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Behavioral coping strategies predict tumor development and behavioral impairment

after chronic social stress in mice

The aims of this study were to identify behavioral strategies to cope with social defeat,
evaluate their impact on tumor development and analyze the contributions of both to changes in
physiology and behavior produced by chronic defeat stress. For this purpose, OF1 mice were
inoculated with B16F10 melanoma cells and subjected to 18 days of repeated defeat stress in the
presence of a resident selected for consistent levels of aggression. Combined cluster and
discriminant analyses of behavior that manifested during the first social interaction identified
three types of behavioral profiles: active/aggressive (AA), passive/reactive (PR) and an
intermediate active/non-aggressive (ANA) profile. Animals that showed a PR coping strategy
developed more pulmonary metastases at the end of the social stress period than animals in
other groups. The ANA but not AA group also showed higher tumor metastases than non-
stressed subjects. In addition, the ANA group differed from the other groups because it
displayed the highest corticosterone levels after the first interaction. Chronic stress reduced
sucrose consumption, which indicates anhedonia, in all the stressed groups. However, the PR
subjects exhibited a longer immobility time and swam for less time than other subjects in the
forced swim test (FST), and they travelled a shorter distance in the open field test (OFT). In this
test, the ANA group also travelled smaller distances than the non-stressed group, but the
difference was more moderate. In contrast, tumor development but not stress increased
behaviors associated with anxiety in the OFT (e.g., time in the center) in all tumor-bearing
subjects. In summary, although the effects of social stress and tumor development on behavior
were rather moderate, the results indicate the importance of behavioral coping strategies in

modulating the effects of chronic stress on health.

Keywords: chronic social stress, coping strategies, depressive like-behavior, tumor

development, repeated defeat.
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1. Introduction

The physiological and behavioral responses to acute stress can be adaptive, but exposure to
chronic stress, particularly chronic psychosocial stress, can have negative consequences and
increase susceptibility to chronic diseases, including depression (Hollis, Isgor, & Kabbaj, 2013)
and cancer (Sommershof, Scheuermann, Koerner, & Groettrup, 2017). One of the most common
chronic stressors in humans and other social animals is stress emerging from social interactions
(Boersma et al., 2017; Brown, 2002; Kessler, 1997). Thus, losses of social rank, status and/or
control are examples of chronic stressors that are increasingly recognized as risk factors for
depression (Gotlib & Hammen, 2008). Likewise, a large body of evidence shows that chronic
psychosocial stress affects the development of cancer and increases the mortality rate associated
with various types of cancer (Chida, Hamer, Wardle, & Steptoe, 2008; Moreno-Smith,
Lutgendorf, & Sood, 2010). In addition, the high prevalence of depressive disorder among
patients with cancer (Lutgendorf & Andersen, 2015; Spiegel & Giese-Davis, 2003) suggests the
existence of a relationship between both pathologies (Cardoso, Graca, Klut, Trancas, & Papoila,
2016; Satin, Linden, & Phillips, 2009) that is not exclusively explained by the psychosocial

stress associated with this disease (Sotelo, Musselman, & Nemeroff, 2014).

Therefore, a link between stress, depression and cancer exists, but the possible
physiological mechanism is not yet known. A relatively recently proposed mechanism is the
inflammatory response produced by stress-induced neuroendocrine changes and the presence of
the tumor itself (Antoni & Dhabhar, 2019; Dantzer, 2017; Santos & Pyter, 2018; Soung & Kim,
2015). In relation to stress, a number of factors modulate the physical and psychological
responses to chronic psychosocial stressors (Wohleb et al., 2011). Apart from factors such as the
duration, severity and controllability of the stressor (Charmandari, Tsigos, & Chrousos, 2005;
Segerstrom & Miller, 2004), the strategies that an individual uses to cope with stress also have

significant effects on the characteristic activation profile of the hypothalamic-pituitary-adrenal
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(HPA)/sympathomedullary (SAM) axis (Azpiroz, De Miguel, Fano, & Vegas, 2008; De Miguel

et al., 2011) and consequently on the immune balance (Antoni & Dhabhar, 2019).

Animal models using the resident-intruder paradigm, applied in different ways, have been
very valuable in studying individual differences in patterns of behavioral and physiological
responses to chronic social stress (Wood & Bhatnagar, 2015). Many of the studies using these
models focus on the consequences of chronic defeat stress and sort subjects into resilient and
susceptible groups based on their social behavior in the social avoidance test (Golden,
Covington, Berton, Russo, & Russo, 2011; Krishnan et al., 2007) or into active and passive
groups according to the different behavioral profiles manifested by subjects after chronic defeat
stress (Gomez-Lazaro et al., 2011; Hammels et al., 2015; Peréz-Tejada et al., 2016). These
studies have provided important data about behavioral and physiological changes associated

with susceptible and/or passive subjects, which could be relevant to human pathology.

However, individual differences in the repercussions of chronic social stress are potentially
linked to differences in the behavioral strategies and/or personalities that characterize each
individual (Berton, Hahn, & Thase, 2012; Wood & Bhatnagar, 2015). Coping styles, which
describe how an individual faces stressors in their environment, may allow identification of
individuals with a higher susceptibility to future psychosocial stressors. Thus,
resilience/susceptibility may reflect individual differences in behavioral coping strategies
(Dantzer, Cohen, Russo, & Dinan, 2018; Russo, Murrough, Han, Charney, & Nestler, 2012);
some individuals will be able to cope with chronic stress, while others may experience a
pathology upon chronic stress exposure. Koolhaas et al. (1999) described two coping strategies:
active/proactive and passive/reactive, with high and low levels of aggressive or offensive
behavior, respectively (Koolhaas et al., 1999; Koolhaas, de Boer, Coppens, & Buwalda, 2010).
However, social interaction and defeat encompass a large number of behaviors, such as the
approach to a threatening situation, the reaction to an aggressive encounter, escape behavior and

returning to a secure environment, and immobility (De Miguel et al., 2011; Wood & Bhatnagar,
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2015), whose manifestations are part of the coping style. These coping strategies have not only
been shown to be relevant factors associated with the vulnerability to depression (Berton et al.,
2012; Buwalda et al., 2005) but are also associated with tumor development, as suggested by
previous studies by our group (Cacho, Garmendia, Vegas, & Azpiroz, 2008; Vegas, Fano,
Brain, Alonso, & Azpiroz, 2006) and other authors (Armaiz-Pena, Cole, Lutgendorf, & Sood,

2013; Feller, Khammissa, Ballyram, Chandran, & Lemmer, 2019; Moreno-Smith et al., 2010).

Based on this evidence, the objective of the present study was to identify coping strategies
based on the behaviors initially manifested in interactions with a resident opponent and analyze
their involvement in tumor development. The study also aimed to analyze the contributions of
these strategies and tumor development to changes in the physiology and behaviors of animals
exposed to chronic social stress. Therefore, the animals were subjected to repeated social defeat
stress using the previously reported sensory contact social stress model that maintains a
situation of psychosocial stress while minimizing physical harm (Kudryavtseva et al., 1991),
with some modifications (Vegas, Beitia, Sanchez-Martin, Arregi, & Azpiroz, 2004). Body
weight and corticosterone level were measured throughout the stress period. Behavioral changes
were evaluated using the sucrose preference test (SPT), forced swim test (FST), open field test
(OFT) and a social interaction test at the end of the stress period. After the behavioral tests, the
animals were sacrificed, and the spleen and lung were harvested to determine spleen weight and
lung tumor metastasis. We postulated that subjects subjected to chronic social stress who
adopted a passive strategy would manifest greater tumor development and anxious/depressive
behaviors. This information might enable the early administration of interventions to susceptible

individuals to prevent or minimize the ultimate consequences of stress.

2. Methods

2.1. Subjects and husbandry

Six-week-old OF1 outbred male mice (Charles River, Oncins, France) were individually housed

in transparent plastic cages measuring 24.5 x 24.5 x 15 cm. Food and water were available ad
5



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

libitum. The holding room was maintained at a constant temperature of 20°C with a reverse 12-
h light/dark cycle (white lights on from 19:00 to 07:00 h) to enable the testing of these nocturnal
animals during their active phase (1 h after the beginning of the dark cycle). All experimental
procedures were conducted under dim red lighting in a room adjacent to the holding facility. All
procedures involving mice were performed according to the European Directive (2010/63/EU)
on the protection of animals used for scientific purposes (September 22, 2010). Provincial
Council of Gipuzkoa (PRO-AE-SS-062) and the Ethical Committee of the Basque Country

University (CEBA) approved the procedures for Animal Welfare.

2.2. Experimental procedure

The experiment began after a 7-day adaptation period. A basal blood sample and body
weight was obtained for all mice (n = 102), and after 4 days, animals were randomly allocated
to two groups that were inoculated with B16F10 melanoma cells (n = 51) or not inoculated (n =
51). Each group was separated into two subgroups, resulting in four experimental groups:
stressed-tumor (n = 37), stressed-non-tumor (n = 36), non-stressed-tumor (n = 14) and non-
stressed-non-tumor (n = 15). The stress period lasted 18 days (see below), and non-stressed
mice were housed individually during this period. On the day the stress period ended,
behavioral analyses were performed on consecutive days: the social approach test on day 18, the
SPT on day 19, the OFT on day 20, and the FST on day 21. Immediately after completing these
tests, the animals were sacrificed, and the lung and spleen were removed. Blood samples and

body weights were also obtained on days 1, 9 and 21 (Fig. 1).
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Figure 1. Experimental procedure. Notes: DPI = direct physical interaction; NPI = non-physical interaction;
SAT = social approach test; SPT = sucrose preference test; OFT = open field test; FST = forced swim test.

