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ARTICLE INFO ABSTRACT

Stressful life events are a major factor in the etiology of several diseases, such as cardiovascular, inflammatory
and psychiatric disorders (i.e., depression and anxiety), with the two sexes greatly differing in vulnerability. In
humans and other animals, physiological and behavioral responses to stress are strongly dependent on gender,
and conditions that are stressful for males are not necessarily stressful for females. Hence the need of an ani-
mal model of social chronic stress specifically designed for females. In the present study we aimed to compare
the effects of two different chronic stress procedures in female mice, by investigating the impact of 4 weeks of
nonsocial unpredictable, physical stress by the Chronic Mild Stress paradigm (CMS; Exp.1) or of Social Instabil-
ity Stress (SIS; Exp.2) on physiological, endocrine and behavioral parameters in adult female mice. CMS had a
pronounced effect on females' response to novelty (i.e., either novel environment or novel social stimulus), body
weight growth and hormonal profile. Conversely, 4 weeks of social instability did not alter females' response to
novelty nor hormonal levels but induced anhedonia. Our findings thus showed that female mice were more sen-
sitive to nonsocial stress due to unpredictable physical environment than to social instability stressors. Neither
of these stress paradigms, however, induced a consistent behavioral and physiological stress response in female
mice comparable to that induced by chronic stress procedures in male mice, thus confirming the difficulties of
developing a robust and validated model of chronic psychosocial stress in female mice.
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Sex differences

Agam, 2008; Kendler et al., 1999), presents high comorbidity with anx-

1. Introduction

The impact of stressful life events in the etiology of several diseases
is widely recognized in clinical and preclinical research (Schmidt et al.,
2008). Chronic stress has been described to increase the risk for de-
veloping metabolic syndrome (Chandola et al., 2006), cardiovascular
and inflammatory diseases (Holmes et al., 2006) and psychopathologies,
such as Alzheimer's disease (Wilson et al., 2003), depression and anx-
iety disorders (Belmaker and Agam, 2008; Cryan and Slattery, 2007;
Kendler et al., 1999; Kessler, 1997; Kessler et al., 2005; Lupien et
al., 2009; Nestler et al., 2002; Wang, 2005). Many of these stress-re-
lated disorders exhibit gender bias in frequency, severity, or response
to treatment (Wittchen et al., 2011; Kessler, 2007; Gobinath et al.,
2017). Major depression, which is the most prevalent mental disorder
worldwide according the World Health Organization statistics (WHO, ),
can be caused or enhanced by chronic stress exposure (Belmaker and

iety-related disorders (Hirschfeld, 2001; Kessler et al., 2005; Kennedy,
2008) and is twice as common in women than in men (Gorman, 2006;
Kendler et al., 1995, 2002; Kessler, 2007; Tafet and Bernardini, 2003;
Wang, 2005; Wittchen et al., 2011).

Animal models involving chronic stress are particularly appropriate
for emulating several neuropsychiatric disorders, to determine their un-
derlying mechanisms and to find pharmacological treatment (Chaouloff,
2013; Davis and Pfaff, 2014; Goel and Bale, 2009; Pryce and Fuchs,
2016; Schmidt et al., 2008). However, human and animal data clearly
indicate that individuals' perception of the stressfulness of a situation
as well as the physiological and behavioral responses to stress are
strongly dependent on gender; conditions that are stressful for males
are not necessarily stressful for females, and the reverse (Bangasser
and Wicks, 2017; Kokras and Dalla, 2014; Kudielka and Kirschbaum,
2005; Palanza, 2001; Palanza and Parmigiani, 2017). The

+ Corresponding author at: Unit of Neuroscience, Department of Medicine, University of Parma, Laboratory of Behavioral Biology, Viale delle Scienze 11A, 43100 Parma, Italy.

Email address: paola.palanza@unipr.it (P. Palanza)
1 Equally contributing authors.

https://doi.org/10.1016/j.yhbeh.2017.11.013

Received 1 August 2017; Received in revised form 14 November 2017; Accepted 21 November 2017

Available online xxx
0018-506/ © 2017.



H. Dadomo et al.

development of appropriate animal models to investigate the biological
basis of sex-biased differences in vulnerability to chronic stress is a ma-
jor challenge of modern bio-medical research.

Unpredictability, novelty, lack of control, threat to self-esteem are
key factors making people perceive a situation as stressful and elicit-
ing a physiological and psychological stress response (Gruenewald et
al., 2004; Hammen, 2005; Havranek et al., 2016; Wood et al., 2015).
As Koolhaas et al. (2011) pointed out in their critical re-evaluation of
the stress concept, “the term ‘stress’ should be restricted to conditions
where an environmental demand exceeds the natural regulatory capac-
ity of an organism, in particular situations that include unpredictabil-
ity and uncontrollability”. Accordingly, animal models of stress-induced
disorders generally use chronic, unpredictable stressors involving either
the physical or the social environment.

