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Exposure to stress induced by intermittent repeated social defeat (IRSD) increases vulnerability to the devel-
opment of cocaine-induced conditioned place preference (CPP) among male mice; however, some defeated mice
are resilient to these effects of stress. In the present study we evaluated the effects of vicarious IRSD (VIRSD) in
female mice and explored behavioural traits that are potentially predictive of resilience. C57BL/6 female mice (n
= 28) were exposed to VIRSD, which consisted of the animals witnessing a short experience of social defeat by a
male mouse on postnatal day (PND) 47, 50, 53 and 56. The control group (n = 10) was not exposed to stress.
Blood samples were collected on PND 47 and 56 for corticosterone and interleukin-6 determinations. On PND
57-58, female mice performed several behavioural tests (elevated plus maze, hole-board, object recognition,
social interaction, TST and splash tests). Three weeks later, the effects of cocaine (1.5 mg/kg) on the CPP
paradigm were assessed. VIRSD decreased corticosterone levels (on PND 56), increased interleukin-6 levels,
enhanced novelty-seeking, improved recognition memory and induced anxiety- and depression-like symptoms.
Control and VIRSD female mice did not acquire CPP, although some stressed individuals with certain behavioural
traits - including a high novelty-seeking profile or the development of depression-like behaviour in the splash test
shortly after VIRSD - acquired cocaine CPP. Our results confirm that some behavioural traits of female mice are
associated with vulnerability or resilience to the long-term effects of social stress on cocaine reward, as previ-
ously observed in males.

1. Introduction psychostimulant drugs in adulthood, thereby increasing their rewarding

effects in the conditioned place preference (CPP) paradigm (Garcia-

Research over the years has demonstrated that a combination of
biological and environmental factors, including social stress, is associ-
ated with drug addiction (Aguilar et al., 2013; Ruisoto and Contador,
2019; Volkow and Boyle, 2018). Several studies in our laboratory have
demonstrated that exposure of male mice to intermittent repeated social
defeat (IRSD), an animal model of social stress, during early and late
adolescence induces short-term effects such as anxiety- and depression-
like behaviour (Calpe-Lopez et al., 2020; Calpe-Lopez et al., 2022a;
Calpe-Lopez et al., 2022b) and enhances vulnerability to different
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Pardo et al., 2015; Garcia-Pardo et al., 2019). However, we have
observed that not all mice are equally vulnerable to the effects of stress;
in fact, some are resilient to the effects of IRSD (Calpe-Lopez et al.,
2020). Resilience to the effects of social stress on the rewarding prop-
erties of drugs of abuse has been poorly studied (Calpe-Lopez et al.,
2022c¢), but we have demonstrated that several behavioural traits are
associated with resilience to the potentiation of cocaine CPP observed in
the long term after IRSD exposure (Calpe-Lopez et al., 2020).

The procedure of IRSD is a useful tool to model social stress in male
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rodents, but it has an important limitation; namely, it is difficult to
implement in female animals, as they express lower levels of aggression
than males. This is of relevance, since it is very important to study the
consequences of social stress in female rodents for several reasons.
Mental illnesses such as anxiety and depression are more prevalent in
women (Altemus et al., 2014; Kiely et al., 2019; Bangasser and Cuarenta,
2021), they are more prone than men to develop disorders after stress
(Bangasser and Wiersielis, 2018; Swaab and Bao, 2020) and there are
sex differences regarding cocaine addiction (Bobzean et al., 2014;
Knouse and Brian, 2021). A modification of the classical model of social
defeat, the vicarious social defeat stress (VSDS), has been shown to be an
effective way of evaluating the physiological and behavioural effects of
social stress in both male and female animals (Qi et al., 2022; Iniguez
et al., 2018; Warren et al., 2020; Sial et al., 2016; Sial et al., 2021). In
this procedure a rodent (male or female) witnesses a physical defeat
episode of a conspecific male from the safety of a compartment adjacent
to the area where the interaction between the two males takes place. The
witness and the physically defeated animal develop similar behavioural
alterations (Warren et al., 2020; Sial et al., 2016).

In female rats, exposure to VSDS induces anxiety-like behaviour,
anhedonia and behavioural despair, increases arterial pressure, heart
rate and corticotropin-releasing factor, and enhances peripheral cyto-
kines and interleukin (IL)-1p in the central amygdala (Finnell et al.,
2018). In female mice, VSDS reduces social behaviour, decreases pref-
erence for sucrose, increases immobility in the tail suspension test (TST),
enhances levels of corticosterone and decreases body weight (Iniguez
et al., 2018). Moreover, VSDS-exposed females display a reduction of
social interaction in the three-chamber test (Pagliusi Jr et al., 2022;
Morais-Silva et al., 2023). Recently, Franco et al. (Franco et al., 2022)
demonstrated that the VSDS procedure is useful for evaluating the ef-
fects of social stress on free-choice fentanyl consumption in female mice
and for discriminating between mice that are resilient and vulnerable to
these effects of stress (Franco et al., 2022).

