzed using a
one-way ANOVA with condition as fixed factor and estrous
cycle stage as co-variate. In case behavioral data were not nor-
mally distributed, a log transformation was performed to nor-
malize data before analyses. If significant main or interaction
effects were found, post-hoc independent sample t-tests were
performed. Correlation analyses were performed using the
Pearson’s correlation coefficient. ANOVA significance levels for
main effects were set to p < 0.05 and for interaction effects to
p < 0.1. For all post-hoc tests, the significance level was set to
p < 0.05. Values outside a margin of two times the standard
deviation were considered outliers and excluded from analy-
ses. Data are visualized as the meanz*the standard error of
the mean (SEM), including the individual data points. If main
effects for estrous cycle or an interaction effect between
estrous cycle and condition were found, data were additionally
illustrated as separated by cycle stage.

Results
CSDS procedure

The encounter of the resident CD1 male with the urine-cov-
ered experimental C57BI/6n female led to a robust physical

attack by the CD1 resident in 60% of the cases (in 150 of the
confrontations out of a total 252 confrontations female mice
were attacked by the CD1 male). Even though animals were
not attacked by a CD1 male on every day of the experiment,
overall there was no separation in the cohort with regard to
the frequency of aggressive encounters throughout the 21
days. If animals were not attacked, we still observed physical
contact between the CD1 resident and experimental mouse in
the form of chasing. In most cases, experimental mice dis-
played a defensive posture upon approach by the CD1 resi-
dent, even if this encounter did not lead to an attack. For a
more qualitative evaluation of the aggressive behavior of the
CD1 males, defeats were recorded on day 1, day 8 and day 14
in a separate CSDS cohort (Supplementary Videos 1-3). The
number of attacks and chasing by the CD1 male during the 5-
min defeat period on these three days of the experiment were
quantified (Figure 1(B)), illustrating a robust exposure of
females to aggressive behavior by the CD1 males in this para-
digm. In this cohort, CSDS did not affect cycling (Figure 1(C)).

Physiological parameters

At the start of the experiment, animals did not significantly
differ in body weight. A repeated measures ANOVA revealed
a significant within-subjects effect for time (Fpa443 =
148.732, p<0.000), as well as time x condition interaction
(F2.2,443 = 6.168, p < 0.01) and an in-between-subjects effect
for condition (F(; 200 = 5.017, p < 0.05; Figure 2(A)). Post-hoc
tests indicated that from day 15 of the CSDS paradigm
onwards, CSDS mice had an increased body weight com-
pared to control animals (tpg = —3.597, p<0.01) and this
effect remained until sacrifice at day 22 of the experiment
(tao) = —3.345, p <0.01).

Fur condition scores also did not differ at the start of the
experiment, but the non-parametric Friedman test detected
differences in fur condition (x2(5) = 54.459, p < 0.001; Figure
2(B)). Post-hoc tests revealed that already at day 7 of the
defeat paradigm, CSDS mice had a higher fur state score
(1’2 = 11.169, p < 0.01) and this difference continued to be
present at day 12 (% = 12.103, p<0.01), day 15 (¥’ =
9.214, p<0.05) and day 19 (x’p = 18333, p<0.001) of
the experiment.

One day after the last defeat, animals were sacrificed and
organs were collected and weighed. Following 21 days of
CSDS the weight of the adrenal glands corrected for body
weight was significantly increased when compared to control
animals (tp1) = —3.761, p < 0.01) and although not statistically
significant, relative thymus weight tended to be reduced ()
= 1917, p=0.07) vs. control mice (Figure 2(C,D)).

Neuroendocrine measures

Basal and stress neuroendocrine profiles of CSDS and control
mice were further investigated by quantifying basal morning
levels of corticosterone (at day 22 of the experiment) and
corticosterone response and recovery levels upon exposure
to an acute stressor (on day 21 of the experiment; respect-
ively 30 min or 90 min following the onset of the FST). We
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Figure 2. Chronic social defeat stress leads to changes in body weight, organ weight and fur condition in female C57BI/6n mice. Exposure to a 21-day social defeat
led to (A) a significant increase in body weight from day 15 of the defeat onwards. In addition, (B) fur condition was worsened in socially defeated mice compared
to control animals from day 7 of the defeat onwards. Chronic social defeat stress exposure led to (C) a significant increase in relative adrenal gland weight and (D) a
tendency for reduced relative thymus weight. CSDS: chronic social defeat stress; data represent mean + SEM; *p < 0.05; **p < 0.01, ***p < 0.001.
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Figure 3. Chronic social defeat stress affects corticosterone recovery levels following a stressor in female C57BI/6n mice. (A) Basal morning corticosterone levels are
unaffected following 21 days of social defeat. Following the stressor (forced swim test; FST) the corticosterone response (B) 30 min after FST onset was affected by
chronic social defeat (CSDS) exposure, whereas the corticosterone recovery (C) 90 min after FST onset was reduced in CSDS mice compared to controls. CSDS:

chronic social defeat stress; data represent mean + SEM; *p < 0.05.