The chronic mild stress (CMS) procedure is a well-established ro-
dent model for inducing behavioral changes commonly associated with
clinical depression (Willner et al., 1992; Willner, 2017a). In this pro-
cedure mice or rats are exposed chronically to unpredictable environ-
mental mild stressors such as cold, footshock, restraint, bright light, or
forced swimming, resulting in behavioral changes, such as decreased re-
sponse to rewards (considered a behavioral correlate of the core symp-
tom of depression, anhedonia), decreased locomotor and explorative be-
havior, impairment of feeding, drinking and sexual behavior (Willner et
al., 1987, 1992; Willner, 2017b). The CMS procedure induces several
physiological changes (e.g., hypercortisolemia, hypertension) that are
clinically associated with depression and many effects of CMS can in-
deed be reversed by antidepressant agents (Willner et al., 1987, 1996).
Thus the CMS procedure appears to have face and predictive validity, at
least when involving male mice or rats. A few studies have examined the
effects of CMS on female rodents and they produced conflicting data;
CMS can have an opposite effect to the expected depressed-like pro-
file and the result was reported as an “anomalous” response to chronic
stress (Willner, 2005). On the other hand, Dalla et al. (2005) reported
that female rats were more vulnerable to chronic mild stress than males.
Following CMS exposure, females showed decreased sucrose intake and
open field activity, increased corticosterone levels, alteration in estrous
cycle and decreased serotonergic activity in hippocampus and hypothal-
amus. In males CMS procedure induced only behavioral changes, such
as decreased sucrose intake and open field activity (Dalla et al., 2005).

Human studies indicate that social rather than physical stress is as-
sociated to depression (Blazer and Hybels, 2005; Kessler, 1997). Thus
animal models using unpredictable social stressors are currently consid-
ered the best available models of human psychopathological disorders
(Blanchard et al., 1995; van Kampen et al., 2002). Chronic stress in-
duced by social defeat and subordination has been a valuable tool to
induce depressive-like behavior (Becker et al., 2008; Bjorkqvist, 2001;
Fuchs and Fliigge, 2002; Rygula et al., 2005). In male mice, defeat in
aggressive encounters and chronic subordination due to unescapable ex-
posure to the dominant animal, induce psychopathological changes and
depressive-like behavior in male mice, accompanied by consistent alter-
ations of hormonal, physiological, behavioral, immune and metabolic
responses (Bartolomucci et al., 2004, 2005, 2009). Because of its con-
gruence with the human condition, the defeat-induced loss of status
in mice and rats has been proposed as a model of loss of self-esteem
and depression in humans that parallels human psychiatric disorders re-
lated to negative emotions provoked by loss of social role, resources,
and adverse social environment (Blanchard et al., 1995; Blanchard et
al., 2001; Marrow and Brain, 1998; Willner et al., 1995). These mod-
els of defeat-related, psychosocial stress used for male mice (or rats)
are, however, not appropriate for females, because female mice do not

Hormones and Behavior xxx (2017) xxx-xxx

show high levels of competitive, territorial aggression or a strong domi-
nance relationship when they are not in a reproductive state (Berry and
Bronson, 1992; Palanza et al., 2005; Palanza and Parmigiani, 2017).

A number of models of social stress in female rodents have been pro-
posed in order to elicit consistent behavioral, hormonal and metabolic
changes. For instance, social deprivation by different lengths of social
isolation have been widely used to induce a depressive-like profile in fe-
males (Brain, 1975; Jesberger and Richardson, 1985; Koike et al., 2009;
Martin and Brown, 2010; Palanza et al., 2001; Hong et al., 2012), as
well as the crowding procedure (Finger et al., 2012; Lin et al., 2015;
Reiss et al., 2007). Moreover, social instability stress, consisting either
of alternation of crowding and social isolation or housing in an unpre-
dictable social environment, was reported to induce some stress-related
changes in female rats and mice (Haller et al., 1999; Jarcho et al., 2016;
Schmidt et al., 2010). Results from such studies, however, are often con-
flicting and the problem is finding a consistent behavioral and phys-
iological profile indicative of stress-related alterations in female mice
(Jarcho et al., 2016; Schmidt et al., 2010). Virtually none of the pro-
posed model of physical or social stress is, indeed, recognized to pro-
duce a consistent and coherent set of behavioral and physiological re-
sponses indicative of depression- and anxiety-like profile in adult female
mice. In addition, not all depression and anxiety disorders in women,
but also in men, are alike (Goldberg, 2011; Insel et al., 2010; Nandi et
al., 2009). Therefore, different rodent models are likely to apply to dif-
ferent expressions of depressive and/or anxiety disorder (Brand et al.,
2015; O'Leary and Cryan, 2013). Although women are more vulnerable
to several stress-related disorders, such as major depression and anxi-
ety, an apparent paradox is that rodent models are still mostly based on
males (Palanza and Parmigiani, 2017; Zucker and Beery, 2010).

The aim of the present study was to compare the effects of two
different chronic stress procedures, based on unpredictability of phys-
ical or social environment, upon several behavioral and physiological
responses of female mice, in order to validate a behavioral procedure
that may serve as a female animal model for stress-related depressive or
anxiety disorders. Since large variability among different mouse strains
is reported for stress responses, anxiety and depression-like behaviors
(Belzung and Griebel, 2001; Ibarguen-Vargas et al., 2008; Milner and
Crabbe, 2008; Mineur et al., 2006), we examined CD1 outbred mice,
which reflect the genetic diversity in natural populations and can be
used in behavioral studies in a translational perspective (Vogt et al.,
2017; Palanza and Parmigiani, 2017). The ethogram of CD1 mice,
among many mouse strains, is similar to that of wild mice, in particu-
lar for their social and emotional behavior (Chalfin et al., 2014; Holmes
et al., 2000; Parmigiani et al., 1998, 1999). We carried out two experi-
ments investigating the consequences of 4 weeks of either unpredictable
CMS (Exp.1) or social instability (Exp.2) on behavioral, metabolic and
endocrine parameters in adult female mice. At variance with Haller et
al.'s (1999) procedure in rats, which also employed social isolation and
crowding, social instability was achieved here by daily switching the
cagemates that the experimental female was housed with. Isolation and
crowding per se may indeed be stressful conditions for female mice
(Beery and Kaufer, 2015; Martin and Brown, 2010; Reiss et al., 2007),
while we aimed to evaluate the impact of instability of the social net-
work in group-housed female mice.