Thus, the aim of this work was to assess the short-term effects of
vicarious IRSD (VIRSD) stress on different behavioural, cognitive and
emotional parameters in female mice, such as novelty seeking behav-
iour, social interaction, recognition memory, and anxiety- and
depression-like behaviour. In addition, we decided to evaluate the long-
term effects of VIRSD on the sensitivity of female mice to cocaine
reward. For these purposes, a group of late adolescent female mice was
exposed to VIRSD, while another group did not undergo stress. The
behaviour of the mice in both groups was compared in a series of tests
carried out shortly after the last episode of VIRSD. Three weeks after the
last episode of defeat, acquisition of CPP was evaluated following con-
ditioning with a low dose of cocaine. Our hypothesis was that VIRSD
stress would induce anxiety- and depression-like behaviour, alterations
in novelty-seeking behaviour and memory disturbances, as well as
enhanced sensitivity to the rewarding effects of cocaine. Moreover,
based on our previous study in male mice, we expected to observe two
subpopulations among the female mice exposed to VIRSD - one
vulnerable and another resilient to the long-term effects of stress - and to
find traits that were predictive of resilience. Finally, in a separate set of
female mice, we evaluated the effects of the first and fourth episode of
vicarious defeat on plasma levels of corticosterone and the proin-
flammatory cytokine IL-6.

2. Methods and materials
2.1. Subjects

Female (n = 55) and male (n = 28) mice of the C57BL/6 J strain, and
male mice of the OF1 strain (n = 28) were supplied by Charles River
(France). For details about arrival and housing conditions see the Sup-
plementary material. All experimental protocols were conducted ac-
cording to Directive 210/63/EU and were approved by the Ethics
Committee in Experimental Research of the University of Valencia
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(A20210217012657, 2021-VSC-PEA-0083).
2.2. Drugs

Animals were injected intraperitoneally with 1.5 mg/kg of cocaine
(Alcaliber Laboratory, Madrid, Spain) or physiological saline (NaCI
0.9%). The same physiological saline was also used to dissolve the
cocaine (see more details about volume and dose in Supplementary
Material).

2.3. Experimental design

For behavioural experiments, female mice were assigned to two
groups: one control group (n = 10) and another exposed to social stress
through VIRSD (n = 28). The VIRSD sample was larger because we
subsequently segregated the group into two subgroups (see details in
Supplementary Material). Shortly after the last episode of VIRSD (24-48
h), both groups of female mice underwent different behavioural tests:
the elevated plus maze (EPM), hole-board (HB), social interaction (SI),
object recognition (OR), splash test (SPT) and TST. There was an interval
of one hour between each test (see Supplementary material). Following
this, all the mice were left undisturbed in the vivarium for 3 weeks, after
which they underwent the CPP procedure (see Fig. 1). The measures
registered in each test are listed in Supplementary Table 1.

For biochemical experiments, a separate set of female mice was
assigned to a control group (n = 6) or exposed to VIRSD (n = 11). 15-30
min after exposure to the first and last episode of exploration (control
group) or vicarious defeat, blood sampling was performed for determi-
nation of plasma levels of corticosterone and IL-6 (see Fig. 1).

2.4. Experimental protocols

2.4.1. Vicarious Intermittent Repeated Social Defeat (VIRSD)

The vicarious social defeat procedure induces emotional/psycho-
logical stress by means of the perception of non-physical sensory stimuli
of an episode of defeat (Iniguez et al., 2018). Our VIRSD protocol con-
sisted of four episodes, each lasting five minutes and separated by in-
tervals of 72 h (PND 47, 50, 53 and 56). In each episode the
experimental mice observed the confrontation between a male mouse of
the same strain (C57 intruder) and a male mouse of the OF1 strain
(resident) through a perforated methacrylate wall that divided the cage
into two separate compartments and permitted the perception of visual,
olfactory and chemosensory stimuli. Intruder mice were exposed to a
different resident mouse during each episode of social defeat. The first
and fourth episodes of VIRSD were videotaped and the behaviour of the
females was evaluated using a computerized system (Raton Time 1.0
software; Fixma SL, Valencia, Spain). The locomotor activity (number of
times that a female crossed a line that divides the floor into nine squares)
and the frequency and time that female mice paid attention to the
interaction between male mice were measured. The control (non-
stressed) group underwent the same protocol without the presence of
male mice (exploration).