2.3. Stress procedure

Animals in the stressed group (both inoculated and non-inoculated) were exposed to the
sensory contact social stress model based on the resident-intruder paradigm (Kudryavtseva et
al., 1991), with some modifications (Vegas et al., 2004). The experimental subject was allowed
to interact with different, highly aggressive, resident mice that had been previously selected and
trained and that socially defeated the intruder in a direct physical interaction (DPI) daily for 18
days. Additionally, on days 1 and 9, following DPI (5 min), the mice were subjected to another
5 min of non-physical interaction (NPI). In the NPI, the resident was covered with a wire mesh
container, which prevented the resident from attacking the experimental subject and allowed the
experimental animal to explore the environment while being protected from attacks. The direct
and indirect interactions on days 1 and 9 were recorded to analyze the animals’ behaviors. On
subsequent days, the physical interactions were stopped after the first attack to avoid physical
injuries. After the interactions, the intruders were separated from residents by perforated
methacrylate barriers, which bisected the cage and allowed sensory (non-physical) contact

outside the direct confrontation periods.
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2.4. Experimental tumor induction

Tumors were induced by inoculating mice with B16F10 murine melanoma cells. These
cells arrest in lung following intravenous injection, which makes them an ideal choice for
studying lung-specific metastasis in mice (Brown, Welch, & Rannels, 2002). The B16F10 cells
were maintained in vitro by subculturing the tumor cells at 37°C in a humidified atmosphere of
5% CO, in 75-cm? cell culture flasks (Corning Inc., Corning, NY, USA) with RPMI-1640
culture medium supplemented with HEPES and L-glutamine (Lonza, Basel, Switzerland) at a
density of 10° cells/ml. Adherent B16F10 cells were detached by incubation with 0.02% EDTA
for 5 min and subsequently washed in RPMI-1640 medium. Mice that had been preanesthetized
via intraperitoneal injection of Nembutal (sodium pentobarbital; 60 mg/kg) were inoculated
with 5 x 10* viable BI6F10 cells in 0.1 ml of medium via the lateral tail vein using a 30.5-gauge
needle, after the tail had been previously heated with a thermal pillow. All subjects received the
complete 0.1-ml dose in one injection. To minimize the welfare impact on animals, a tumor cell

line with slight in vitro development was selected for use in this experiment.

2.5. Behavioral assessment
2.5.1.  Analysis of the behavioral profile during social interactions

The interactions conducted on days 1 and 9 were filmed with a video camera (Panasonic
RX66, Osaka, Japan). Behavioral evaluations were performed using Observer XT 14 software
(Noldus, ITC, Wageningen, The Netherlands), with a specific configuration based on the
ethogram for the mouse developed by Brain, McAllister and Walmsley (1989) and modified by
Vegas et al., 2006. This ethogram covers 51 behavioral elements grouped into 12 broad
categories: attack (chasing, rushing towards or biting the opponent), threat (aggressive cleaning,
vertical or lateral offense or hitting with tail), non-social exploration (exploration of the
physical environment), social investigation (social exploration of the opponent by following or
establishing physical contact, sniffing or cleaning), exploration from a distance (paying

attention to the opponent from a distance), digging (moving the sawdust with front or back
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legs), body care (self-cleaning), avoidance (remaining at a prudential distance from the
opponent), flee (running away when the opponent approaches), defense/submission (passive
avoidance of an attack by making signs of submission), sexual behavior and immobility
(remaining frozen). Furthermore, immobility and explorations during the NPI were also

included in the behavioral assessment.

2.5.2.  Social approach test (SAT)
At the end of the stress period, the resident mouse was covered with a wire mesh container
to observe how the stressed animal behaved towards the aggressive mouse. Interactions were
recorded for 5 min, and the time the stressed animal spent in the area of the aggressive mouse

was evaluated using Observer XT 14.

253 SPT
All mice were offered a free choice between two bottles for 24 h; one bottle contained a
0.8% sucrose solution and the other bottle contained water. The position of the bottles was
counterbalanced to avoid possible effects of a side preference when drinking. The animals were
not deprived of food or water before the test. The consumption of the sucrose solution and water
was measured by weighing the bottles at the beginning and end of the test. The consumption of
sucrose was reported in relation to body weight. The sucrose preference was calculated as

percentage of sucrose consumption vs. sucrose plus water consumption.

2.54. OFT
Mice were placed in a black Plexiglas box (40 x 40 x 30 cm) and allowed to explore for 5
min. The test was performed 1 h after the SPT and was recorded for subsequent assessment. The
time spent in the center of the box, the average distance from the center, the distance covered
and the time spent immobile were analyzed using ANY-maze© 4.96 software (Stoelting
Europe, Dublin, Ireland). The apparatus was cleaned with a solution of 0.5% acetic acid

between tests in order to hide animal clues.
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2.5.5. FST
Individual mice were placed in glass cylinders (height 18.5 cm and diameter 12.5 cm)
containing 13.5 cm of water at 25 + 1°C for 5 min. The following behaviors were assessed:
immobility, swimming and climbing. The time spent engaged in each behavior was recorded

manually using Observer XT 14 by an experimenter blinded to the stress condition.

2.6. Physiological assessments.
2.6.1. Determination of pulmonary metastatic foci
After several days of incubation in Bouin’s solution, the upper lobe of the left lung was
separated, and the number of metastatic foci was determined using an Olympus SZ30 Zoom

Stereo Microscope (Olympus, Tokyo, Japan).

2.6.2. Blood collection and plasma isolation
Blood was collected from the submandibular vein between 8:45 and 9:45 a.m. to measure
corticosterone levels. Blood samples were collected 4 days before the inoculation, 40—45 min
after the direct interactions (days 1 and 9) and 5-10 min after the FST (immediately before
sacrifice). The blood was stored in a heparinized container and then centrifuged at 1800 x g for

15 min at 4°C. The resulting plasma was collected and stored at —70°C until further analysis.

2.6.3. Determination of plasma corticosterone concentrations
The plasma corticosterone concentrations (ng/ml) were determined using a commercially
available enzyme immunoassay kit (Assay Designs, Ann Arbor, MI, USA) and a Synergy HT
microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The sensitivity of the assay
was Spg/ml, and the intra-assay and inter-assay coefficients of variation were 7% and 8%,

respectively.

2.6.4. Spleen and body weight
Animals were weighed 4 days before the inoculation, 1 and 9 days after inoculation, and

before sacrifice. After sacrifice, the spleen was harvested and weighed.

10
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2.7. Statistical analysis

All statistical analyses were performed with the SPSS 24.0 for Windows software package
(SPSS Inc., Chicago, IL, USA), and the level of significance was set to p < 0.05. The behavioral
and physiological variables were analyzed using 1-way or 2-way ANOVA. The corticosterone
levels and the time-dependent behavioral changes were analyzed using 1-way or 2-way
ANOVA for repeated measures. When appropriate, specific comparisons were analyzed with a
post hoc Tukey test. Cohen’s d test for the effect size was performed to estimate the strength of
the effects between two groups (“d” values > 0.8 are considered large effects, values between
0.5 and 0.8 are considered moderate effects, values < 0.5 are considered small effects). A partial
eta-square (5°) test for the effect size was used for analyses with more than two groups and
interactions (#° = 0.01: small; #° = 0.09: moderate; #° = 0.25: large). A Chi-square test was
performed to test for a difference in the distribution of coping strategies between tumor and
tumor-free groups. The relation between corticosterone level and tumor development was

analyzed using bivariate Spearman correlation.

3. Results

3.1. Strategies for coping with social stress

A cluster analysis using the mean percentage of time allocated to each assessed behavioral
element during the first interaction was performed on all stressed subjects in terms of the
behavioral characteristics they showed in the social stress situation, resulting in three clusters:
active/aggressive (AA, n = 32), active/non-aggressive (ANA, n = 25) and passive/reactive (PR,
n = 14) (Fig. 2). A multivariate discriminant analysis was performed to investigate the integrity
of the groups derived from the cluster analysis and to determine which behavioral variables
most efficiently discriminated the clusters. The discriminant model applied here accounted for
94.4% of groups obtained from the cluster analysis, thus confirming the statistical validity of
these groups and their behavioral descriptions. Immobility in the DPI was the variable that best

discriminated the three clusters, followed by flee, non-social exploration, defense/submission
11
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and threat in the DPI and immobility in the NPI. No differences were observed in the

distribution of coping styles as a function of tumor presence (X*(2) = 5.513, p = 0.064).
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Figure 2. The mean percentage of time (mean + standard error of the mean (SEM)) dedicated to each of the
behaviors evaluated during (a) the DPI and (b) the NPI on day 1 analyzed in terms of group membership: AA
(n=32), ANA (n=25) and PR (n = 14). *p < 0.05, **p < 0.01, and ***p < 0.001.