did not observe differences in basal morning corticosterone
levels, nor any differences in the corticosterone response
30min following an acute stressor (Figure 3(A,B)). However,
the Mann-Whitney U test revealed significantly reduced cor-
ticosterone concentrations in the plasma of CSDS mice vs.
control mice, during the recovery phase following an acute
stressor (U=129, p < 0.05; Figure 3(Q)).

Behavioral assessment

Open field

The OF was used to assess whether CSDS exposure affects
locomotor activity and anxiety-like behavior. Mice did not
present any changes in overall locomotor activity, as total
distance travelled did not differ between CSDS and control
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Figure 4. Chronic social defeat stress exposure increases anxiety-like behavior in female C57Bl/6n mice and this effect is most prominent in the metestrus/diestrus

phase of the cycle. Chronic social defeat stress (CSDS) exposure does not affect (A

) total distance travelled after 10 min in the Open Field (OF), nor could (B) any

changes be observed during the course of the test between CSDS mice and controls. However, exposure to CSDS increases anxiety-like behavior in female C57BI/6n
mice as demonstrated by (C) a decreased number of entries into the inner zone of the OF and (D) a decreased amount of time spent in the inner zone of the OF.
The effects on time spent in the inner zone of the OF (E) were most prominent in mice that were in the metestrus/diestrus cycle phase. CSD: chronic social defeat

stress; P/E: proestrus/diestrus; M/D: metestrus/diestrus; data represent mean + SEM.

mice (F120 = 0.077, p=0.785; Figure 4(A)). A cumulative
representation of the distance travelled in the total area of
the OF arena is illustrated in Figure 4(B), for which a repeated
measures ANOVA revealed no differences between CSDS and
control animals (F( 20) = 0.085, p=0.774).

To assess anxiety-like behaviour in the OF, the first 5min
of OF exposure were analyzed. Here, the total number of

*p < 0.05.

entries into the inner zone of the OF (F;.0 = 6.717,
p <0.05) and the time spent in the inner zone of the OF
(F1,18 = 5.718, p < 0.05) was reduced in CSDS mice vs. con-
trol mice (Figure 4(C,D)). In addition, a two-way ANOVA
showed an condition x estrous cycle interaction effect for the
parameter time spent in seconds in the inner zone of the OF
during the first 300s (F,17) = 7.110, p <0.05; Figure 4(E)).



Differences between CSDS and control mice for time in the
inner OF zone were only present within mice that were in
the M/D phase (ts = 2.719, p<0.05). Furthermore, within
the CSDS group, animals within the M/D phase spent even
less time in the inner zone of the OF than CSDS animals in
the P/E phase (to = 3.196, p <0.05). No effect for estrous
cycle was found for number of entries into the inner zone of
the OF (F(1,19 = 0.797, p=0.383).

Elevated plus maze

In contrast to data from the OF, no differences were found
between CSDS and control mice for time spent (F(. =
1.938, p=0.178), nor for distance travelled (F;., = 0.818,
p=0.376) on the open arms of the EPM. In addition, no
estrous cycle effects were found for time spent or distance
travelled on the open arms of the EPM (respectively F( 19y =
0.536, p=0.473 and F(; 19y = 0.514, p =0.482).

Social avoidance

Data from the SA task revealed that socially defeated females
spent less time in close proximity (time in social zone) of an
inanimate object (empty cage) than control mice (F;.0 =
4.575, p<0.05; Figure 5(A)). A two-way ANOVA showed a
condition x estrous cycle interaction effect (F:9 = 3.030,
p <0.1) and from post hoc tests it became clear that avoid-
ance of an inanimate object is stronger in CSDS mice within

A
(A) 1l ] Control
()
§ . B csp
R 100
s
(%]
@
£ 50
(]
E
'—
0
®) 150 Control P/E
0 CSD PE
g o . . 1 Control M/D
N 100+ V—‘ o B csowmp
© 3 °
o 7 8 ) o0 5 o
o 77 2 T ¥ =
o _ |7 N e 7w
: P .
= 1
2 D A