2.4.2. Behavioural tests

On PND 57, female mice were tested in the EPM, HB and SI to
evaluate the effects of VIRSD on anxiety, novelty-seeking and social
behaviour, respectively. All apparatuses, procedures and behavioural
measurements are previously described in detail (Calpe-Lopez et al.,
2020). It is important to note that the HB test was carried out in a square
box with 16 equidistant holes in the floor. Each mouse can explore the
box for 10 min and the number of times that it introduces its head in a
hole (dip) and latency to perform the first dip are recorded. Frequency
and latency of dips are usually considered a measure of the level of
novelty-seeking of the animals. Since the animal explored the box only
once and for a short period of time, it was assumed that spatial memory
did not influence behaviour in the HB test.
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Fig. 1. Experimental Design. Two groups of female mice were used, one of which was exposed to vicarious intermittent repeated social defeat (VIRSD, n = 39). On
postnatal day (PND) 47, 50, 53 and 56, female mice observed the social defeat of an intruder male mouse of the same strain by a resident OF1 male mouse. On the
same PND, the female mice in the other group (Control, n = 16) simply explored an empty cage. After the first (PND 47) and fourth (PND 56) episode of vicarious
defeat, blood samples were collected from a set of females exposed to vicarious defeat (VIRSD, n = 11) or exploration (Control, n = 6) in order to evaluate their levels
of corticosterone and IL-6. The remaining female mice (VIRSD, n = 28; Control, n = 10) were used for behavioural experiments. On PND 57, VIRSD and Control
females performed the elevated plus maze (EPM), hole board (HB) and social interaction (SI) tests. On PND 58, the same mice performed the object recognition (OR),
splash (SP) and TST. After an interval of 3 weeks, VIRSD and Control female mice underwent the conditioned place preference (CPP) paradigm (PND 77-84).

On PND 58, female mice performed the OR test to evaluate the effects
of VIRSD on explicit memory following the procedure previously
described (Montesinos et al., 2015); see more details in the Supple-
mentary material. Next, the female mice performed the SPT and the TST
and the presence of depressive-like behaviour was assessed. Details
about the apparatuses, procedures and behavioural measurements of
these tests can be found in Calpe-Lopez et al. (Calpe-Lopez et al., 2020).

On PND 77-84 female mice underwent the CPP procedure to eval-
uate the effects of VIRSD on the rewarding properties of cocaine (1.5
mg/kg). The equipment and CPP protocol are previously described
(Calpe-Lopez et al., 2020). The criterion used to consider that a group
had acquired CPP was the existence of significant differences between
the time spent in the drug-paired compartment in Pre-Conditioning
versus Post-Conditioning.

2.4.3. Corticosterone and IL-6 determination

Tests were carried out on blood obtained from the saphenous vein
between 10 a.m. 1 p.m. and collected in BD Vacutainer Plus serum blood
collection tubes (ref. 367,815). Once the test was finished, blood sam-
ples were kept on ice and plasma was separated from whole blood by
centrifugation (5 min, 5000 g) and transferred to sterile 2 ml micro-
centrifuge tubes. Plasma samples were stored at —80 °C until determi-
nation of corticosterone and IL-6. The concentration of IL-6 in plasma
was analysed with the Mouse IL-6 ELISA Kit (Catalog no.: ab100712,
Abcam, Cambridge, UK), while plasma corticosterone values were
analysed with CORT ImmunoAssay Enzo (ADI-900-097, Enzo Life Sci-
ences, Plymouth meeting, PA, USA), following the manufacturer’s
instructions.

2.5. Statistical analysis

The effects of VIRSD on physiological and behavioural measure-
ments were evaluated by means of ANOVA and Student t-tests (see
Table 1).

The group of stressed female mice was separated into two subgroups
according to the data obtained during the VIRSD episodes and in the
behavioural tests performed shortly after VIRSD (EPM, HB, SI, OR, SPT,
TST). Differences between subgroups were evaluated with Student t-
tests and ANOVA (see Table 1 and Supplementary material).

Pearson correlation tests were used to determinate relationships
among the performances of female mice in the different procedures. In
the case of CPP, the conditioning score (time spent in Post-C minus time
spent in Pre—C) was calculated. It is important to note that we per-
formed Pearson correlations between all the behavioural measures ob-
tained rather than merely performing planned correlations between
selected measures that we expected to be causally related.

All statistical analyses were performed with the SPP programme.

Table 1
Statistical analysis employed.
Statistical test Variables Levels
Physiological effects of VIRSD Repeated Within- First vs
(Corticosterone, IL-6) measures two- subjects: Fourth
way ANOVA Episode
Between- Control vs
subjects: VIRSD
Stress
Short-term behavioural effects Student t-test Stress Control vs
(EPM, HB, SI, OR, SPT, TST) VIRSD
Long-term behavioural effects Repeated Within- Pre-C vs
(CPP) measures two- subjects: Post-C
way ANOVA Days
Between- Control vs
subjects: VIRSD
Stress
Behavioural profile during Student t-test Score Low vs

episodes (LA1, LA4, FAttl1, High
FAtt4, Tattl, TAtt4)