3.2. Time-dependent behavioral changes

One-way ANOVA with repeated measures for each strategy showed significant time-
dependent differences in behavior (Table 1). Animals employing all coping strategies modified
their behaviors during interactions on day 9, and a reduction in non-social exploration (AA:
F(1,30)= 36.519, p < 0.001, #° = 0.549; ANA: F(1,24) = 13.285, p = 0.001, ° = 0.356; y PR:
F(1,13)=6.704; p = 0.022, #°= 0.340) and an increase in immobility (AA: F(1,30)= 163.141, p
<0.001, 7= 0.845; ANA: F(1,24)=118.256, p < 0.001, °=0.831; y PR: F(1,13)=17.801, p =
0.001, #° = 0.578) were observed for all groups in the DPI. Furthermore, in the DPI, AA mice
showed a reduction in their characteristic behaviors of threat (F(1,30)= 133.210, p < 0.001, #°=
0.816) and attack (F(1,30)= 57.514, p < 0.001, #° = 0.657), increasing the active behaviors of

flee (F(1,30) = 39.891, p < 0.001, #° = 0.571); meanwhile, the ANA group exhibited reduced

12
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threat (F(1,24) = 11.139, p = 0.003, #°= 0.317), attack (F(1,24) = 8.046, p = 0.009, ° = 0.251)
and defense/submission behaviors (F(1,24)= 6.066, p = 0.021, °= 0.202). In the NPI, the ANA
mice but not AA or PR group mice showed a remarkable increase in immobility (F(1,24) =
16.784, p < 0.001, #° = 0.412) and a reduction in non-social exploration (F(1,24) = 27.894, p <

0.001; 7°= 0.538) (Table 1).

Analysis of differences in behaviors between groups employing different strategies on day
9 only revealed differences in the behaviors of non-social exploration in the DPI (F(1,67) =
3.291, p = 0.043) and NPI (F(1,67) = 5.745, p = 0.005), and immobility in the DPI (F(1,67) =
4.962, p = 0.010) and NPI (F(1,67) = 6.671, p = 0.002) between the AA and PR groups (DPI
non-social exploration: p = 0.039, Cohen’s d = 0.89; NPI non-social exploration: p = 0.007,
Cohen’s d = 0.97; DPI immobility: p = 0.008; Cohen’s d = 0.93; NPI immobility: p = 0.003;

Cohen’s d = 1.04). Additionally, the ANA group was not different from the PR group (Fig. 3).

13
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Table 1. The mean percentage of time dedicated to each of the behaviors on day 1 and day 9 for each cluster.

Coping Day 1 interaction Day 9 interaction
strategy M SD M SD F n
DPI Threat AA 12.97 +1.1 0.05 +0.0 133.210%** 0.816
ANA 2.66 +0.8 0.00 +0.0 11.139%* 0.317
PR 3.21 +1.5 0.24 +0.2 3.915
DPI Attack AA 5.19 +0.7 0.02 +0.0 57.514%** 0.657
ANA 1.01 +0.4 0.00 +0.0 8.046** 0.251
PR 2.2 +1.1 0.01 +0.0 4.325
DPI Defense / AA 7.11 +0.8 9.20 +0.9 2.361
Submission ANA 14.07 +1.4 9.63 +1.0 6.066* 0.202
PR 8.2 +1.4 10.37  £2.0 0.901
DPI Flee AA 1.48 +0.3 6.89 +0.8 39.891 *** 0.571
ANA 6.75 +0.7 5.41 +0.5 2.634
PR 3.98 +0.7 4.75 +0.8 0.853
DPI Exploration froma A4 3.55 +0.3 1.49 +0.2 25.734%%* 0.462
distance ANA 2.37 +0.3 1.43 +0.2 7.651
PR 1.88 +0.4 0.73 +0.2 12.129%* 0.483
DPI Non-social AA 3994 £1.2 26.60 1.9 36.519%%** 0.549
exploration ANA 31.96 +1.7 2235 2.4 13.285%* 0.356
PR 26.82 3.3 17.86 +2.4 6.704%* 0.340
DPI Immobility AA 2593 1.1 54.62 +2.1 163.141%** 0.845
ANA 3892 +14 59.77 2.0 118.256%** 0.831
PR 5091 £5.0 65.77 3.2 17.801** 0.578
NPI Non-social AA 70.9 +1.8 67.14 29 1.205
exploration ANA 7599 £1.5 56.63 +3.3 27.894%** 0.538
PR 45.64 £2.7 50.08 5.0 0.999
NPI Immobility AA 13.05 +1.3 1571 £2.2 1.906
ANA 1149 +1.0 25.53 £33 16.784%** 0.412
PR 36.49 £2.7 32.68 5.2 0.503

The data are presented as the means = SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3. The mean percentage of time (mean £ SEM) dedicated to each of the behaviors evaluated during
(a) the DPI and (b) the NPI on day 9 analyzed in terms of group membership. AA (n = 32), ANA (n=25) and
PR (n=14). *p < 0.05 and **p < 0.01.

3.3. Effect of tumor development on time-dependent changes in behavior

Two-way ANOVA (tumor and time) with repeated measures showed significant
differences for the time x tumor interaction in three behaviors: attack (F(1,71) = 11.666, p =
0.001, #° = 0.143) and flee (F(1,71) = 4.376, p = 0.040, #° = 0.058) in the DPI and non-social

exploration (F(1,68)= 6.500, p = 0.013, 7= 0.087) in the NPI (Table 2).

Table 2. The mean percentage of time dedicated to DI attack, DPI flee and NPI non-social
exploration behaviors during day 1 and day 9 interactions for tumor and tumor-free groups.

Tumor / Day 1 interaction Day 9 interaction
Tumor-free M SD M SD
DPI Attack Tumor 1.76 +0,4 0.00 +0.0
Tumor-free ~ 4.43  +£0,7 0.02 +0.0
DPI Flee Tumor 4.67 +0,6 5.39 +0.6
Tumor-free 3.1 +0,6 6.49 +0.7
NPI Non-social Tumor 6948 +2.4 56.14 +2.8
exploration Tumor-free 65.65 +£2.5 63.88 +3.2

The data are presented as the means = SEM.
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3.4. Effects of the chronic social defeat (CSD) and stress coping strategies (SCS) on pulmonary

metastasis of B16F10 melanoma cells

Analysis of variance showed that chronically defeated mice had more tumor foci than non-
stressed mice (£(1,49) = 4.178, p = 0.046, Cohen’s d = 0.71). Furthermore, differences were
observed between groups stratified according to stress coping strategies (£(3,45) = 7.021, p =
0.001). Post hoc analysis revealed that PR mice had more tumor foci than non-stressed (p <
0.001, Cohen’s d = 2.54), AA (p = 0.008, Cohen’s d = 1.46) and ANA (p = 0.035, Cohen’s d =
1.64) subjects. In addition, ANA mice presented more tumor foci than non-stressed animals (p =
0.010, Cohen’s d = 1.51); meanwhile, AA mice did not show differences compared with non-

stressed group mice (p = 0.100) (Fig. 4).
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Figure 4. Number of tumor foci observed in (a) stressed (n = 37) and non-stressed (n = 14) animals and in (b)
the AA (n = 12), ANA (n = 17), PR (n = 6) and non-stressed (NE) (n = 14) groups. The data are presented as
the means + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.

3.5. Effects of tumors, CSD, and SCS on the SPT

According to the ANOVA results, chronically stressed mice consumed less of the sucrose
solution in relation to body weight than non-stressed mice (F(1,97) = 13.723, p < 0.001,
Cohen’s d = 0.80); meanwhile, no differences in water consumption were observed (F(1,97) =
0.213, p = 0.646) (Fig. 5). When sucrose preference was analyzed, non-stressed mice showed a
preference of 67.32% compared with 48.52% for the stressed mice, but this difference did not
reach the level of significance (£(1,97) = 3.046, p = 0.084). No differences were observed in
sucrose consumption between groups stratified according to the presence of tumors (F(1,97) =

16



322 1427, p = 0.235), tumor x stress interaction (F(1,97) = 0.004, p = 0.952) and SCS (F(2,68) =

323 1.151, p=0.323).
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Figure 5. Sucrose and water consumption relative to body weight are presented for the stressed-tumor (n = 37),

325 stressed-non-tumor (n = 36), non-stressed-tumor (n = 14) and non-stressed-non-tumor (n =15) groups. Numbers
above the  bars indicate  the  corresponding  percent  preference for the  sucrose
solution:[ g of sucrose X 100]. The data are presented as the means (£tSEM). ***p < 0.001.
g of sucrose + g of water

326

327 3.6. Effects of tumors, CSD and SCS on the FST

328 ANOVA showed no differences between the effects of stress and the tumor on the time
329  spent immobile (stress: F(1,98) = 0.236, p = 0.628; tumor: F(1,98) = 1.326, p = 0.252; tumor
330  x stress interaction: F(1,98) = 1.576, p = 0.212), swimming behavior (stress: F(1,98) = 0.000,
331 p=0.989; tumor: F(1,98) = 0.413, p = 0.522; tumor x stress interaction: F(1,98) =1.962, p
332 =0.164), or climbing behavior (stress: F(1,98) = 0.093, p = 0.762; tumor: F(1,98) = 3.602,
333 p =0.061; tumor x stress interaction: F(1,98) = 0.569, p = 0.453). However, the ANOVA
334  revealed differences in the time spent immobile in the FST in groups stratified according to SCS
335  (F(3,96) = 3.181, p = 0.027). According to the post hoc analysis, PR mice spent more time
336  immobile than AA (p = 0.023, Cohen’s d = 1.18) and ANA mice (p = 0.040, Cohen’s d = 0.89).
337  On the other hand, the opposite results were obtained for swimming behavior (F(3,96) = 5.536,

338  p =0.002). In this case, PR mice spent less time swimming than AA (p = 0.002, Cohen’s d =
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1.41), ANA (p = 0.002, Cohen’s d = 1.37) and non-stressed (p = 0.008, Cohen’s d = 1.07)
animals. No differences in climbing behavior were observed between SCS groups (£(3,96) =

0.676, p = 0.569) (Fig. 6).
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Figure 6. The percentage of (a) immobility, (b) swimming, and (c) climbing behaviors in the FST are
presented for the stressed-tumor (n = 37), stressed-non-tumor (n = 36), non-stressed-tumor (n = 14) and non-
stressed-non-tumor (n = 15) groups. The percentage of (d) immobility, (¢) swimming, and (f) climbing
behaviors in the FST are presented for the AA (n = 32), ANA (n = 25), PR (n = 14) and NE (n = 29) groups.
The data are reported as the means = SEM. *p < 0.05 and **p < 0.01.