We examined the experimental mice in different behavioral test for
assessing anxiety, anhedonia, social exploration and novelty responses
and evaluated the metabolic consequences of the stress procedures on
females' body weight growth, food intake and glucose plasma level.
At the end of the study, we measured plasma Corticosterone (C) and
Adrenocorticotropic hormone (ACTH) and organs' weigh to determine
stress-related physiological alterations.
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2. General methods and materials
2.1. Experimental subjects

Experimental subjects were outbred CD1 female mice (Mus muscu-
lus) derived from Charles River Italia (Calco, Italy), born and reared in
our vivarium at the Laboratory of Behavioral Biology at the University
of Parma. Animal room temperature was set at 22 + 2 °C with a 12h
light-dark cycle (lights on 07:00). Food (4rf21 standard diet, Mucedola,
Italy) and water were available ad libitum. After weaning (25 days)
mice were housed in same-sex groups of siblings (5 + 1 per cage) in
Plexiglas cages (45 cm x 25 cm X 20 cm) with wooden dust-free bed-
ding (Mucedola, Italy) changed weekly. When group-housed, females
remained in cages measuring 45 cm X 25 cm X 20 cm, whereas when
individually housed females remained in Plexiglas cages measuring
20 x 25 x 15 cm. Housing and experiments were conducted in accor-
dance with the animal experimentation European Communities Council
Directive of 24 November 1986 (86/EEC) and approved by the Italian
Institute of Health. When 70 days old, adult female mice underwent ex-
perimental procedures and were randomly assigned to one of the follow-
ing 2 experimental procedures of 4-weeks exposure to chronic stress:

1) Unpredictable Chronic Mild Stress Procedure (UCMS, Experiment 1)
and

2) Social Instability Stress Procedure (SIS, Experiment 2), described be-
low.

Throughout the experiments we monitored body weight and food in-
take and performed behavioral tests as described below. Following each
behavioral test, females were checked for the estrous phase by vagi-
nal smears. No significant differences were observed with respect to the
stage of the estrous cycle. The majority of females was found to be in
the diestrous phase of the cycle; the small number of females for each
phase prevented a statistical analysis.

2.2. Body weight and food intake

At the beginning of each experiment, mice were weight-ranked to
ensure similar body weights between groups. On day 2, day 14 and
day 28 we monitored with a digital balance accurate to 0.01 g. (Sarto-
rius, Guxhagen, Germany) body weight and food intake as an indicator
of eating disorders as reported in several stress-related disorders (Block
et al., 2009; Razzoli and Bartolomucci, 2016). During CMS we did not
measure the daily food intake because the amount of food available to
the animal varied different times in a week, making the food intake
measurement not feasible.

2.3. Behavioral tests

At different time-points of Experiment 1 and Experiment 2 stress pro-
cedures (Fig. 1), experimental females underwent the following behav-
ioral tests to evaluate anxiety and/or depression-like responses induced
by either environmental or social stress:
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- Sucrose preference test (day 2, 14 and 28). Sucrose preference is the
most widely used measure of anhedonia (as decreased response to re-
wards), which is a symptom of depression (e.g., Willner et al., 1992;
Konkle et al., 2003). Briefly, 2 bottles were provided to each experi-
mental animal: 1 with a 1% sucrose solution and the other only wa-
ter. The bottles were weighed before the test and immediately after
its completion 24 h later. Sucrose solutions were prepared by weight
from commercial-grade sugar and tap water.

- Free exploratory open field (free OF) test (day 16). The testing proce-
dure used in this study was based on the method described by Palanza
et al. (2001). The apparatus consisted of 2 sections: a familiar area,
the home cage (30 x 20 x 20 cm) in which animals were individu-
ally housed for 24 h before testing and an unfamiliar area, an open
field, OF (73 x 110 x 50 cm). The floor of the home cage was cov-
ered by sawdust and food and water were freely available. The top of
the chamber was made of transparent Plexiglas to allow observation
and videotape recording. The home-cage was connected to the OF by
means of a small opening (5-cm diameter) which was closed with a
removable barrier until testing. In the OF, a light positioned behind
and above the OF wall, so as to cast a shadow along the length of the
OF, produced a bright and a dark area. 24 h before testing, subjects
were gently handled and moved into the experimental home-cages.
Tests were conducted between 14:00 and 18:30 in a room with a dim
white light. 5 min before testing, the home cage was placed at one
end of the OF. Once the barrier was removed, a cutoff of 10 min was
used for animals that did not enter the OF. Risk assessment behavior
and time spent to explore each zone were recorded. A maximum time
of OF exploration of 5 min was given to animals after the first entry
into the unfamiliar arena. In the OF there were the following 8 zones:
“near dark”, “near bright”, “far dark”, “far bright”, “wall dark”, “wall
bright”, “center bright” and “center bright” zones. To reduce any ol-
factory cues, the maze was cleaned with water and a 2% ethanol solu-
tion between trials. All behavioral tests were recorded by means of a
camera above the apparatus and carried out starting 16:30 to 18:30.