Behavioural profile in short- One-way Between- Control,
term tests (EPM, HB, SI, OR, ANOVA (non subjects: Low, High
SPT, TST) repeated) Group

Influence of behavioural profile ~ Repeated Within- Pre-C vs
on vulnerability to cocaine measures two- subjects: Post-C
CPP way ANOVA Days

Between- Low vs
subjects: High
Group

After ANOVAs, post hoc comparisons were performed with Bonferroni.
3. Results
3.1. Biochemical effects of VIRSD exposure

ANOVA of the corticosterone data (Fig. 2A) revealed that the vari-
able Stress [F (1, 15)=5.281; p < 0.05] and the Interaction Days x Stress
[F (1, 15)=8.028; p < 0.05] were significant. In the group of stressed
females, corticosterone levels were lower after the fourth episode of
vicarious defeat than after the first episode (p < 0.01). Furthermore,
stressed females showed lower corticosterone levels than control fe-
males after the fourth episode (p < 0.01). ANOVA of the IL-6 data
(Fig. 2B) revealed that only the variable Stress was significant [F (1,
15)=6.410; p < 0.05], while stressed females showed higher IL-6 levels
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Fig. 2. Biochemical effects of vicarious intermittent repeated social defeat (VIRSD). Plasmatic levels of corticosterone (A) and IL-6 (B) in female mice 15-30 min after
the first (1st) and fourth (4th) episodes of vicarious defeat (VIRSD, n = 11) or exploration (Control, n = 6). Bars represent mean (+SEM) values. * p < 0.05, ** p <
0.01, significant difference with respect to the control group. ## p < 0.01, significant difference with respect to the first episode of defeat.
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Fig. 3. Short-term behavioural effects of vicarious intermittent repeated social defeat (VIRSD). One group of late adolescent female mice was exposed to vicarious
intermittent repeated social defeat (VIRSD, n = 28) on PND 47, 50, 53 and 56 while the other group was not exposed to stress (Control, n = 10). Bars represent mean
(+SEM) values. A) Effects on the elevated plus maze (EPM). VIRSD reduced the time spent in the open arms (TOA) of the EPM. B) Effects on the hole board (HB) test.
VIRSD reduced the latency to perform the first dip in the HB test. C) Effects on the object recognition (OR) test. VIRSD increased the discrimination index in the OR
test. D) Effects in the splash SPT. VIRSD reduced the frequency of grooming behaviour in the SPT. *p < 0.05, **p < 0.01, significant difference with respect to the

Control group.
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than control females (p < 0.05).

3.2. Behavioural effects of VIRSD exposure

In terms of the short-term effects of VIRSD, in comparison to controls
stressed females showed a decrease in the time [t(10.65) = 2.13; p <
0.05] (Fig. 3A) and percentage of time [t(11.9) = 1.76; p < 0.05]
(Supplementary Fig. 1A) spent in the open arms of the EPM, a reduction
in the latency to perform the first dip in the HB [t (33)=2.605; p < 0.01]
(Fig. 3B), an increase in DI in the OR test [t (36)= — 2.321; p < 0.05]
(Fig. 3C), and a reduction in the frequency of grooming in the SPT [t
(36)=4.738; p < 0.01] (Fig. 3D).

No significant effects of VIRSD were observed in the SI and TST (see
Supplementary Fig. 1B and C). Regarding the long-term effects of
exposure to VIRSD on the CPP induced by cocaine, ANOVA of the CPP
data revealed no significant effects (Supplementary Fig. 2).

3.3. Behavioural profile of female mice during VIRSD and cocaine CPP

Stressed female mice (VIRSD group) were segregated into two sub-
groups in function of their locomotor activity (LA) during the first
episode of vicarious defeat (Low or High LA) (Supplementary Fig. 3 A).
ANOVA of the CPP data for these groups showed that only the Interac-
tion Days x Group was significant [F (2, 34)=3.425; p < 0.05]; namely,
the High LA group spent more time in the drug-paired compartment in
Post-C than in Pre-C (p < 0.01) (Fig. 4A). Segregation of stressed females
in function of their frequency of attention (FAtt) or time in attention
(TAtt) to male interactions did not reveal significant differences in the
CPP (data not shown).

In terms of behaviour in the fourth episode of VIRSD, only the
segregation of stressed female mice in function of the frequency of
attention (FAtt) (Supplementary Fig. 3B) was associated with differ-
ences in the CPP. ANOVA of the CPP data for the Low and High FAtt
groups showed that the variable Days [F (1, 34)=6.424; p < 0.05] and
the Interaction Days x Group [F (2, 34)=3.560; p < 0.05] were signifi-
cant. Post hoc comparisons revealed that only the High FAtt group
developed CPP (p < 0.01) (Fig. 4B).