3.7. Effects of tumors, CSD and SCS on the OFT

ANOVA showed no differences in immobility or distance travelled in groups stratified
according to stress exposure (immobility: F(1,98) = 2.248, p = 0.137; distance travelled: F(1,98)
=3.385, p = 0.069), tumor presence (immobility: F(1,98) = 0.720, p = 0.398; distance travelled:
F(1,98) = 0.064, p = 0.800) or stress X tumor interaction (immobility: F(1,98) = 0.098, p =
0.755; covered distance: F(1,98) = 0.032, p = 0.859). However, the tumor group spent less time
in the center of the cage than the tumor-free mice (£(1,98) = 6.943, p = 0.010, Cohen’s d =
0.46) and travelled a farther distance from the center (#(1,98) = 14.006, p < 0.001, Cohen’s d =
0.96). No differences were observed in the time spent in the center and in the average distance

from the center between the stressed and non-stressed groups (time in the center: F(1,98) =
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0.356, p = 0.552; distance from the center: F(1,98) = 2.505, p = 0.117), in the stress X tumor
interaction (time in the center: F(1,98) = 1.589, p = 0.211; distance from the center: F(1,98) =
2.177, p = 0.143) or in the groups stratified according to SCS (time in the center: F(2,68) =
0.403, p = 0.670; distance from the center: F(2,68) = 2.930, p = 0.060). The ANOVA revealed
differences in the time spent immobile (F(3,96) = 4.260, p = 0.007) and the distance travelled
(F(3,96) = 3.527, p = 0.018) between groups stratified according to SCS. According to the post
hoc analysis, PR mice spent more time immobile than the non-stressed (p = 0.018, Cohen’s d =
0.94) and AA group (p = 0.015, Cohen’s d = 1.02) mice, and they travelled less distance than
the non-stressed (p = 0.015, Cohen’s d = 1.00) and AA group (p = 0.046, Cohen’s d = 0.89)

mice (Fig. 7).
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Figure 7. (a) The duration of immobility, (b) distance travelled, (c) time spent in the center and (d) average
distance to the center in the OFT are presented for the stressed-tumor (n = 37), stressed-non-tumor (n = 36), non-
stressed-tumor (n = 14) and non-stressed-non-tumor (n = 15) groups. (¢) The duration of immobility, (f) distance
travelled, (g) time spent in the center and (h) average distance to the center in the OFT are presented for the AA
(n=32), ANA (n=25), PR (n = 14) and NE (n = 29) groups. The data are presented as the means + SEM. *p <

0.05, **p < 0.01, and ***p < 0.001.
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3.8. Effects of tumors, CSD and SCS on animals’ body weights

Two-way ANOVA (stress and time) with repeated measures showed significant differences
in the weight gained during the experiment for the time factor (F(1,85)= 420.702, p < 0.001, #’
=0.832) and time X stress interaction (F(1,85) = 22.231, p < 0.001, #° = 0.207); stressed mice
exhibited a lower body weight at the end of the experiment (F(1,85) = 7.035, p = 0.010,
Cohen’s d = 0.55). The groups stratified according to tumor presence did not show differences
in body weight gained (£(1,85)=3.700, p = 0.058) or in the final body weight (F#(1,85)= 0.402,
p = 0.528) (Fig. 8). The interaction between stress and tumor was not significant for the weight
gained (F(1,83) = 1.088, p = 0.300) and the final body weight (£(1,83) = 2.326, p = 0.131).
Furthermore, differences in the weight gained (F(2,56) = 1.424; p = 0.249) and final body

weight (F(1,56) = 0.608, p = 0.548) were not observed in mice stratified according to coping

strategies.
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Figure 8. (a) Changes in the animals’ body weights are presented for the stressed (n = 61) and non-stressed (n =
26) groups. (b) The percentage of the weight gained at the end of the experiment is presented for the stressed-
tumor (n = 37), stressed-non-tumor (n = 24), non-stressed-tumor (n = 14) and non-stressed-non-tumor (n = 12)
groups. The data are presented as the means £ SEM. *p < 0.05 and ***p < 0.001.

3.9. Effects of tumors, CSD and SCS on corticosterone levels

Two-way ANOVA (stress and time) with repeated measures showed significant differences
in corticosterone levels for the time factor (F(1,97) = 6.373, p = 0.013, #° = 0.062) and for the

time X stress interaction (F(1,97) = 34.908, p < 0.001, #° = 0.265) 40 min after the first
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interaction, and 40 min after the interaction on day 9 (time: F(1,95) = 6.606, p = 0.016, #° =
0.060; time x stress interaction: F(1,95) = 30.959, p < 0.001, #° = 0.246). Furthermore, stressed
mice had higher corticosterone levels after the FST (#(1,96) = 11.933, p = 0.001, Cohen’s d =
0.77). No differences were observed in any corticosterone measurement between the tumor
groups (after the interaction on day 1: F(1,98) = 1.226, p = 0.271; after the interaction on day 9:
F(1,96) = 3.637, p = 0.060; after the FST: F(1,96) = 1.325, p = 0.253). Moreover, there was no
correlation between the number of tumor foci and corticosterone level after the interactions or
the FST (after the interaction on day 1: r(51) = 0.269; p = 0.057; after the interaction on day 9:
rs(49) = 0.262; p = 0.069; after the FST: »((49) = 0.039; p = 0.778). Differences were observed
between groups stratified according to SCS after the first interaction (F(1,68) = 5.716, p =
0.005); the ANA group showed higher corticosterone levels than the AA group (p = 0.005,

Cohen’s d = 0.82) (Fig. 9).
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Figure 9. (a) Plasma corticosterone levels (ng/ml) measured on day -4 and after the day 1 and day 9 interactions
are presented for the stressed-tumor (n = 37), stressed-non-tumor (n = 36), non-stressed-tumor (n = 14) and non-
stressed-non-tumor (n = 15) groups. (b) Plasma corticosterone levels (ng/ml) measured after the FST are presented
for the stressed-tumor (n = 37), stressed-non-tumor (n = 36), non-stressed-tumor (n = 14) and non-stressed-non-
tumor (n = 15) groups. (c) Plasma corticosterone levels (ng/ml) measured on day -4 and after the day 1 and day 9
interactions are presented for the AA (n = 32), ANA (n = 25), PR (n = 14) and NE (n = 29) groups. (d) Plasma
corticosterone levels (ng/ml) measured after the FST are presented for the AA (n = 32), ANA (n =25), PR (n =
14) and NE (n = 29) groups. The data are reported as the means = SEM. *p < 0.05 and ***p < 0.001.
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3.10. Effects of tumors, CSD and SCS on spleen weight

According to ANOVA, the weight of the spleen from stressed mice was increased
compared with non-stressed subjects (F(1,98) = 47.480, p < 0.001, Cohen’s d = 1.43). No
differences were observed between tumor groups (F(1,98) = 0.048, p = 0.828, Cohen’s d), stress
x tumor interaction (F(1,98) = 0.215, p = 0.644) or groups with different coping strategies
(F(2,68) = 0.571, p = 0.568), but the weight of the spleen was greater in all coping strategy
groups than in non-stressed mice (F(3,96) = 15.697, p < 0.001): AA (p < 0.001, Cohen’s d =

1.52), ANA (p < 0.001, Cohen’s d = 1.30) and PR (p < 0.001, Cohen’s d = 1.33) (Fig. 10).
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Figure 10. (a) Spleen weights (g) are presented for mice in the stressed-tumor (n = 37), stressed-non-tumor (n =
36), non-stressed-tumor (n = 14) and non-stressed-non-tumor (n = 15) groups. (b) Spleen weights (g) are
presented for the AA (n = 32), ANA (n = 25), PR (n = 14) and NE (n = 29) mice. The data are presented as the
means + SEM. ***p < (0.001.

3.11. Effects of tumors and SCS on the SAT

ANOVA conducted only in stressed subjects showed that tumor-bearing mice spent less
time near the aggressive mouse in the SAT (£(1,70) = 8.477, p = 0.005, Cohen’s d = 0.76). No
differences were observed between groups stratified according to SCS (£(1,69) = 1.165, p =

0.318) (Fig. 11).
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Figure 11. The percentage of time spent near the opponent is presented for (a) the tumor-stressed (n = 37) and
non-tumor-stressed (n = 36) groups and (b) for the AA (n = 32), ANA (n = 25) and PR (n = 14) groups. The
data are presented as the mean + SEM. **p < 0.01.

4. Discussion

To the best of our knowledge, the results of the present study are the first to show the effect
of chronic social defeat stress on tumor development, the impact of SCS on tumor development
and the effect of the interaction of both factors on behavioral and physiological variables,

particularly the response of the HPA axis, body weight and spleen weight.