Mouse

Figure 5. Chronic social defeat stress exposure leads to avoidance of an inani-
mate object, but not to social avoidance in female C57BIl/6n mice and this pro-
cess is influenced by the cycle phase. Chronic social defeat stress (CSDS)
exposure (A) leads to a decreased approach of an inanimate object, but did not
affect the approach of a CD1 female adolescent mouse. The avoidance of an
inanimate object (B) was stronger in CSDS mice within the proestrus/estrus (P/
E) phase and therefore the effect of CSDS is mostly driven by mice in this P/E
phase. CSD: chronic social defeat stress; P/E: proestrus/diestrus; M/D: metestrus/
diestrus; data represent mean + SEM. *p < 0.05; **p < 0.01.
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the P/E phase and therefore the effect of CSD is mostly
driven by mice in the P/E phase (Figure 5(B)). However, even
though CSDS mice avoided an inanimate object, no differen-
ces were found for time spent in the social zone when an
adolescent CD1 female mouse was placed in the cage (F 19
= 0.217, p=0.647).

Forced swim task

Finally, the FST was performed to investigate whether CSDS
exposure leads to different coping strategy choices upon
exposure to a stressful and unescapable environment. As
these data were not normally distributed, a log transform-
ation was first applied to the parameters time spent strug-
gling, time spent swimming and time spent floating. An
ANOVA with estrous cycle as a covariate subsequently
revealed no differences between CSDS and control mice in
either time spent struggling (F(; 19y = 0.777, p=0.389; Figure
6(A)), time spent swimming (F(;,19) = 0.230, p=0.637; Figure
6(B)) or time spent floating (F(;19) = 2.097, p=0.164; Figure
6(C)) in seconds in the FST.

Correlations between physiological and
neuroendocrine parameters

A Pearson’s correlation revealed interesting correlations
between a number of physiological and neuroendocrine
parameters (Figure 7). Most interestingly, basal morning cor-
ticosterone levels at sacrifice and corticosterone recovery lev-
els, 90 min after onset of the stressful FST, were positively
correlated with body weight gain after 15 days of CSDS (r =
0.593, n = 24, p < 0.01; Figure 7(A)) and negatively correlated
with actual body weight following 15 days of CSDS (r =
—0.512, n = 20, p<0.05; Figure 7(B)), respectively. Relative
adrenal weight was positively correlated with body weight
after 15 days of CSDS (r = 0.535, n = 21, p<0.05; Figure
7(C)) and negatively correlated with corticosterone recovery
levels, 90 min following onset of the FST (r = —0.460, n = 21,
p > 0.05; Figure 7(D)).

Discussion

Over the past decades it has become more and more evident
that male and female responses towards environmental stres-
sors critically differ (Dalla et al., 2005; Hodes et al.,, 2015;
Kessler, 1994; Westenbroek et al., 2004) and this has empha-
sized the importance of including both sexes within stress
research. Here, we extend our knowledge on the detailed
consequences of CSDS in females, showing that 21 days of
CSDS in female C57BI/6n mice induced many of the physio-
logical, neuroendocrine and behavioral changes often
described in males. At the same time, important differences
in the response of females to CSDS in comparison to males
were uncovered.

In male mice, CSDS commonly causes various physio-
logical changes. Previous studies frequently reported body
weight gain, deterioration of fur condition, adrenal glands
enlargement and shrinkage of the thymus (Chuang et al.,
2010; Hartmann et al., 2012; Wagner et al., 2011). Apart from
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an increase in adrenal weight in one study (Haller et al, 2019; Takahashi et al., 2017; Yohn et al., 2019; 2019). Harris
1999), most studies using an alternative method for CSDS in et al. (2018) neither reported any alterations in physiological
females remarkably do not indicate any of these classical parameters as a result of their CSDS protocol. Unlike these
physiological changes (Bourke & Neigh, 2012; Newman et al., earlier studies in females, we show that 21 consecutive days



of exposure to CSDS does indeed lead to the physiological
changes that are generally found upon CSDS exposure in
males, underlining that the stress procedure is effective and
that the general physiological adaptations to CSDS are very
similar in males and females.