3.4. Behavioural profile of stressed female mice in the behavioural tests
performed shortly after VIRSD and cocaine CPP

In order to evaluate whether the novelty-seeking (NS) profile of

A)
CPP
*k
600+ o Pre-C
s
. aSgn s Post-C
]
«» 400 8 o
.g Udjﬂ
o [s]
S o
@ 200+
0

Low LA 1st High LA 1st

Progress in Neuropsychopharmacology & Biological Psychiatry 130 (2024) 110912

female mice in the HB test influences the susceptibility of mice to
develop cocaine CPP, stressed females were divided into two subgroups
(Low or High NS) according to their dip score (Supplementary Fig. 4A).
ANOVA of the CPP data for the two subgroups of females exposed to
VIRSD (Low and High NS) revealed a significant effect of the variable
Days [F (1, 22)=13.399; p < 0.001] and of the Interaction Days X Group
[F (1,22)=4.319; p < 0.05]. Post hoc comparisons revealed that only the
High NS group developed CPP (p < 0.001) (Fig. 5A).

The behavioural profile of female mice in the SI test (Supplementary
Fig. 4B) was also associated with the susceptibility of mice to develop
cocaine CPP. ANOVA of the CPP data for the Low and High ISI groups
revealed a significant effect of the variable Days [F (1, 25)=10.521;p <
0.01] and of the Interaction Days X Group [F (1, 25)=4.993; p < 0.05].
Post hoc comparisons revealed that only the Low ISI group developed
CPP (p < 0.001) (Fig. 5B).

Finally, the behavioural profile of female mice in the SPT (Supple-
mentary Fig. 4C) was associated with the susceptibility of mice to
develop cocaine CPP. ANOVA of the CPP data for the Low and High TGr
groups revealed a significant effect of the variable Days [F (1, 25)=
9.301; p < 0.01] and of the Interaction Days X Group [F (1, 25)=4.326;
p < 0.05]. Post hoc comparisons revealed that only the Low TGr group
developed CPP (p < 0.01) (Fig. 5C).

The behavioural profile of female mice in the other tests (EPM, TST
and OR test) was not associated with vulnerability or resilience to the
effects of VIRSD on cocaine reward (see Supplementary Figs. 5-7).

3.5. Correlations between behavioural measurements

Pearson correlations between the data obtained for all animals
(control and stressed females) revealed significant correlations between
several measures of the different behavioural tests (Supplementary Ta-
bles 2 and 3). In addition, correlations between the measures taken
during the episodes of VIRSD and during behavioural tests were detected
(Table 2).

4. Discussion

As we expected, our VIRSD procedure proved to be useful for eval-
uating the effects of social stress in female mice and for discriminating
between resilient and vulnerable animals. Exposure to VIRSD reduced
the corticosterone response and induced inflammation. Short-term
behavioural effects of VIRSD included anxiety-like symptoms in the
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Fig. 4. Behaviour profile during episodes of vicarious defeat and cocaine reward. Bars represent the mean (+SEM) time spent in the drug-paired compartment in the
pre-conditioning test (Pre—C, empty symbols) and in the post-conditioning test (Post-C, filled symbols). A) Effects of VIRSD on the CPP induced by cocaine (1.5 mg/
kg) according to the level of locomotor activity (LA) shown by female mice in the 1st episode of vicarious defeat (see Fig.S3A). Only stressed female mice with High
LA in the 1st episode of vicarious defeat acquired CPP. B) Effects of VIRSD on the CPP induced by cocaine (1.5 mg/kg) according to the frequency of attention (FAtt)
shown by female mice to the male interactions in the 4th episode of vicarious defeat (see Fig.S3B). Only stressed female mice with High FAtt in the 4th episode of
vicarious defeat acquired CPP. ** p < 0.01, significant difference in the time spent in the drug-paired compartment in Post-C vs. Pre-C test.
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Fig. 5. Behaviour profile in the behavioural tests performed shortly after VIRSD and cocaine reward. Bars represent the mean (+SEM) time spent in the drug-paired
compartment in the pre-conditioning test (Pre—C, empty symbols) and post-conditioning test (Post-C, filled symbols). A) Effects of VIRSD on the CPP induced by
cocaine (1.5 mg/kg) according to the level of novelty-seeking (NS) shown by female mice in the hole-board test (see Fig.S4A). Only stressed female mice with High
NS acquired CPP. B) Effects of VIRSD on the CPP induced by cocaine (1.5 mg/kg) according to the index of social interaction (ISI) shown by female mice in the social
interaction test (see Fig. S4B). Only stressed female mice with Low ISI (indicative of depression-like behaviour) acquired CPP. C) Effects of VIRSD on the CPP induced
by cocaine (1.5 mg/kg) according to the time spent grooming (Tgr) by female mice in the splash test (see Fig. S4C). Only stressed female mice with Low Tgr
(indicative of depression-like behaviour) acquired CPP. ** p < 0.01, *** p < 0.001, significant difference in the time spent in the drug-paired compartment in Post-C
vs. Pre-C test.