In this study, subjects were sorted into three clusters based on the behaviors manifested in
the first social confrontation, revealing the existence of three different subject groups with
characteristic behavioral profiles. One group of subjects, which we call the active/aggressive
(AA) group, presented a clear proactive strategy behavioral pattern; in the direct interaction, this
group spent the most time engaged in attack and threat behaviors. According to many authors,
individual differences in the aggressiveness trait reflect general coping styles in other situations,
with open aggression representing a component of a larger set of behavioral characteristics that
constitute a proactive coping strategy (de Boer, Buwalda, & Koolhaas, 2017; Koolhaas, De
Boer, Buwalda, & Van Reenen, 2007; Koolhaas et al., 1999). Thus, a greater investment in non-
social exploration behavior and less time spent immobile were also characteristics of this
cluster. In addition to failing to display attack and threat behaviors, another group presented low
non-social exploration behavior and spent more time immobile than the other groups. This

group exhibited a reactive strategy and thus was called the passive/reactive (PR) group. Finally,
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the cluster analysis defined a third group of subjects, which we designated the active/non-
aggressive (ANA) group. The ANA group presented minimal attack and threat behaviors,
maintained a higher activity level than the PR group and tended to engage defense/submission
and flight behaviors to a greater extent than the other groups. Notably, according to various
authors, a proactive strategy may not be equally clearly expressed in all challenging situations
(de Boer et al., 2017). Therefore, according to the hypothesis proposed by Homberg (2012), it is
possible that the impossibility of being dominant in our model, did not allow ANA group to
manifest their actual coping strategy. In this regard, the inclusion of the indirect interaction in
the cluster analysis confirmed the existence of this third group, because when animals were
allowed to move freely without the risk of being assaulted, ANA subjects explored the
environment and remained immobile for short periods, similar to AA mice. Therefore, the ANA
group corresponded to subjects in an intermediate group with characteristics of both the AA and

the PR groups.

Exposure to repeated defeat stress increased the pulmonary metastasis of B16F10
melanoma cells, confirming findings from previous studies showing that psychosocial stress is a
powerful modulator of cancer progression in different tumor models (Armaiz-Pena et al., 2013;
Feller et al., 2019; Moreno-Smith et al., 2010; Payne, 2014). Other authors have reported a
relationship between social defeat stress and the progression and metastasis of Lewis lung
carcinoma (LLC) when animals were exposed to 10 days of repeated defeat stress prior to
cancer cell inoculation (Wu et al., 2015). Furthermore, in the present study, the PR animals
exhibited more extensive tumor development than subjects in the AA and ANA groups.
Notably, the strategies were established before tumor development occurred, excluding the
possibility that the tumor itself induced more passive behaviors. Sajti et al. (2004) also observed
a greater number of large metastatic foci of subcutaneous tumors (MADS 106) in passive rats in
an open field situation. On the other hand, AA subjects did not develop metastatic tumors,
consistent with the results reported by Amkraut and Solomon (1972), where animals responding

with spontaneous fighting developed smaller virus-induced sarcoma lesions than animals that
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did not fight. Similar data were previously obtained in our laboratory when acute stress was
applied several days after inoculation of B16F10 tumor cells (Vegas et al., 2006). Animals
employing attack behaviors and presenting high levels of environmental exploration in
situations of social conflict exhibited lower levels of tumor development. These data suggest
that a proactive strategy, accompanied by offensive responses and elevated exploratory activity,
protects against the effects of chronic stress on tumor development. In agreement with this
notion, the ANA subjects, who did not manifest offensive behaviors but displayed exploratory
activity, showed moderate tumor development. These data suggest that a generally active coping
strategy, but not the specific aggressive behavior displayed, play a key role in protecting mice

from tumor development.

Social defeat stress increased activation of the HPA axis throughout the entire stress period,
although the increase in corticosterone levels was less after 9 days of stress, confirming the
results published by other authors using other social defeat models (Blanchard, Sakai, McEwen,
Weiss, & Blanchard, 1993; Macedo et al., 2018). This change in corticosterone levels suggests
adaptation of the HPA axis to repeated stress, but the results reported by other authors (Norman
et al., 2015) and our group do not support this hypothesis. Specifically, data obtained in our
laboratory using a repeated defeat model similar to the model used in this study revealed equally
high levels even after 21 days of stress (Gomez-Lazaro et al., 2011; Pérez-Tejada et al., 2013).
The higher corticosterone levels in the stressed subjects at the end of social stress in the present
study might indicate an alteration in the HPA axis as a result of repeated exposure to defeat
stress, although reestablishment (Macedo et al., 2018) or a decrease (Gémez-Lazaro et al., 2011)
in basal levels in the animal after several days of exposure to any manipulation cannot be

excluded.

On the other hand, the highest corticosterone levels were observed in the ANA group after
the first direct interaction. Notably, these subjects did not present fight behaviors, such as attack

and threat, that could moderate the response of the HPA axis, as has been observed in other
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studies (Walker, Masters, Dielenberg, & Day, 2009). In subjects with a proactive predisposition
who do not have the opportunity to manifest such behaviors, defeat is likely more stressful,
resulting in a greater reactivity to stress. This hypothesis might explain why these subjects had
higher corticosterone levels than AA and PR mice after the first stressful interaction. Thus, the
findings would support the hypothesis that coping styles influence the outcome of experienced
stress due to social subordination (Boersma et al., 2017). Although corticosterone levels were
approximately equal in all stressed groups after nine days of stress, we cannot exclude that a
long-term effect on other components of the HPA axis and/or on other physiological variables
related to the function of the HPA axis (brain-derived neurotrophic factor, immune system, etc.)
are responsible for the behavioral changes observed upon exposure to prolonged stress. Thus, in
the ANA group, immobility in the day 9 interaction, which was not affected by tumor
development and was the behavior that best discriminated the different groups, was similar to
that in the PR group and was distinct from that in the AA group. This finding might indicate a
change or transition in the ANA coping strategy towards a more reactive strategy. Moreover,
Paul et al. (2011) reported that repeated social defeat stress results in a change from proactive
coping behaviors to reactive coping behaviors. Our results also showed changes in behavior
after repeated exposure to defeat stress in all groups (a decrease in non-social exploration and an
increase in immobility), which reduced the individual differences observed in the first
confrontation. However, we should consider that tumor development, although minimal, might

also contribute to changes in some behaviors.

The weight of the spleen, an indirect measure of immune activation, was increased in all
the stressed subjects, regardless of the presence of the tumor and the type of coping strategy
employed. This result does not imply that the immune state (activation) was similar in all
stressed subjects because the type of parameters and the changes produced in these measures
(proliferative capacity of T and B cells, production of cytokines, etc.) might differ according to

the manifested strategies (Gomez-Lazaro et al., 2011; Pérez-Tejada et al., 2013). In addition, an
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effect of the presence of the tumor on any of these parameters cannot be excluded (Lebena et

al., 2014).

Based on new evidence, the glucocorticoids and catecholamines released during the stress
response play important roles in many of the stages required for cancer metastasis by altering
immune activity (Armaiz-Pena et al., 2013; Dhabhar, 2014, 2018; Feller et al., 2019). However,
the results from this study showed no relation between corticosterone level and tumor
development, with similar corticosterone levels observed between in tumor-bearing and non-
tumor-bearing subjects in both the stressed group and the control group. Furthermore, subjects
with greater tumor development at the end of the chronic stress period (subjects initially
employing a PR strategy) did not present different corticosterone levels than subjects in other
behavioral groups. Nevertheless, we cannot exclude the possible effects of the HPA axis,
catecholamines, or other mechanisms or pathways on modulating the relationship between

stress, behavioral strategies, and tumor development (Azpiroz et al., 2008; Wu et al., 2015).

When the behavioral consequences of both stress and tumor development were analyzed,
the data appeared to indicate that the effects on the variables analyzed in this study generally
differed according to each of the two factors. Thus, chronic stress but not the presence of a
tumor reduced the consumption of sucrose, which indicates anhedonia. All stressed mice,
regardless of strategy, showed a reduction in consumption of the sucrose solution (0.8%)
measured over 24 h but maintained the same water consumption. Although some authors have
reported a reduction in the sucrose preference, others have found no effect (see Hammels et al.,
2015). These discrepancies may be due to differences in the protocol used and the duration of
exposure to the stressor, because a reduced preference was not observed when the defeat stress
was limited to five days (Croft, Brooks, Cole, & Little, 2005) or one day (Razzoli, Carboni,
Andreoli, Ballottari, & Arban, 2011). In the present study, the reduction in the duration of daily
physical interactions to avoid injuries might have affected the results obtained, and thus, we

were unable to observe differences between coping strategies. On the other hand, although other
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authors have reported a reduction in sucrose consumption caused by tumor development (Pyter,
Pineros, Galang, McClintock, & Prendergast, 2009), we did not observe such a reduction, likely

due to the moderate tumor development observed in the experimental subjects.

Regarding social behavior, tumor presence was associated with less time spent in the
opponent's area. This behavior, which has been interpreted by other authors as a social
inhibition associated with a susceptibility to depression (Dadomo et al., 2011; Lagace et al.,
2010; Venzala, Garcia-Garcia, Elizalde, Delagrange, & Tordera, 2012), suggests the presence of
depressive-type symptomology in subjects with tumors. Given that the social behavior test was
conducted only in stressed mice, we could not establish a possible stress effect on depressive-

like behavior.

On the other hand, the body weight of all subjects increased over 21 days, although this
increase was greater in non-stressed subjects. In contrast to our expectations, the presence of a
tumor did not reduce weight gain; the weight of tumor-bearing subjects was similar to that of
non-tumor-bearing subjects at the end of the experiment. Notwithstanding, other authors have
also not observed differences in this parameter as a function of tumor development (Nashed,

Seidlitz, Frey, & Singh, 2015; Pyter et al., 2009, 2017).