- Elevated Plus Maze (EPM) test (day 20). The EPM apparatus con-
sisted of a black wooden platform covered with transparent plastic,
with 2 open arms (30 x 5 cm) and 2 closed arms (30x5x40 cm). The
arms extended from a central platform (5 x 5 cm) and the maze was
elevated 50 cm above the floor. Mice were individually placed in a
central platform facing an open arm and allowed to explore the maze
freely for 5 min. The frequency of entries and time spent in the both
the open and closed arms were recorded and analyzed by a trained
observer using a specific software (The Observer, Noldus, The Nether-
lands).

- Novelty induced suppression of feeding (NISF) test (day 24). NISF
test is a novel, minimally invasive test, which measures the latency
of an animal to approach and eat a familiar food in a novel envi-
ronment and assesses the animal anxiety-like state (Dadomo et al.,
2011). Starting from day 24, animals underwent the NISF test in their
home cages. Mice were presented in the home cage with a novel
but highly palatable food, i.e. half a peanut, on a petri dish once a
day for 4 consecutive days (days 12-15) starting at 9:00. On day 4,
when the latency to eat the palatable food was expected to be de-
creased because of habituation to novelty and hedonic response to
the palatable food, the peanuts were presented in a normal housing

Free Social Glucose Blood and
Test Sucrose Sucrose OF EPM NISF OF Sucrose Level organ
collection
Days T T T T T T |
2 14 16 20 24 26 28 29 30

Fig. 1. Timeline of behavioral tests and physiological data collection during CMS and SIS procedure.
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cage in which bedding was changed (following the rationale previ-
ously established for the novelty induced suppression of feeding test
for anxiety (Merali et al., 2003)). Latency to eat the peanut was
recorded with a cut-off time of 600 s. If mice did not eat the peanut af-
ter 600 s the peanut was left in the cage. NISF test was scheduled daily
at 9:00 to avoid a direct effect of aggression received and far away
from circadian maximum of food intake which occurs before lights off
in mice. Only CMS female were subjected to NISF test.

-Social Open Field (social OF) test (day 26). The mouse was intro-
duced into an open field (54 cm x 54 cm) for 2 consecutive trials of
2.5 min each (Bartolomucci et al., 2009). During the first trial (T1,
“no target’), the open field contained an empty wire-mesh cage (10
cm diameter, 30 cm high). During the second trial (T2, ‘Target’), an
unfamiliar female mouse of the same age and strain of the experi-
mental subject was introduced into the wire-mesh cage and served
as unfamiliar social stimulus. The “social area” was an 8 cm-wide
area around the wire-mesh cage in which the unfamiliar social stim-
ulus was located before the beginning of T2. Between trials, the fo-
cal mouse was placed back into its home-cage. Locomotion, total dis-
tance moved (cm), total time spent in social area and corners of open
field (8-cm square areas in the corners at the opposite end to the “so-
cial area”), and latency to reach the social area were recorded and
analyzed by a trained observer using a specific software (Ethovision,
Noldus, The Netherlands). Walking, risk assessment, stretching, rear-
ing, wall rearing and self-grooming behaviors and immobility were
scored by means of The Observer software (Noldus, The Netherlands).

2.3.1. Glucose level

On day 29 of the stress procedure, following an overnight fasting,
Glucose blood concentration was determined in mice tail blood using
a glucometer (Accucheck Aviva; Roche Diagnostics, Indianapolis, IN,
USA).

2.3.2. Blood and organ collection

Mice were sacrificed 2 h after lights were on (lights on at 08:00). In
order to determine plasma concentrations of corticosterone and ACTH,
trunk blood was collected in heparinized tubes, centrifuged and frozen
at — 20 °C for later analysis. Adrenals, spleen, thymus, ovaries, uterus,
white (perigonadal, visceral) and brown (intra scapular) adipose tissues
were dissected and weighed.

2.3.3. Corticosterone and ACTH concentrations

Circulating levels of corticosterone and ACTH were directly mea-
sured in plasma. Hormonal concentrations were determined by en-
zyme-linked immuno-absorbent assay, respectively for ACTH (Mouse
ACTH - adrenocorticotropic hormone ELISA E-EL-M0079, Elabscience
Biotechnology Co., Ltd. Whuan, Hubei, China) and Corticosterone
(Mouse CORT - corticosterone hormone ELISA E-EL-M0349, Elab-
science Biotechnology Co., Ltd. Whuan, Hubei, China). Both ACTH and
CORT samples were treated in duplicate and in the single assay in ran-
domized order. The intra and inter assay variation coefficient were 4.4
and 6.5% for ACTH; 6.5 and 9.3% for CORT. The sensitivities were
9.38 pg/ml for ACTH and 0.19 ng/ml for CORT. The intra- assay coeffi-
cient of variation was < 10% for both the ACTH and CORT measures.

2.4. Statistical analysis

For each experiment, 1-way ANOVA was run to analyze data from
EPM and free OF tests, glucose level and organ weight. A 2-way ANOVA
for repeated measures was used to analyze data of social OF, NISF,
sucrose preference, body weight, and food intake. When necessary,
post hoc comparisons were assessed by Tuckey test. To calculate
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effect sizes, eta squared (n2) or Cohen's d were calculated, where appro-
priate.

Data were analyzed by Statistica 8.0 Software (Stat-Soft, Tulsa, OK,
USA).

3. Experiment 1: effects of unpredictable chronic mild stress in
female mice

CMS has been largely used to study affective disorders induced
by unpredictable environmental stressors, such as cold, footshock, re-
straint, or forced swimming, water/food deprivation, continuous light/
noise. We followed a modified CMS procedure as described by Willner
et al. (1987) and Grgnli et al. (2004).