Table 2
Pearson correlations between behavioural measurements during the first and fourth episodes of vicarious social defeat and measurements of the different behavioural
tests performed in the short- and long-term after VIRSD.

AM1 AM4 FrAtl FrAt4 TAtl TAt4 TCA Dips Immob Lat Imm T Gr Lat Gr DI CPP

AM1 ns ns ns ns ns ns ns ns ns ns ns ns +
AM4 ns ns ns ns ns ns ns + ns ns ns ns ns
FrAtl ns ns ns + ns ns - ns ns — ns ns ns
FrAt4 ns ns ns ns + ns ns ns ns ns ns - +
TAtl ns ns 0.001 ns + + - ns — - + — ns
TAt4 ns ns ns 0.001 0.001 + ns ns ns - + - ns
TCA ns ns ns ns 0.01 0.05 ns ns ns — + ns ns
Dips ns ns 0.01 ns 0.001 ns ns ns ns ns ns ns ns
Immob ns 0.01 ns ns ns ns ns ns ns ns ns ns ns
Lat Immob ns ns ns ns 0.05 ns ns ns ns + - ns ns
T Gr ns ns 0.05 ns 0.001 0.01 0.01 ns ns 0.05 - ns ns
Lat Gr ns ns ns ns 0.001 0.05 0.001 ns ns 0.01 0.001 ns ns
DI ns ns ns 0.01 0.01 0.01 ns ns ns ns ns ns ns
CPP 0.05 ns ns 0.01 ns ns ns ns ns ns ns ns ns

+ positive correlation; — negative correlation; ns, no significant correlation. 0.05, 0.01 and 0.001, correlation is significant at the 0.05, 0.01 and 0.001 level (bilateral),
respectively.

EPM and depression-like symptoms in the SPT, increased novelty- exhibited lower levels of corticosterone than controls after the fourth
seeking behaviour and improved recognition memory. In addition, episode. In our opinion, this effect on corticosterone is not specific of our
VIRSD induced long-term effects in a subgroup of vulnerable female stress protocol, since similar results were observed by Marchette et al.
mice that showed a potentiation of the rewarding effects of cocaine in (Marchette et al., 2018) in female mice exposed to repeated restraint
the CPP paradigm. Some behavioural traits were associated with stress; they found no differences between control and stressed mice on
vulnerability or resilience to the effects of VIRSD on cocaine reward, day 1, while corticosterone was reduced after 21 days of restraint.
such as the behaviour displayed during the episodes of social defeat, the Importantly, the strain of mouse could have had an influence on the
novelty-seeking trait, and the development of short-term depression-like effects of stress on corticosterone levels. The study of Marchette et al.
symptoms after stress. (Marchette et al., 2018) demonstrated that, in comparison to Swiss fe-

male mice, C57BL/6 female mice were more vulnerable to repeated
restraint, which induces an anhedonic state (lower sucrose preference)
accompanied by reduced plasma corticosterone and increased levels of
glucocorticoid receptor (GR) and glial fibrillary acid protein (GFAP, a
marker of astrocyte activation) in the hippocampus. Thus, in C57BL/6
female mice, stress dysregulated the hypothalamus-pituitary-adrenal
axis, leading to a pro-inflammatory state (Marchette et al., 2018). In
parallel with these results, the inhibition of corticosterone we have
observed in the present study could be related with the increase in levels
of the proinflammatory cytokine IL-6 observed in VIRSD -exposed fe-
male mice, a result in accordance with previous reports (Finnell et al.,
2018). Alternatively, the reduction in the levels of corticosterone

4.1. Short-term effects of VIRSD exposure in late adolescence

Our protocol of VIRSD did not increase corticosterone levels, in
contrast with that reported by other studies (18, 27). It is likely that our
protocol (only four experiences of witness defeat, each lasting 5 min)
was less stressful than those in which females were exposed to ten
consecutive days of witness defeat (Iniguez et al., 2018) or in which the
agonistic encounter between males lasted longer (Rodenas-Gonzdlez
etal., 2023) and the female mouse remained in the aggressor’s cage after
each episode of vicarious defeat. Nevertheless, our VIRSD protocol
definitely altered the corticosterone response, since stressed females
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observed after the fourth episode of vicarious defeat could be due to the
habituation of mice to the stressor.