The FST is commonly used to determine depressive behavior in mice and rats, which is
defined by an increase in immobility or a decrease in latency to immobility in this test. This
behavior appears to be influenced by the species and the procedure used in the test. Thus, an
increase in immobility has been reported in rats (Becker et al., 2008; Hayashida, Oka, Mera, &
Tsuji, 2010; Rygula et al., 2005) but not in mice (Kinsey, Bailey, Sheridan, Padgett, & Avitsur,
2007; Krishnan et al., 2007), after acute or chronic social defeat stress, although a reduction in
immobility parameters was observed when the behavior was recorded in mice in a second
swimming session, similar to observations in rats (Gémez-Lazaro et al., 2011, 2012; Tang, Yu,
Chen, Gao, & Xiao, 2018). In the present study, the behavior manifested in the FST was not

altered by stress, but an effect was observed as a function of coping strategy. The PR group
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showed more immobility and spent less time swimming than the AA and ANA groups, and they
were the only group that differed from the non-stressed group in swimming. These data suggest
that chronic stress exerted greater effects on behavior in the FST in subjects initially employing
a PR strategy. The presence of a tumor did not alter the behaviors of mice in the FST, in
contrast with the findings reported by Nashed et al. (2015) and Norden et al. (2015). This
discrepancy may be attributed both to differences in the experimental subjects (females) and in
the experimental tumor model (mammary tumors) or, as mentioned above, the moderate tumor

development observed in our study.

In the OFT, which is used both to determine levels of anxiety and to measure motor
activity in rodents (Crawley, 1985), tumor development and not stress is the most important
influence, but only as a function of the parameter analyzed. Specifically, tumor-bearing animals
spent the least amount of time in the center and remained closest to the periphery, behaviors that
suggest anxiety in this test. The presence of a tumor did not reduce the distance travelled, i.e.,
the motor activity was not altered, which is consistent with findings reported by other authors in
other tumor models (Norden et al., 2015; Pyter et al., 2017). This result is surprising because
fatigue is one of the symptoms observed in patients with cancer. However, according to Norden
et al. (2015), fatigue would not be a consequence of general malaise but rather a lack of
motivation and would be associated with an increase in immobility in the FST and a reduction
in sucrose consumption, which was not altered by the tumor in the present study. In contrast
with the presence of a tumor, chronic defeat stress did not alter parameters related to anxiety,
consistent with findings reported by other authors in rats (Liu et al., 2017) and in contrast with
other studies (Kinsey et al., 2007; Patki, Solanki, Atrooz, Allam, & Salim, 2013) conducted
with mice and rats. Differences in the method used, the period of defeat stress, and the species
used might be responsible for the contradictory results. However, although stress did not appear
to exert a statistically significant effect on distance travelled, when considering the different
groups as a function of coping strategy, the PR and ANA groups travelled smaller distances

than non-stressed subjects, again showing that these animals were more affected than AA mice.
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In summary, exposure to social stress results in behavioral manifestations that allow
subjects to be grouped into three different profile or behavioral strategy categories: AA, PR and
the third intermediate group ANA, which is also characterized by a greater initial response of
the HPA axis. Moreover, the effects of chronic exposure to social stress appeared to be more
negative when subjects initially adopted a passive strategy (PR) because these subjects
presented greater tumor development and exhibited the greatest changes in behavior at the end
of the stress period. Regarding the ANA subjects, the results suggest that an unconformity
between the coping style and the demands of their surroundings results in negative health
consequences because these animals also presented greater tumor development and lower
locomotor activity in the OFT than the non-stressed subjects. Despite the observed differences
in tumor development as well as in behavior based on coping strategies, our results failed to
show a clear interaction between tumor presence and stress, possibly because of the moderate
tumor development and/or the variability in the stress effects due to the different behavioral

coping strategies.

5. Conclusion

This study contributes to identification of detailed behavioral profiles that allow us to
predict different levels of vulnerability to chronic stress and might help researchers develop
personalized intervention strategies that reduce the negative effects of social stress on health.
However, more research is needed in this area to determine and measure physiological

mediators indicative of this vulnerability.

Declaration of Conflicting Interests

The authors declare no potential conflicts of interest with respect to the research,

authorship, and/or publication of this article.

31



623

624

625

626

627

628

629
630
631

632
633
634

635
636
637

638
639
640
641

642
643
644
645

646
647
648

649
650
651

652
653
654
655

656
657
658

659

Acknowledgments

This study was supported by Basque Government predoctoral grant (PRE 2015 1 0085),
Basque Government IT757-13 Project Grant, and a Spanish Ministry of Economy and
Competitiveness Project Grant (PS12015-63658-R, MINECO/FEDER, UE). The authors thank

for technical and human support provided by SGlker of UPV/EHU.

References

Amkraut, A., & Solomon, G. F. (1972). Stress and murine sarcoma virus (Moloney)-induced
tumors. Cancer Research, 32(7), 1428-1433. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/4337829

Antoni, M. H., & Dhabhar, F. S. (2019). The impact of psychosocial stress and stress
management on immune responses in patients with cancer. Cancer, 125(9), 1417-1431.
https://doi.org/10.1002/cncr.31943

Armaiz-Pena, G. N., Cole, S. W., Lutgendorf, S. K., & Sood, A. K. (2013). Neuroendocrine
influences on cancer progression. Brain, Behavior, and Immunity, 30(SUPPL.), S19-S25.
https://doi.org/10.1016/j.bbi.2012.06.005

Azpiroz, a., De Miguel, Z., Fano, E., & Vegas, O. (2008). Relations between different coping
strategies for social stress, tumor development and neuroendocrine and immune activity in
male mice. Brain, Behavior, and Immunity, 22(5), 690-698.
https://doi.org/10.1016/j.bbi.2007.10.007

Becker, C., Zeau, B., Rivat, C., Blugeot, A., Hamon, M., & Benoliel, J. J. (2008). Repeated
social defeat-induced depression-like behavioral and biological alterations in rats:
Involvement of cholecystokinin.  Molecular  Psychiatry, 13(12), 1079-1092.
https://doi.org/10.1038/sj.mp.4002097

Berton, O., Hahn, C. G., & Thase, M. E. (2012). Are we getting closer to valid translational
models for  major depression? Science, Vol. 338, pp- 75-79.
https://doi.org/10.1126/science. 1222940

Blanchard, D. C., Sakai, R. R., McEwen, B., Weiss, S. M., & Blanchard, R. J. (1993).
Subordination stress: Behavioral, brain, and neuroendocrine correlates. Behavioural Brain
Research, 58(1-2), 113—121. https://doi.org/10.1016/0166-4328(93)90096-9

Boersma, G. J., Smeltzer, M. D., Scott, K. A., Scheurink, A. J., Tamashiro, K. L., & Sakai, R.
R. (2017). Stress coping style does not determine social status, but influences the
consequences of social subordination stress. Physiology and Behavior, 178, 126—133.
https://doi.org/10.1016/j.physbeh.2016.12.041

Brain, P. F., McAllister, K. H., & Walmsley, S. (1989). Drug Effects on Social Behavior:
Methods in  Ethopharmacology. In  Psychopharmacology  (pp. 687-740).
https://doi.org/10.1385/0-89603-129-2:687

Brown, G. W. (2002). Social roles, context and evolution in the origins of depression. Journal
32



660

661
662
663

664
665
666
667

668
669
670
671

672
673
674

675
676
677

678
679
680

681
682

683
684
685

686
687
688
689

690
691
692

693
694

695
696
697
698

699
700

of Health and Social Behavior, 43(3), 255-276. https://doi.org/10.2307/3090203

Brown, L. M., Welch, D. R., & Rannels, S. R. (2002). B16F10 melanoma cell colonization of
mouse lung is enhanced by partial pneumonectomy. Clinical and Experimental Metastasis,
19(5), 369-376. https://doi.org/10.1023/A:1016345627965

Buwalda, B., Kole, M. H. P., Veenema, A. H., Huininga, M., de Boer, S. F., Korte, S. M., &
Koolhaas, J. M. (2005). Long-term effects of social stress on brain and behavior: a focus

on hippocampal functioning. Neuroscience & Biobehavioral Reviews, 29(1), 83-97.
https://doi.org/10.1016/j.neubiorev.2004.05.005

Cacho, R., Garmendia, L., Vegas, O., & Azpiroz, A. (2008). EFFECTS OF SOCIAL STRESS
ON TUMOR DEVELOPMENT IN DOMINANT MALE MICE Effects of social stress on
tumor development in dominant male mice with diverse behavioral activity profiles. 20,
818-824.

Cardoso, G., Graca, J., Klut, C., Trancas, B., & Papoila, A. (2016). Depression and anxiety
symptoms following cancer diagnosis: a cross-sectional study. Psychology, Health &
Medicine, 21(5), 562-570. https://doi.org/10.1080/13548506.2015.1125006

Charmandari, E., Tsigos, C., & Chrousos, G. (2005). ENDOCRINOLOGY OF THE STRESS
RESPONSE. Annual Review of Physiology, 67(1), 259-284.
https://doi.org/10.1146/annurev.physiol.67.040403.120816

Chida, Y., Hamer, M., Wardle, J., & Steptoe, A. (2008, August 20). Do stress-related
psychosocial factors contribute to cancer incidence and survival? Nature Clinical Practice
Oncology, Vol. 5, pp. 466—475. https://doi.org/10.1038/ncponc1134

Crawley, J. N. (1985). Exploratory behavior models of anxiety in mice. Neuroscience &
Biobehavioral Reviews, 9(1), 37-44. https://doi.org/10.1016/0149-7634(85)90030-2

Croft, A. P., Brooks, S. P., Cole, J., & Little, H. J. (2005). Social defeat increases alcohol
preference of CS57BL/10 strain mice; effect prevented by a CCKB antagonist.
Psychopharmacology, 183(2), 163—170. https://doi.org/10.1007/s00213-005-0165-6

Dadomo, H., Sanghez, V., Di Cristo, L., Lori, A., Ceresini, G., Malinge, L., ... Bartolomucci, A.
(2011). Vulnerability to chronic subordination stress-induced depression-like disorders in

adult 129SvEv male mice. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 35(6), 1461-1471. https://doi.org/10.1016/j.pnpbp.2010.11.016