3.1. Procedure

Twelve female mice were individually housed and exposed to the
CMS procedure; 11 control females were individually housed and left
undisturbed throughout the experiment. Following 1 week of isolation,
the CMS procedure lasted four weeks. Each week consisted of the fol-
lowing periods:

1. 6 h of food deprivation during daylight followed by 15 h of restricted
access to food (one pellet);

2. 5h of water deprivation followed by 1-h exposure to an empty bot-
tle, twice a week;

3. 15 h in a wet cage (200 ml of water in 100 g of sawdust bedding),

twice a week;

. 15h in an empty cage, twice a week;

. 24 h of continuous light;

. 4 h of white noise, twice a week;

. 30 min of restraint stress in a 50-ml falcon, twice a week; and

. each animal was daily injected with saline.

0N O U

Since unpredictable stressors have a greater negative impact than
predictable stressors due to their uncertainty (Bondi et al., 2008), stres-
sors were presented in an unpredictable way as described in Table 1.
Throughout the experiment, we monitored body weight and performed
behavioral tests as described above in the general method section and
in the testing timetable in Fig. 1.

3.2. Results

3.2.1. Free Open Field

When challenged in the free OF test (Fig. 2A, B, C, D and E), CMS
mice did not differ from control females for the latency to enter the
OF, time spent exploring the arena, time in the center area and lo-
comotor activity. However, CMS females spent significantly less time
in the bright area of the OF compared to controls (CMS: F, 5, = 4.66,
p < 0.05,n2 = 0.17, Fig. 2D).

3.2.2. EPM

CMS mice showed a no anxious-like behavioral profile, since they
spent significantly more time in the open arm (F; 5 = 6, p < 0.05,
n? = 0.22, Fig. 2F), less time in the center of EPM (F, 4 = 6.05,
p < 0.05; 72 = 0.22, Fig. 2G), and they showed higher locomotor activ-
ity as measured by the frequency of transitions (F; ,; = 4.35, p < 0.05,
n? = 0.17, Fig. 2H) than controls.

3.2.3. NISF test

During the habituation phase of NISF test (Fig. 2I), females ex-
posed to CMS showed increased latency to feed (F, 5, = 5.55; p < 0.05,
n? = 0.19), specifically on day 1 (p < 0.05, d = 0.97; CMS vs con-



Table 1

Time and length of stressors used in 1 week of the chronic mild stress procedure.

Day Restrain test Empty cage Wet cage Water deprivation Empty bottle White noise Continous light Food Restricted Saline
Monday 1000 ? 1030 1830 ? 0000 0930
Tuesday 0000 ? 0930 1830 ? 0000 1000 ? 1700 1700 ? 1800 0930
Wednesday 0000 ? 0930 1200 ? 1600 1900 ? 0000 0930
Thursday 1500 ? 1530 1830 ? 0000 0000 ? 0700 0930
Friday 0000 ? 0930 1000 ? 1700 1700 ? 1800 0930
Saturday 1830 ? 0000 1830 ? 0000 0930
Sunday 0000 ? 0930 1200 ? 1600 0000 ? 0930 0930
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Fig. 2. Behavioral responses of CMS and Control female mice. (A to E) Behavior of CMS (black bar) and control (grey bar) females in the free exploratory paradigm; (F to H) behavioral
responses in the EPM test; (I) Latency to consume a highly palatable food over four consecutive days in the NISF procedure by CMS (black line) and control (dashed line) mice; (L to O)
activity in the social open field test by CMS (black line) or control mice (dashed line), T1 = no target condition; T2 = target condition. Data are expressed as mean + SEM. *p < 0.05,
=p < 0.01 vs control.

trols). As expected, all mice habituated to the novel food over time (Tri-
als: F3 4 = 44.65; p < 0.0001, n? = 0.20). 3.2.6. Anhedonia

As shown in Fig. 3B, CMS did not affect females' preference for a su-
crose solution.
3.2.6.1. Physiological measures Following an overnight fasting, baseline
glucose blood levels were significantly higher in CMS mice than con-
trols (p < 0.05; d = 1.5 ; Fig. 3C). CMS significantly increased circu-
lating corticosterone levels (p < 0.01; d = 1.10; F3 ¢4 = 5.82,
p < 0.0001; n? = 0.18; Fig. 3D), without affecting ACTH levels (Fig.
3E) nor adrenal weight (Fig. 3F) or other organs' weight (data not
shown).

3.2.4. Social Open-field

During the social OF, when presented to an unfamiliar conspe-
cific (T2), CMS mice spent significantly more time in the “social area”
(p < 0.0001, d=1.60; CMSxtrial: F, =10.55 p < 0.01,
n? = 0.26, Fig. 2L) and in risk assessment behavior (p < 0.05;
d = 1.08; CMS x trial: F;;, = 7.7961, p < 0.05; n* = 0.23; Fig. 2N),
and less time in the corners (p < 0.05; d = 1; Fig. 2M) and walk-
ing (p < 0.005, d=153; CMSx trial: F,; = 14.24; p < 0.005;
n? = 0.29; Fig. 20) as compared to controls. During both trials (T1 and
T2), CMS females spent significantly more time in the social area than
controls (F; 5; = 15.30; p < 0.001, n? = 0.45; Fig. 2L).