In addition to physiological modifications, alterations in
basal and stress-induced neuroendocrine profiles are com-
monly observed in males that underwent CSDS. As a result of
chronic stress exposure, male mice often display elevated
basal corticosterone levels as well as dysregulation of hypo-
thalamic-pituitary-adrenal (HPA) axis negative feedback
(Hartmann et al., 2012; Ron de Kloet et al., 2005; Schmidt
et al, 2010; Sterlemann et al., 2008; Wagner et al., 2011). In
contrast to studies in male mice, no changes in basal neuro-
endocrine profiles were found in previous chronic stress stud-
ies with females and also in our study we did not observe
such changes. An explanation for this differential pattern
could be that females have higher baseline corticosterone
levels than male mice under non-stress conditions (Viau,
2002) and this may mask a further slight increase following
chronic stress exposure. In the current study we did not
observe the in males commonly detected overshoot of the
corticosterone response to a novel stressor, which may in
part be due to the large variability in the two groups.
Interestingly, during the recovery phase, CSDS females dis-
played significantly reduced corticosterone levels, which may
point towards an improved negative feedback regulation.
However, other systems like the sympathetic nervous system
or the immune system also affect corticosterone feedback
regulation and further studies will need to address this
phenotype mechanistically.

Adding to these findings, a number of physiological and
neuroendocrine parameters of stress were correlated with
each other. As previously mentioned, body weight gain can
be an indicator of chronic stress exposure and increased
basal corticosterone levels or HPA axis activity changes are
often associated with vulnerability to stress (Schmidt et al.,
2010). We found that animals with greater body weight gain
during the experiment also had higher basal corticosterone
levels. Conversely, body weight during the experiment was
inversely correlated with HPA axis activity during the recov-
ery phase of an acute stressor. Furthermore, higher adrenal
weight - one of the classical indicators of a hyperactive HPA
axis — was associated with increased body weight during the
experiment and animals with larger adrenals also had lower
HPA axis recovery activity. Altogether, these correlations fur-
ther underline that the physiological and neuroendocrine
responses to CSDS in females are reflective of a stressful state
and that we observe individual variability in stress vulnerabil-
ity and resilience.

Chronic stress also consistently results in a marked behav-
ioral phenotype. Anxiety-like behaviors are often observed in
both males and females following chronic stress exposure
(Harris et al., 2018; Hartmann et al., 2012; Schmidt et al.,,
2007; Sterlemann et al., 2008; Takahashi et al., 2017; Wagner
et al., 2011; Yohn et al., 2019; 2019). Here we found that
CSDS mice display more anxious-like behavior in the OF test.
Moreover, when tested during the SA task, female mice
avoided an inanimate object in the open field, suggesting an
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aversion for novel environments or environmental changes.
Interestingly, the estrous cycle phase also modulates anxiety-
related behavior in females and therefore plays a significant
role in the degree of stress-induced anxiety.

Another behavior that is typically affected following CSDS
exposure is social behavior. A large number of studies has
found a decrease in social interaction or increase in SA
behavior following CSDS exposure and reduced social inter-
action is often presented as one of the key phenotypic fea-
tures of vulnerability to chronic stress (Golden et al., 2011;
Harris et al., 2018; Krishnan et al., 2007; Newman et al., 2019;
Russo & Nestler, 2013; Takahashi et al, 2017, Yohn et al,
2019). Remarkably, we did not find such social behavioral
changes in our study. One explanation for this could be the
choice of the social target. Often a male CD1 mouse, with an
identical appearance and age as the initial attacker, is used.
However, we selected a female adolescent CD1 mouse as the
social target to investigate the generalized nature of a poten-
tial SA behavior. We can therefore conclude from our data
that in female mice, SA following CSDS is at least not gener-
alized to mice from another sex or age as the initial attacker.
It will therefore be important for future studies to differenti-
ate SA behavior based on the sex and age of the tested
conspecific.

Our study design was based on the CSDS protocol as
described by Harris and colleagues (Harris et al., 2018), with
only applying an adjustment to the length of the chronic
defeat to 21 days. Even though we have reported findings
that add to the stress phenotype as described by Harris et al.
we have also found some discrepancies between the studies.
First of all, Harris and colleagues report increased cortico-
sterone levels, 30 min following the first defeat and 30 min
following the defeat on day 10 of the experiment compared
to the control condition. In our study, we did not find any
changes in corticosterone levels at baseline, nor at 30 min fol-
lowing exposure to the forced swim test. Even though these
results may look contrary at first sight, the environmental
exposure and/or type of stressor were different in both stud-
ies and a direct comparison of the neuroendocrine results
can therefore not be made. Moreover, in our study the stres-
sor was applied to both the control and CSDS group, expli-
citly investigating differential stress reactivity, whereas Harris
et al. studied the acute effect of a social defeat (with and
without prior CSDS exposure) versus no stress exposure at
all. On the behavioral level, one finding that we could not
replicate was the presence of SA behavior following CSDS
stress, as discussed above. Interestingly, Harris and colleagues
further investigated the resiliency or vulnerability towards
CSDS in their sample and subsequently stratified for this,
which was not possible in our study due to insufficient statis-
tical power. On a further note, the behavioral assessment in
the current study was limited to a few tests and we would
like to avoid an over-interpretation based on the current
results. In fact, a lack of observed phenotype in a specific
assay (e.g. the social avoidance task) does not mean that
socially stressed females do not show alterations in social
behavior. The current available data on the effects of social
stress in female mice is - compared to the males - unfortu-
nately still limited, again arguing for the inclusion of females



178 L. DOESELAAR ET AL.

in future studies and a deeper
phenotyping.