Dantzer, R. (2017). Role of the kynurenine metabolism pathway in inflammation-induced
depression: Preclinical approaches. In Current Topics in Behavioral Neurosciences (Vol.
31). https://doi.org/10.1007/7854 2016 _6

Dantzer, R., Cohen, S., Russo, S. J., & Dinan, T. G. (2018). Resilience and immunity. Brain,
Behavior, and Immunity, 74, 28—42. https://doi.org/10.1016/j.bbi.2018.08.010

de Boer, S. F., Buwalda, B., & Koolhaas, J. M. (2017). Untangling the neurobiology of coping
styles in rodents: Towards neural mechanisms underlying individual differences in disease
susceptibility.  Neuroscience  and  Biobehavioral = Reviews, 74, 401-422.
https://doi.org/10.1016/j.neubiorev.2016.07.008

De Miguel, Z., Vegas, O., Garmendia, L., Arregi, A., Beitia, G., & Azpiroz, A. (2011).
Behavioral coping strategies in response to social stress are associated with distinct

33



701
702

703
704
705

706
707
708
709

710
711
712

713
714
715

716
717
718
719
720

721
722
723
724

725
726
727
728

729
730
731
732

733
734
735

736
737
738

739
740
741

742

neuroendocrine, monoaminergic and immune response profiles in mice. Behavioural Brain
Research, 225(2), 554-561. https://doi.org/10.1016/j.bbr.2011.08.011

Dhabhar, F. S. (2014, May 6). Effects of stress on immune function: The good, the bad, and the
beautiful. Immunologic Research, Vol. 58, pp. 193-210. https://doi.org/10.1007/s12026-
014-8517-0

Dhabhar, F. S. (2018, April). The short-term stress response — Mother nature’s mechanism for
enhancing protection and performance under conditions of threat, challenge, and
opportunity.  Frontiers in  Neuroendocrinology, Vol. 49, pp. 175-192.
https://doi.org/10.1016/j.yfrne.2018.03.004

Feller, L., Khammissa, R. A. G., Ballyram, R., Chandran, R., & Lemmer, J. (2019). Chronic
Psychosocial Stress in Relation to Cancer. Middle East Journal of Cancer, 10(1), 1-8.
https://doi.org/10.30476/MEJC.2019.44680

Golden, S. A., Covington, H. E., Berton, O., Russo, S. J., & Russo, S. J. (2011). A standardized
protocol for repeated social defeat stress in mice. Nature Protocols, 6(8), 1183—1191.
https://doi.org/10.1038/nprot.2011.361

Gomez-Lazaro, E., Arregi, A., Beitia, G., Vegas, O., Azpiroz, A., & Garmendia, L. (2011).
Individual differences in chronically defeated male mice: Behavioral, endocrine, immune,
and neurotrophic changes as markers of vulnerability to the effects of stress. Stress
(Amsterdam, Netherlands), 14(5), 537-548.
https://doi.org/10.3109/10253890.2011.562939

Gomez-Lazaro, E., Garmendia, L., Beitia, G., Perez-Tejada, J., Azpiroz, A., & Arregi, A.
(2012). Effects of a putative antidepressant with a rapid onset of action in defeated mice
with different coping strategies. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 38(2), 317-327. https://doi.org/10.1016/j.pnpbp.2012.04.019

Gotlib, 1., & Hammen, C. (2008). Handbook of Depression, Second Edition. Retrieved from
https://books.google.es/books?hl=es&lr=&id=e82 MGSEsHIC&oi=fnd&pg=PA340&dq=
slavich+2009&ots=cOPb9DyuDA &sig=-
k6bHEpCrQFIIXmGUTuR9IpCvhA#v=onepage&q&f=false

Hammels, C., Pishva, E., Vry, J. De, Hove, D. L. A. Van Den, Prickaerts, J., Winkel, R. Van, ...
Rutten, B. P. F. F. (2015). Defeat stress in rodents: From behavior to molecules.

Neuroscience and Biobehavioral Reviews, 59, 111-140.
https://doi.org/10.1016/j.neubiorev.2015.10.006

Hayashida, S., Oka, T., Mera, T., & Tsuji, S. (2010). Repeated social defeat stress induces
chronic hyperthermia in rats. Physiology & Behavior, 101(1), 124-131.
https://doi.org/10.1016/J.PHYSBEH.2010.04.027

Hollis, F., Isgor, C., & Kabbaj, M. (2013). The consequences of adolescent chronic
unpredictable stress exposure on brain and behavior. Neuroscience, 249, 232-241.
https://doi.org/10.1016/j.neuroscience.2012.09.018

Homberg, J. R. (2012). The stress-coping (mis)match hypothesis for nature x nurture
interactions. Brain Research, 1432, 114-121.
https://doi.org/10.1016/J. BRAINRES.2011.11.037

Kessler, R. C. (1997). The effects of stressful life events on depression. Annual Review of

34



743

744
745
746
747

748
749
750

751
752
753
754

755
756
757
758

759
760
761
762

763
764
765
766

767
768
769
770

771
772
773
774

775
776
777
778

779
780
781

782
783
784
785

Psychology, 48(1), 191-214. https://doi.org/10.1146/annurev.psych.48.1.191

Kinsey, S. G., Bailey, M. T., Sheridan, J. F., Padgett, D. A., & Avitsur, R. (2007). Repeated
social defeat causes increased anxiety-like behavior and alters splenocyte function in
C57BL/6 and CD-1 mice. Brain, Behavior, and Immunity, 21(4), 458-466.
https://doi.org/10.1016/j.bbi.2006.11.001

Koolhaas, J. M., De Boer, S. F., Buwalda, B., & Van Reenen, K. (2007). Individual variation in
coping with stress: A multidimensional approach of ultimate and proximate mechanisms.
Brain, Behavior and Evolution, 70(4), 218-226. https://doi.org/10.1159/000105485

Koolhaas, J. M., Korte, S. M., De Boer, S. F., Van Der Vegt, B. J., Van Reenen, C. G., Hopster,
H., ... Blokhuis, H. J. (1999). Coping styles in animals: Current status in behavior and
stress- physiology. Neuroscience and Biobehavioral Reviews, 23(7), 925-935.
https://doi.org/10.1016/S0149-7634(99)00026-3

Koolhaas, J. M. M., de Boer, S. F. F., Coppens, C. M. M., & Buwalda, B. (2010).
Neuroendocrinology of coping styles: Towards understanding the biology of individual
variation. Frontiers in Neuroendocrinology, 31(3), 307-321.
https://doi.org/10.1016/j.yfrne.2010.04.001

Krishnan, V., Han, M.-H., Graham, D. L., Berton, O., Renthal, W., Russo, S.J., ... Nestler, E. J.
(2007). Molecular Adaptations Underlying Susceptibility and Resistance to Social Defeat
in Brain Reward Regions. Cell, 131(2), 391-404.
https://doi.org/10.1016/J.CELL.2007.09.018

Kudryavtseva, N. N., Bakshtanovskaya, I. V., KORYAKINA, L. A., Kudriatsebva, N. N.,
Bakshtanovskaya, 1. V., & KORYAKINA, L. A. (1991). Social Model of Depression in
Mice of C57BL / 6] Strain. Pharmacology, Biochemistry, and Behavior, 38(2), 315-320.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/2057501

Lagace, D. C., Donovan, M. H., Decarolis, N. A., Farnbauch, L. A., Malhotra, S., Berton, O., ...
Eisch, A. J. (2010). Adult hippocampal neurogenesis is functionally important for stress-
induced social avoidance. Proceedings of the National Academy of Sciences of the United
States of America, 107(9), 4436—4441. https://doi.org/10.1073/pnas.0910072107

Lebena, A., Vegas, O., Gomez-Lazaro, E., Arregi, A., Garmendia, L., Beitia, G., & Azpiroz, A.
(2014). Melanoma tumors alter proinflammatory cytokine production and monoamine
brain function, and induce depressive-like behavior in male mice. Behavioural Brain
Research, 272, 83-92. https://doi.org/10.1016/j.bbr.2014.06.045

Liu, Y. Y., Zhou, X. Y., Yang, L. N, Wang, H. Y., Zhang, Y. Q., Pu, J. C,, ... Xie, P. (2017).
Social defeat stress causes depression-like behavior with metabolite changes in the
prefrontal cortex of rats. PLoS ONE, 12(4), e0176725.
https://doi.org/10.1371/journal.pone.0176725

Lutgendorf, S. K., & Andersen, B. L. (2015). Biobehavioral approaches to cancer progression
and survival: Mechanisms and interventions. American Psychologist, 70(2), 186—197.
https://doi.org/10.1037/a0035730

Macedo, G. C., Morita, G. M., Domingues, L. P., Favoretto, C. A., Suchecki, D., & Quadros, 1.
M. H. (2018). Consequences of continuous social defeat stress on anxiety- and depressive-

like behaviors and ethanol reward in mice. Hormones and Behavior, 97(April 2017), 154—
161. https://doi.org/10.1016/j.yhbeh.2017.10.007

35



786
787
788

789
790
791
792

793
794
795
796

797
798
799
800

801
802
803
804

805
806
807
808

809
810

811
812
813

814
815
816
817
818

819
820
821
822
823

824
825
826
827

828

Moreno-Smith, M., Lutgendorf, S. K., & Sood, A. K. (2010, December 13). Impact of stress on
cancer metastasis. Future Oncology, Vol. 6, pp- 1863—1881.
https://doi.org/10.2217/fon.10.142