4. Experiment 2: effects of social instability stress in female mice

In female rodents, chronic social stress involving social instability
generally results in higher anxiety-related behaviors and physiological
alterations (in rats: Haller et al., 1999; Herzog et al., 2009; in mice:
Jarcho et al., 2016; Schmidt et al., 2010). Under present conditions
we exposed female mice to unpredictable daily changes of their social
companions. We employed a procedure for inducing social instability

3.2.5. Body weight
As shown in Fig. 3A, CMS significantly reduced body weight gain
(Fy42 = 8.56, p < 0.005, n?> = 0.31).
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animals.

differing from that used in Haller et al.'s (1999) and Jarcho et al.'s
(2016) studies, in which isolation and crowding were used in addition to
changing the experimental subject's cagemates, and from that reported
in s study (in mice, ), in which females were exposed to social instable
groups since adolescence.

4.1. Procedure

Female mice (n = 22) were randomly assigned to a social stress
(n = 11) or to a control (n = 11) group. The social stress group re-
ceived 4 weeks of daily social instability stress. Every day the exper-
imental resident female was group-housed with 2 unfamiliar female
CD1 mice (“Unfamiliar-Group” females). The group composition was
changed every day at a different random time by removing from the
experimental subject's cage the two female partners and introducing
two new, unfamiliar females. The rotation schedule was accurate to
minimize the likelihood of a repeated encounter with the same mice
throughout the experiment. A “Sister Group”, in which the experimen-
tal female was group-housed with two sibling females since weaning,
served as control group. In the control “sister group”, the experimental
female's cagemates were gently handled at the same time and in a simi-
lar fashion as in the Unfamiliar-Group condition.

Throughout the experiment, we monitored body weight and food in-
take and performed behavioral tests as described above in the general
method section and in the time-schedule pictured in Fig. 1.

4.2. Results

4.2.1. Behavioral tests

Social Instability stress did not significantly alter mouse behavioral
profile in the free OF, in the EPM, and in the social OF tests (data not
shown).

4.2.2. Anhedonia

SIS induced an anhedonic response, with SIS females drinking sig-
nificantly less sugar solution than controls during all the trials
(Fy,, = 8.00, p < 0.05, n? = 0.26, Fig. 4C). In both experimental
groups, however, sucrose preference significantly increased throughout
the experiment (F, 54 = 7.05, p < 0.005, n? = 0.24; Fig. 4C).

4.2.3. Body weight and food intake

SIS significantly reduced food intake (F;,, = 12.42, p < 0.005;
n? = 0.35; Fig. 4B) and body weight gain at all-time points
(Fy50 = 20.39, p < 0.0005; n2 = 0.47; Fig. 4A; SIS females vs controls
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on day 2, 14 and 28, p = 0.06, d = 3.7; p < 0.01 d = 2.12 and
p < 0.005d = 3.4 vs controls, respectively).

SIS did not affect circulating levels of CORT (Fig. 4D) and ACTH
(Fig. 4E) nor adrenal weight (Fig. 4F) or other organs' weight (data not
shown).

Discussion

We evaluated the effects of chronic stress due to unpredictable en-
vironment of either physical or social nature on behavioral and hor-
monal profiles of female mice. We employed two different chronic stress
protocols, the unpredictable chronic mild stress-CMS (experiment 1) or
a social instability stress paradigm (SIS, experiment 2), which differ-
entially affected physiology and behavior of female mice. CMS had a
pronounced effect on females' behavioral response to novelty (i.e., ei-
ther novel environment or novel social stimulus), hormonal profile and
body weight. Conversely, SIS only marginally affected females' behav-
ioral and hormonal profile, whereas it increased anhedonic response
and decreased body weight growth and food intake.

Following CMS exposure, female mice were less anxious (more time
on the open arms than controls) and more active on the EPM (greater
number of arm transitions). In the free open field, however, females
showed a conflicting profile. They displayed similar levels of explo-
ration and locomotor activity in the arena as controls, but they spent

lower time in the bright area than controls. Present findings on EPM
and free open-field tests contrast with our expectations and literature.
Indeed, previous studies reported a clear increase in anxiety follow-
ing CMS exposure as indicated by increased anxious-like behaviors dis-
played by female mice in both the EPM (Guilloux et al., 2011; Mineur et
al., 2006; Zhu et al., 2014) and the open field (Mineur et al., 2006; Zhu
et al., 2014; Filho et al., 2015). Discrepancies between previous stud-
ies and present data could be ascribed to strain differences or to differ-
ent methodological procedures. To the best of our knowledge, there is
virtually no study assessing the effects of CMS procedure on CD1 out-
bred female mice, and previous experimental findings only refer to spe-
cific inbred strains. As remarked by Kokras and Dalla (2014) in their
comprehensive review, it can be difficult to test female rodents in tradi-
tional paradigms measuring anxiety-like behaviors (especially the EPM
test; Imhof et al., 1993), since they might not be well validated to dis-
criminate between anxiety-like behaviors and arousal (Fernandes et al.,
1999) or to reflect the same emotional states in females and in males.
The reported inconsistencies in the outcome measures for anxiety and
depression-like responses might indicate that distinct processes or emo-
tional states are involved (Shansky, 2015).

When subjected to the social open field test, CMS females explored
more a novel mouse but showed higher risk assessment behavior than
control females. Again, CMS females seem to show a conflicting profile
as increased social exploration should indicate lower anxiety towards
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novel conspecifics (Koolhaas et al., 1999, 2007), whereas risk-assess-
ment behavior is traditionally considered as an anxiety-like marker
(Blanchard et al., 2011; Dadomo et al., 2013). Risk assessment is, how-
ever, an “active coping” defensive strategy, as opposed to freezing be-
havior, which is considered a “passive coping” defensive strategy (Lu
et al., 2008; Yen et al., 2013). The fact that CMS stressed females risk
assessed more the environment when exposed to an unfamiliar mouse
should therefore not be interpreted as an index of social anxiety or social
avoidance but rather indicative of higher arousal, since they remained
more time in the social area compared to controls. Accordingly, in the
novelty-induced suppression of feeding test, during the training period
CMS females showed more initial food neophobia compared to controls
but they did not show suppression of feeding induced by a novel en-
vironment, which is a traditionally accepted measure of animal anxi-
ety-like response (Joeyen-Waldorf et al., 2009; Guilloux et al., 2011;
Zhu et al., 2014).