Regarding the short-term behavioural effects of vicarious defeat,
female mice exposed to VIRSD showed anxiety-like behaviour in the
EPM, in line with a recent study that used a similar protocol of VIDS
(Rodenas-Gonzalez et al., 2023) and with results obtained in VSDS-
exposed rats in the burying paradigm (Finnell et al., 2018). In addi-
tion, VIRSD increased novelty-seeking, since stressed female mice
showed lower latencies to perform the first dip in the HB. The effects of
VSDS on novelty-seeking have not been evaluated to date, but exposure
to other paradigms of stress during adolescence has been shown to in-
crease novelty-seeking behaviours in female rats (Toledo-Rodriguez and
Sandi, 2011; Sexton et al., 2022). Furthermore, VIRSD reduced the
frequency of grooming in the SPT, which is indicative of depression-like
behaviour, in line with reports of a reduction in the time spent engaged
in back grooming by female mice exposed to VISD (Rodenas-Gonzalez
et al., 2023).

However, our VIRSD procedure did not affect other measures related
with depression and reported to be influenced by VSDS in female mice,
such as immobility in the TST (Iniguez et al., 2018) and social interac-
tion (Iniguez et al., 2018; Pagliusi Jr et al., 2022; Morais-Silva et al.,
2023). In this regard, it is important to point out that, in the study by
Rédenas-Gonzalez et al. (Rodenas-Gonzalez et al., 2023), VIRSD did not
induce effects in the TST or SI test. Such divergences among studies are
probably related with the different levels of stress induced by VSDS or
VIRSD.

Surprisingly, our female mice exposed to VIRSD showed a significant
increase in DI in the OR test, suggesting that this kind of stress facilitates
recognition memory. To date, no studies have evaluated the effects of
vicarious defeat on OR, but recent research has shown that unpredict-
able chronic mild stress (UCMS) does not affect adult female mice
cognition in the object recognition and location recognition tests
(Madison et al., 2022) and that perinatal psychological stress enhances
the performance of adolescent female mice in the object recognition test
(Oshiro et al., 2022). In fact, contrasting data have been reported
regarding the effects of stress on cognitive function in female rats
(Bowman et al., 2022). The increase in object discrimination after
vicarious stress observed in our study is in line with the previously re-
ported improvement in the spatial memory of female mice exposed to
UCMS on day 2 of training in a Morris water maze versus non-stressed
females. It suggests that exposure to mild stress can improve cognitive
function in females (Madison et al., 2022).

4.2. Long-term effects of VIRSD exposure in late adolescence on the CPP
induced by cocaine in adulthood

Exposure to VIRSD did not modify the subsequent sensitivity of adult
female mice to the rewarding effects of cocaine, since control and
VIRSD-exposed female mice did not develop CPP after conditioning with
1.5 mg/kg of cocaine. It is important to note that, as in our previous
studies with male mice (Calpe-Lopez et al., 2020; Calpe-Lopez et al.,
2022a; Calpe-Lopez et al., 2022b; Garcia-Pardo et al., 2019), we used a
low dose of cocaine that was ineffective in control mice in order to detect
any potentiation of the rewarding effects of the drug in stressed animals.
In future studies it would be of interest to evaluate the effects of VIRSD
on the CPP induced by a slightly higher dose of cocaine (for example, 2
mg/kg) in order to assess how the stress-induced potentiation of CPP
depends on the dose administered. The lack of effects of our VIRSD
protocol on cocaine reward is probably related with the fact that the
vicarious experience of defeat in females is less stressful than the
physical interaction of the male mouse with an aggressive opponent.
Only two recent studies have evaluated how vicarious defeat affects
drug reward in female mice (Franco et al., 2022; Rodenas-Gonzalez
et al., 2023); in contrast with our results, exposure to VIRSD induced a
potentiation of the rewarding effects of cocaine (Rodenas-Gonzalez
et al., 2023). These divergent results could be explained by differences
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between the VIRSD protocols employed; although both consisted of four
intermittent experiences of vicarious defeat, in the study by Rédenas-
Gonzalez et al. the agonistic encounter between males lasted longer and
the female mouse remained in the aggressor’s cage for 24 h after each
episode of vicarious defeat (Rodenas-Gonzalez et al., 2023). On the
other hand, in the study by Franco et al., exposure to 10 consecutive
days of VSDS did not modify fentanyl consumption or preference in a 15-
day drinking paradigm (Franco et al., 2022). Interestingly, an increase in
the consumption of fentanyl on day 15 in comparison with day 5 was
observed in a subgroup of stressed susceptible females (which showed
social avoidance in a SI test), while stressed resilient females (which
maintained their sociability) did not increase fentanyl consumption
(Franco et al., 2022). In the same line, we have observed that the
segregation of female mice in function of their behavioural profile
allowed us to detect stressed females that developed CPP after condi-
tioning with a low dose of cocaine, while other females remained
resilient and did not acquire cocaine CPP.