Even though this study and the former report by Harris
et al. show that increased male-to-female aggressive behav-
ior, by introducing male odorants and pheromones, leads to
a substantial stress phenotype in female mice, there are a
few limitations to the study design. Firstly, the number of
attacks towards female mice is less than the days of aggres-
sion reported in male studies (Golden et al., 2011). While all
females were attacked regularly during the 21-day defeat
period there were variations in attack duration and fre-
quency, including individual days were no aggressive
encounter occurred. Even though attack variations over the
21 days was similar for all experimental females, we still can-
not rule out that variations in attack frequency across the
CSDS procedure may have contributed to the variability in
the behavioral and physiological outcomes. However, the
presence of an overall robust stress phenotype may reduce
this concern. Another concern may be that application of
male odors and pheromones alone may affect behavior in
female mice. In this study, the sole effect of urine application
was not tested. However, control mice were also exposed to
male odors on a weekly basis by introducing CD1 male bed-
ding into their homecage. Furthermore, Harris et al. (2018)
did include an additional control sample in their study and
showed that urine application alone does not affect behav-
ioral outcomes. A last important point of debate is whether a
model utilizing male-to-female aggression can be considered
etiologically relevant, as compared to a female-to-female
aggression models (Logan, 2019; Newman et al,, 2019). It is
clear that rendering females to be perceived as males comes
along with questions on how etiologically relevant the model
is. However, the same is true for CSDS models that rely on
female-to-female aggression, where a behavior is elicited that
is not observed under (semi)naturalistic conditions and
requires substantial experimental manipulation. In fact, also
the male CSDS model is very artificial and adapted to a
laboratory setting, as in natural mouse populations subordin-
ate males will quickly leave the territory of an alpha male.
We believe that having the availability of a simple paradigm
that is reproducible across laboratories and simulates a
chronic social stress situation in female mice under standard
laboratory conditions is of high scientific value.

An important aim of this study was to further describe the
differential responses of females to CSDS as compared to male
mice. Even though the absence of data from a contemporary,
non-historic male sample makes it harder to draw definite con-
clusions on potential sex differences, the establishment of the
CSDS phenotype in males has been repeatedly reported
(Golden et al., 2011; Hartmann et al, 2012; E. J. Nestler &
Hyman, 2010; Sterlemann et al, 2008; Wagner et al, 2011),
which allows for a more general comparison. When studying
female cohorts, the estrous cycle and their corresponding estra-
diol levels may largely contribute to the variability in neuroen-
docrine and behavioral outcomes (Green et al., 2018; Shansky &
Woolley, 2016) and in-depth analyses revealed that in our sam-
ple the estrous cycle indeed modulated the CSDS induced anx-
iety-like behavior. However, even though the biphasic estrous
cycle assessment was based on predictive estradiol levels

and more thorough

(usually high estradiol levels in proestrus/estrus cycle phase vs.
the usually lower estradiol levels in the metestrus/diestrus
phase; McLean et al., 2012), we did not quantify blood estradiol
levels. Behavioral effects may therefore just as well be the result
of alternative alternating hormone levels, such as progesterone.
Moreover, chronic stress may influence the regularity of the
female cycling. Even though, based on the observations in our
sample there is no indication that in this particular protocol
CSDS females stop cycling, the sample size of collected smears
was insufficient to exclude more moderate effects of the stress
exposure on the female cycle. Nevertheless, it should be clear
that the study of the estrus cycle is not a prerequisite when
including female cohorts and data of females without the infor-
mation on cycle stage are equally valid. Many of the effects of
CSDS are expected to occur in females independent of the
estrous cycle, and this is supported by the data in this study.
Therefore, the current model does not require the monitoring
of the estrous cycle and the behavioral consequences of CSDS
in females can also be studied without taking the cycle of the
females in to account.

Taken together, this study provides further insights in the
typical physiological, neuroendocrine and behavioral
responses of female mice to CSDS. The results pave the way
for a direct comparison of the responses of both males and
females to chronic social stress and will ultimately allow the
sex-specific study of mechanisms underlying individual
stress resilience.
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