The measure most commonly used to track CMS effects is a decrease
in consumption of a palatable sweet solution as a model of anhedonia
(decreased response to rewards), which is considered a key index of de-
pressive-like behavior (Willner, 2005). In our experiment, the sucrose
preference test showed no CMS effects on females' response to reward-
ing stimuli (i.e., anhedonic-like response), as opposed to other studies
reporting anhedonia in female mice exposed to CMS procedures (Zhu et
al., 2014; Filho et al., 2015; Karisetty et al., 2017). Again, strain and
methodological differences might explain this discrepancy. For instance
in our study animals were not water deprived before testing and were
in their home cage (e.g., Zhu et al., 2014; Filho et al., 2015). Basic
strain differences are reported for sucrose preference and reward sensi-
tivity (Pothion et al., 2004; Ducottet and Belzung, 2005; Mineur et al.,
2006) as well as for stress-related HPA activation (Anisman et al., 1998;
Novais et al., 2017) and behavioral alterations (Belzung and Griebel,
2001; Bartolomucci et al., 2005; Sterlemann et al., 2008).

Present findings overall indicate that CMS did not induce depres-
sion-like nor high anxiety behaviors in female mice but rather it seemed
to increase females' responsiveness to novelty, indicative of increased
arousal. The physiological profile of female mice subjected to CMS sup-
ports this hypothesis, since 4 weeks of CMS affected both metabolic
and hormonal profiles in females. More specifically, CMS reduced body
weight gain and increased blood glucose and corticosterone levels. Gen-
erally, body weight reduction is regarded as a marker of stress sever-
ity in female (Bruder-Nascimento et al., 2013; Sachs et al., 2014) and
male rodents (Kurhe et al., 2014a, 2014b). Previous studies reported no
CMS effect on body weight in female BALB/c (Stanley et al., 2014) or
an opposite effect with increased weight gain in BALB/c males (Isingrini
et al., 2012). Again, different mouse strains, different diets, as well as
the different stressors and test-timing employed may account for dis-
crepancies among different studies. In addition, high corticosterone and
glucose levels are considered chronic stress biomarkers (McEwen and
Sapolsky, 1995; Ibarguen-Vargas et al., 2008; Rubinstein et al., 2010;
Silverman and Sternberg, 2012). As stress response activates the HPA
axis, the subsequent corticosteroid hypersecretion helps maintain glu-
cose homeostasis by means of gluconeogenesis, lipogenesis and cellular
glucose uptake (Chrousos, 2009). Specifically, cortisol influences mobi-
lization of stored fat and carbohydrate reserves resulting in increased
glucose blood levels (Ibarguen-Vargas et al., 2008). Our data are consis-
tent with previous CMS studies in indicating circulating glucocorticoid
increase in female (Stanley et al., 2014; Doron et al., 2014) and male
(Filho et al., 2015) mice. Present results thus provide further evidence
for CMS paradigm inducing stress-related disorders and HPA dysregu-
lation in female mice. Moreover, present results are consistent with the
observed behavioral effects and our hypothesis of increased reactivity to
novelty of female mice exposed to unpredictable changes of the physical
environment.
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Present results on CMS-induced changes in females are marginally
similar to what reported in previous studies in male Swiss albino mice
(Sharma and Thakur, 2015; Willner et al., 1996), kunming mice (Tang
et al., 2005; Jin et al., 2015), C57BL/6j mice (Liu Y. et al., 2015; Yang
et al., 2015), Tph2KI mice (Sachs et al., 2014), or different mixed strain
(Pothion et al., 2004). Male mice exposed to CMS generally showed a
consistent increase of anxiety both in the EPM and in the OF test, asso-
ciated to decreased consumption of palatable sucrose solution (i.e., in-
creased anhedonia), decreased body weight growth and increased corti-
costerone level (Swiss albino or CD1: Kormos et al., 2016; Sharma and
Thakur, 2015; Willner et al., 1996; C57BL/6J: Zhu et al., 2014; Yang et
al., 2015; ICR: Liu B et al., 2015; Deng et al., 2015; Jin et al., 2015; Tang
et al., 2005). Sex differences in physiological and behavioral effects of
CMS procedures are reported, though only a limited number of stud-
ies have been conducted on both sexes and they only involved inbred
strains (Autry et al., 2009; Hill et al., 2012; Franceschelli et al., 2014).

Instability of the social environment (4 weeks of social instability
SIS) did not affect females' behavioral responses to a novel environment
or to a novel social stimulus but affected females' anhedonic response.
Female mice exposed every day to unpredictable social environment
showed a reduced consumption of a palatable sweet solution, an anhe-
donic-like response. Consistently, SIS decreased both food intake and
body weight of females. Concerning the hormonal profile, in the present
study 4 weeks of SIS did not alter CORT and ACTH plasma levels.