4.3. Behavioural traits associated with vulnerability or resilience to the
effects of VIRSD on cocaine reward

Two behavioural traits shown by female mice during VIRSD episodes
were associated with their subsequent vulnerability or resilience to
develop cocaine CPP. Stressed mice that displayed a low level of loco-
motor activity during the first episode of defeat did not develop CPP;
they were resilient to stress, thus reproducing the behaviour of the
control group. Conversely, stressed mice with a high level of locomotor
activity acquired CPP, and these two measures correlated positively. The
mechanism underlying this correlation between hyperactivity and
cocaine CPP is likely to be due to the fact that both effects depend on the
activity of the dopaminergic neurons (in the nigrostriatal and meso-
limbic DA pathways, respectively). The high locomotor activity in the
first episode of VIRSD could be interpreted as reactivity to novelty (fe-
males were introduced into a novel cage for a short time), a trait that
predicts higher vulnerability to cocaine CPP in female mice (Vidal-Infer
et al., 2012; Arenas et al., 2014). In line with this, positive correlations
between hyperactivity in a novel environment, plasma corticosterone
concentration and cocaine CPP have been observed in male mice (Kahler
et al., 2021). It would be of interest for future studies to evaluate if mice
displaying high locomotion during the first vicarious defeat episode also
have higher corticosterone levels.

Another behavioural trait that predicted greater vulnerability to
cocaine CPP was the higher frequency of attention to the agonistic
encounter between males in the fourth episode of VIRSD. The positive
correlations between frequency of attention, CPP score, and the time
spent in attention in the first and fourth episodes of VIRSD suggested
that female mice with higher levels of stress (due to a greater visuali-
zation of defeat experience) were more vulnerable to cocaine reward. In
addition, the correlation between the time spent in attention and other
behavioural measures suggested that females which paid more attention
to defeat also displayed depression-like symptoms in the TST (lower
latency of immobility) and SPT (less time engaged in and higher latency
of grooming) and less memory in the OR test. The mechanism behind
these correlations is that visualization of a social defeat is assumed to
induce stress; thus, the more attention paid by females to this stressful
event, the more negative are the consequences.

The behavioural profile of stressed female mice in the HB, SI and SPT
was also predictive of vulnerability or resilience to cocaine CPP. Firstly,
stressed female mice with a more pronounced novelty-seeking behav-
iour were more sensitive to the effects of cocaine, since only the High NS
group (which performed more dips than the Low NS and control groups)
acquired CPP. These results are in accordance with those previously
observed in male mice exposed to IRSD (Calpe-Lopez et al., 2020).
Secondly, stressed female mice that displayed an increase in social
interaction were resilient to the long-term effects of stress and did not
acquire cocaine CPP. These results reflect those previously observed in
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male mice exposed to IRSD, since only defeated mice with a lower ISI
acquired CPP (Calpe-Lopez et al., 2020). This leads us to believe that
maintenance of sociability was associated with resilience in both sexes.
Indeed, cocaine dopaminergic activation and cocaine CPP are known to
be reduced by social interaction (Ribeiro Do Cuoto et al., 2009; Tzeng
et al.,, 2016; Zerning and Pinheiro, 2015). Thirdly, the absence of
depression-like symptoms in the SPT was associated with resilience to
cocaine CPP. Some stressed female mice remained resilient to VIRSD and
even spent more time engaged in grooming than the control group;
subsequently, these resilient females did not show CPP. Again, we have
previously observed that only vulnerable male mice displaying a
reduced frequency of grooming behaviour acquire cocaine CPP (Calpe-
Lopez et al., 2020). Similarly, only male mice with anhedonia (lower
sucrose preference) acquired cocaine CPP (Krishnan et al., 2007).
Finally, in our study anxiety-like behaviour did not predict resilience in
female mice, in agreement with that observed using a model of female
social defeat (Takahashi et al., 2017).

A limitation of the present study is that we have not evaluated the
possible influence of oestrous cycle phase on the vulnerability or resil-
ience to VIRSD. This might be relevant to ensure that animals with high
activity or a high frequency of attention, and which also displayed CPP,
were in the same phase than those displaying low activity and a low
frequency of attention. It is important to bear in mind that, although
there are various methods to determine the phase of the oestrous cycle in
rodents (Ajayi and Akhigbe, 2020), all induce stress and thus can induce
significant behavioural changes and affect the results obtained. In
addition, exposure to male pheromones elicits oestrous synchrony
among female mice that live together, a phenomenon known as “the
Whitten effect” (Zakaria and Sukardi, 2019). As all the female mice
underwent VIRSD episodes and behavioural tests on the same day, we
can assume that all were in the same phase of the oestrous cycle.

In conclusion, the present study demonstrates that exposure to
vicarious social defeat induces different biochemical and behavioural
effects in female mice, and that there are several behavioural traits that
confer resilience to the effects of this kind of stress on cocaine reward,
such as reduced motor activity in the first episode of defeat and
decreased attention to male interactions during the fourth episode of
defeat. In addition, female mice that do not show an increase in novelty-
seeking behaviour or depression-like symptoms after VIRSD do not
subsequently develop cocaine CPP.
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