Nashed, M. G., Seidlitz, E. P., Frey, B. N., & Singh, G. (2015). Depressive-like behaviours and
decreased dendritic branching in the medial prefrontal cortex of mice with tumors: A novel
validated model of cancer-induced depression. Behavioural Brain Research, 294, 25-35.
https://doi.org/10.1016/j.bbr.2015.07.040

Norden, D. M., Bicer, S., Clark, Y., Jing, R., Henry, C. J., Wold, L. E., ... McCarthy, D. O.
(2015). Tumor growth increases neuroinflammation, fatigue and depressive-like behavior
prior to alterations in muscle function. Brain, Behavior, and Immunity, 43, 76-85.
https://doi.org/10.1016/j.bbi.2014.07.013

Norman, K. J., Seiden, J. A., Klickstein, J. A., Han, X., Hwa, L. S., DeBold, J. F., & Miczek, K.
A. (2015). Social stress and escalated drug self-administration in mice I. Alcohol and
corticosterone. Psychopharmacology, 232(6), 991-1001. https://doi.org/10.1007/s00213-
014-3733-9

Patki, G., Solanki, N., Atrooz, F., Allam, F., & Salim, S. (2013). Depression, anxiety-like
behavior and memory impairment are associated with increased oxidative stress and
inflammation in a rat model of social stress. Brain Research, 1539, 73-86.
https://doi.org/10.1016/]j.brainres.2013.09.033

Paul, E. D., Hale, M. W., Lukkes, J. L., Valentine, M. J., Sarchet, D. M., & Lowry, C. A.
(2011). Repeated social defeat increases reactive emotional coping behavior and alters
functional responses in serotonergic neurons in the rat dorsal raphe nucleus. Physiology &
Behavior, 104(2), 272-282. https://doi.org/10.1016/J.PHYSBEH.2011.01.006

Payne, J. K. (2014). State of the Science: Stress, Inflammation, and Cancer. Oncology Nursing
Forum, 41(5), 533-540. https://doi.org/10.1188/14.ONF.533-540

Peréz-Tejada, J., Arregi, A., Azpiroz, A., Beitia, G., Gomez Lazaro, E., & Garmendia, L.
(2016). Central immune alterations in passive strategy following chronic defeat stress.
Behavioural Brain Research, 298, 291-300. https://doi.org/10.1016/j.bbr.2015.11.015

Pérez-Tejada, J., Arregi, A., Gomez-Lazaro, E., Vegas, O., Azpiroz, A., & Garmendia, L.
(2013). Coping with Chronic Social Stress in Mice: Hypothalamic-Pituitary-Adrenal/
Sympathetic-Adrenal-Medullary Axis Activity, Behavioral Changes and Effects of
Antalarmin Treatment: Implications for the Study of Stress-Related Psychopathologies.
Neuroendocrinology, 98(1), 73—88. https://doi.org/10.1159/000353620

Pyter, L. M., Pineros, V., Galang, J. A., McClintock, M. K., & Prendergast, B. J. (2009).
Peripheral tumors induce depressive-like behaviors and cytokine production and alter
hypothalamic-pituitary-adrenal axis regulation. Proceedings of the National Academy of
Sciences  of  the  United  States of  America, 106(22), 9069-9074.
https://doi.org/10.1073/pnas.0811949106

Pyter, L. M., Suarez-Kelly, L. P., Carson, W. E., Kaur, J., Bellisario, J., & Bever, S. R. (2017).
Novel rodent model of breast cancer survival with persistent anxiety-like behavior and

inflammation. Behavioural Brain Research, 330, 108-117.
https://doi.org/10.1016/j.bbr.2017.05.011

Razzoli, M., Carboni, L., Andreoli, M., Ballottari, A., & Arban, R. (2011). Different

36



829
830

831
832
833

834
835
836

837
838
839
840

841
842
843

844
845
846

847
848
849

850
851
852
853

854
855
856

857
858

859
860
861

862
863
864

865
866
867

868
869

susceptibility to social defeat stress of BalbC and C57BL6/J mice. Behavioural Brain
Research, 216(1), 100-108. https://doi.org/10.1016/j.bbr.2010.07.014

Russo, S. J., Murrough, J. W., Han, M.-H., Charney, D. S., & Nestler, E. J. (2012).
Neurobiology  of  resilience.  Nature  Neuroscience,  15(11),  1475-1484.
https://doi.org/10.1038/nn.3234

Rygula, R., Abumaria, N., Fliigge, G., Fuchs, E., Riither, E., & Havemann-Reinecke, U. (2005).
Anhedonia and motivational deficits in rats: Impact of chronic social stress. Behavioural
Brain Research, 162(1), 127-134. https://doi.org/10.1016/J.BBR.2005.03.009

Sajti, E., Kavelaars, A., Meeteren, N. van, Teunis, M., Gispen, W. H., & Heijnen, C. (2004).
Tumor angiogenesis and metastasis formation are associated with individual differences in
behavior of inbred Lewis rats. Brain, Behavior, and Immunity, 18(6), 497-504.
https://doi.org/10.1016/J.BB1.2003.11.009

Santos, J. C., & Pyter, L. M. (2018). Neuroimmunology of behavioral comorbidities associated
with cancer and cancer treatments. Frontiers in Immunology, Vol. 9.
https://doi.org/10.3389/fimmu.2018.01195

Satin, J. R., Linden, W., & Phillips, M. J. (2009). Depression as a predictor of disease
progression and mortality in cancer patients: A meta-analysis. Cancer, 115(22), 5349-
5361. https://doi.org/10.1002/cncr.24561

Segerstrom, S. C., & Miller, G. E. (2004). Psychological stress and the human immune system:
a meta-analytic study of 30 years of inquiry. Psychological Bulletin, 130(4), 601-630.
https://doi.org/10.1037/0033-2909.130.4.601

Sommershof, A., Scheuermann, L., Koerner, J., & Groettrup, M. (2017). Chronic stress
suppresses anti-tumor TCD8+ responses and tumor regression following cancer
immunotherapy in a mouse model of melanoma. Brain, Behavior, and Immunity, 65, 140—
149. https://doi.org/10.1016/j.bbi.2017.04.021

Sotelo, J. L., Musselman, D., & Nemeroff, C. (2014). The biology of depression in cancer and
the relationship between depression and cancer progression. International Review of
Psychiatry, 26(1), 16-30. https://doi.org/10.3109/09540261.2013.875891

Soung, N. K., & Kim, B. Y. (2015). Psychological stress and cancer. Journal of Analytical
Science and Technology, 6(1), 30. https://doi.org/10.1186/s40543-015-0070-5

Spiegel, D., & Giese-Davis, J. (2003). Depression and cancer: mechanisms and disease
progression. Biological ~ Psychiatry, 54(3), 269-282. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/12893103

Tang, J., Yu, W., Chen, S., Gao, Z., & Xiao, B. (2018). Microglia Polarization and Endoplasmic
Reticulum Stress in Chronic Social Defeat Stress Induced Depression Mouse.
Neurochemical Research, 43(5), 985-994. https://doi.org/10.1007/s11064-018-2504-0

Vegas, O., Beitia, G., Sdnchez-Martin, J. R., Arregi, A., & Azpiroz, A. (2004). Behavioral and
neurochemical responses in mice bearing tumors submitted to social stress. Behavioural
Brain Research, 155(1), 125—134. https://doi.org/10.1016/j.bbr.2004.04.006

Vegas, Oscar, Fano, E., Brain, P. F., Alonso, A., & Azpiroz, A. (2006). Social stress, coping
strategies and tumor development in male mice: Behavioral, neuroendocrine and

37



870
871

872
873
874
875

876
877
878
879

880
881
882
883

884
885
886

887
888
889
890
891

892

immunological implications. Psychoneuroendocrinology, 31(1), 69-79.
https://doi.org/10.1016/j.psyneuen.2005.05.013

Venzala, E., Garcia-Garcia, A. L., Elizalde, N., Delagrange, P., & Tordera, R. M. (2012).
Chronic social defeat stress model: Behavioral features, antidepressant action, and
interaction with biological risk factors. Psychopharmacology, 224(2), 313-325.
https://doi.org/10.1007/s00213-012-2754-5

Walker, F. R., Masters, L. M., Dielenberg, R. A., & Day, T. A. (2009). Coping with defeat:
acute glucocorticoid and forebrain responses to social defeat vary with defeat episode
behaviour. Neuroscience, 162(2), 244-253.
https://doi.org/10.1016/j.neuroscience.2009.04.041

Wohleb, E. S., Hanke, M. L., Corona, A. W., Powell, N. D., Stiner, L. M., Bailey, M. T, ...
Sheridan, J. F. (2011). -Adrenergic Receptor Antagonism Prevents Anxiety-Like Behavior

and Microglial Reactivity Induced by Repeated Social Defeat. Journal of Neuroscience,
31(17), 6277-6288. https://doi.org/10.1523/JNEUROSCI.0450-11.2011

Wood, S. K., & Bhatnagar, S. (2015). Resilience to the effects of social stress: evidence from
clinical and preclinical studies on the role of coping strategies. Neurobiology of Stress, 1,
164-173. https://doi.org/10.1016/j.ynstr.2014.11.002

Wu, X., Liu, B. J,, Ji, S., Wu, J. F., Xu, C. Q., Du, Y. J., ... Dong, J. C. (2015). Social defeat
stress promotes tumor growth and angiogenesis by upregulating vascular endothelial
growth factor/extracellular signal-regulated kinase/matrix metalloproteinase signaling in a
mouse model of lung carcinoma. Molecular Medicine Reports, 12(1), 1405-1412.
https://doi.org/10.3892/mmr.2015.3559

38