Haller et al. (1999) were first to suggest that social instability in-
duced by alternation of isolation and crowding, was a powerful social
stressor for female rats, whereas social defeat was stressful for male rats.
Schmidt et al. (2010) applied an instable social setting paradigm to mice
by changing twice a week the social group, and concluded that hous-
ing in an unpredictable social environment from weaning throughout
adulthood resulted in chronic stress in female CD1 mice. In Schmidt's
study, female mice exposed to social instability showed physiological
responses indicative of stress (e.g., higher corticosterone and adrenal
gland weigh, lower thymus weigh, stress-system-related genes expres-
sion), but they did not display a consistent behavioral profile indicative
of anxiety and/or depression-like responses. Indeed, only one (NISF) out
of three (NISF, EPM and OF) anxiety tests showed a significant alter-
ation of an outcome measure (Schmidt et al., 2010). Remarkably, in
male mice the same social instability procedure induced a more consis-
tent set of stress-related effects (Sterlemann et al., 2008). At variance
with Schmidt's study, under present conditions social instability (i.e.,
switching cagemates daily) did not alter corticosterone levels, adrenal
weight and anxiety-like responses, but it decreased body weight and
food intake, and induced anhedonia. These contrasting results may be
due to different procedures, as we exposed females to 4 weeks of SIS
as adults, while Schmidt's procedure lasted 7 weeks and included the
post-weaning, “adolescent” period (puberty), which is a sensitive devel-
opmental period (Holder and Blaustein, 2014). In a recent study, Jarcho
et al. (2016) reported that CD1 female mice exposed to an alterna-
tion of social isolation and crowding for 5 weeks showed none or mar-
ginal behavioral differences on the elevated plus maze and in the open
field tests, reduced body weight and higher hair corticosterone when
compared to control females. Despite methodological discrepancies, all
these studies, including the present one, indicate that social instability
does not induce a coherent set of physiological and behavioral changes
in female mice, comparable to those induced by social stress procedures
in male mice (Bartolomucci et al., 2004, 2005; Sterlemann et al., 2008).

Present data point out that the nature of the stress is relevant and
it differently matters in males and females. Based on current litera-
ture, male CD1 mice subjected to CMS (Willner et al., 1996; Willner,
2005; Kormos et al., 2016) or to social instability (Schmidt et al., 2007;
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Sterlemann et al., 2010; Boleij et al., 2014) showed a similar, consis-
tent set of behavioral and physiological alterations, though SIS proce-
dure did not affect body weight in males (Schmidt et al., 2007). Here we
demonstrated that both stress paradigms appear to induce some kind of
“stress” response in female mice. However, we must distinguish between
the chronic stress elicited by interactions with the non -social environ-
ment (i.e. cold, heat, water and food supply, predators — CMS) and the
chronic stress elicited by the social interactions with conspecifics (i.e.
social instability). Despite social instability appeared to be stressful for
females, as depicted by anhedonia and reduction of body weight growth
and food intake, female mice adjusted to it by maintaining (or restor-
ing) homeostasis as they showed neither hormonal nor behavioral alter-
ations, i.e. they seemed resilient to social instability stress. One hypothe-
sis is that the length of the stress procedure could have affected females'
adaptation to stress. An alternative hypothesis is that instability of the
social context is a “disturbance” for females, but it does not represent a
threat for their fitness to induce persistent behavioral and physiological
stress-responses.

As a whole, CMS did not induce depression-like responses in female
mice but it rather induced higher arousal and reactivity to novelty, par-
tially associated to anxiety. Detailed behavioral analysis suggested that
female mice subjected to CMS showed an active rather than a passive
coping response when challenged with novelty. This seems a highly
adaptive response to cope with adverse environmental conditions. From
an evolutionary perspective, considering the social and reproductive bi-
ology of the House mouse, we should recognize a major role of environ-
mental constraints for female reproductive success as compared to social
constraints, because for mammalian females, reproductive success tends
to be mostly limited by access to resources (Krebs and Davies, 1997).
Male reproductive success is mainly limited by access to females and
therefore, social role is a major constraint for male mouse reproductive
success, as only dominant males can reproduce (Bronson, 1985; Vom
Saal et al., 1995; Palanza et al., 1996, 2005). Indeed, based on poten-
tial threat to reproductive success and on elicited HPA response, social
defeat is reported to be a major stress for male rodents (i.e., Koolhaas
et al., 2011), while our study indicates that unpredictable negative en-
vironment is a major stress for female mice.

It should be considered, however, that both procedures (CMS and
SIS) decreased females' food-intake and body weight growth. For fe-
male mice body mass and food consumption are generally positively
correlated with reproductive success (Bronson, 1985; Ruff et al., 2017;
Sadowska et al., 2013). Thus it is possible that reduced body weight and
food intake might impact females' reproduction and fitness over time.
Next challenge in female stress research would be assessing potential
long-term costs of environmental or social instability stress on female
mouse reproduction.

Overall our findings showed that female mice were more sensitive to
unpredictable physical stressors than to social instability stressors. Fur-
thermore, our findings, together with previous literature, confirm the
difficulties of inducing a consistent behavioral and physiological stress
response in female mice and point out that we do not have a robust
and validated model of chronic psychosocial stress in female mice, yet.
This represents a scientific flaw in animal modelling of human stress-re-
lated disorders. Since human data clearly indicate that women are more
susceptible to several mental disorders, it is necessary that translational
neuroscience incorporate sex as a biological variable in order to un-
derstand the complex aspects of individual susceptibility to stress and
stress-related disorders (Joel and McCarthy, 2017). Further studies are
needed to deepen our knowledge on the compensation mechanisms fe-
males use to cope with chronic stress.
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