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ARTICLE INFO ABSTRACT

Keywords: Previous studies have shown that exposure to social defeat (SD), a model of social stress, produces a long-term
Social stress increase in the consumption of ethanol, most likely through an increase in the neuroinflammation response. The
Ethanffl ) aim of the present study was to evaluate whether exposure to physical activity in the form of voluntary wheel
gﬁ:g;‘;{:i’:ma“““ running (VWR) could block the increase in ethanol consumption and the neuroinflammatory response induced

by social stress. Mice were exposed to either 4 sessions of repeated social defeat (RSD) or a non-stressful ex-
perience. During the whole procedure, half of the mice were exposed to controlled physical activity, being
allowed 1 h access to a low-profile running wheel three times a week. Three weeks after the last RSD, animals
started the oral self-administration (SA) of ethanol (6% EtOH) procedure. Biological samples were taken 4 h after
the first and the fourth RSD, 3 weeks after the last RSD, and after the SA procedure. Brain tissue (striatum) was
used to determine protein levels of the chemokines fractalkine (CX3CL1) and SDF-1 (CXCL12). RSD induced an
increase in ethanol consumption and caused greater motivation to obtain ethanol. The striatal levels of CX3CL1
and CXCL12 were also increased after the last RSD. VWR was able to reverse the increase in ethanol intake
induced by social stress and the neuroinflammatory response. In conclusion, our results suggest that VWR could

Physical exercise
Self-administration

be a promising tool to prevent and reduce the detrimental effects induced by social stress.

1. Introduction

Social stress is deeply implicated in the neural and behavioral al-
terations that contribute to the development of mental health dis-
turbances and drug addiction (Beutel et al., 2018). Stressful experiences
modify the reward system and are involved in the transition from drug
abuse to addiction, causing an increase of intake and drug-seeking be-
haviors (Koob and Schulkin, 2019; Miczek et al., 2008; Montagud-
Romero et al., 2016, 2018; Ruisoto and Contador, 2019). Social defeat
(SD) is one of the most commonly used animal models to study the
effects of stressful experiences. In this model, the experimental subject
is repeatedly confronted with an aggressive opponent mouse (Miczek
et al., 2004). SD induce a short-term increase in consumption of ethanol
(EtOH) using oral self-administration (SA) with a higher motivation to
get the drug (Van Erp and Miczek, 2001; Norman et al., 2015). In a
previous study, we found that the effects of repeated social defeat (RSD)
can be long-lasting, since mice exposed to RSD during adolescence
showed higher ethanol consumption rates and a greater motivation to

get the drug during adulthood (Rodriguez-Arias et al., 2016). Even after
6 months since the last stress exposure, defeated animals showed an
enhanced motivation for ethanol intake (Riga et al., 2014). In addition,
many studies support that social stress is one of the most important
factors that influence the increase and escalation in ethanol consump-
tion. Using voluntary ethanol intake, in the two bottle choice (TBC)
task, SD produces an escalation in the consumption of alcohol after 10
days since the last exposure of stress (Norman et al., 2015; Hwa et al.,
2016; Karlsson et al., 2017; Newman et al., 2018), although this effect
is not observed immediately after being exposed to stress (Lopez et al.,
2016). This increase in ethanol consumption induced by social stress
could be due to stress-induced neuroadaptations, which ultimately
produce changes in the hypothalamic, extrahypothalamic and meso-
corticolimbic circuits, which are related to stress and reward (Holly
et al., 2016; Hwa et al., 2016; Laine et al., 2017; Newman et al., 2018).

Nowadays, physical activity has emerged as a modulator of higher
mental functions. Voluntary wheel running (VWR) in rodents produces
enhanced learning, neurogenesis, angiogenesis, increases in
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neurotrophic factors and changes in several signaling molecules, as well
as a reduction in behaviors associated with stress (Salam et al., 2009;
Mul, 2018). VWR exercise after SD reduced social avoidance and an-
hedonia in rodents (Mul et al., 2018; Watanasriyakul et al., 2018; Zhang
et al., 2019). It is known that physical exercise regulates some com-
ponents of the hypothalamic-pituitary-adrenal axis (HPA), generating
an adaptive response to stress (Pietrelli et al., 2018). Moreover, rats
exposed to long-term access to VWR showed alterations in gene tran-
scription factors involved in reward and dopaminergic neurotransmis-
sion in the mesolimbic reward pathway, developing conditioned place
preference (CPP) to the compartment associated with physical exercise
(Greenwood et al., 2011). Therefore, mice consumed significantly less
ethanol in the unlimited access TBC model when they had access to the
wheel (Ehringer et al., 2009; Darlington et al., 2014, 2016).

A number of recent reports have studied the relationship between
stress, addiction and the immune system. Both exposure to stress and
ethanol consumption activate the immune system and induce neu-
roinflammation (Calcia et al.,, 2016; Finnell and Wood, 2016;
Rodriguez-Arias et al., 2017; Ferrer-Pérez et al., 2018; Montagu-
d-Romero et al., 2018). Moreover, deregulation in chemokine signaling
and neuroinflammation have been proposed to contribute to cognitive
dysfunction and mental illness (Keogh and Parker, 2011; Wohleb et al.,
2013; Pascual et al., 2015). SD-induced neuroinflammation has been
clearly demonstrated, characterized by an activation of microglia
(Stankiewicz et al., 2015), an increase of pro-inflammatory cytokines
(Wohleb et al., 2011, 2012, 2014; Ferrer-Pérez et al., 2018), or the cross
of peripheral immune cells to the CNS due to higher blood-brain barrier
(BBB) permeability (Rodriguez-Arias et al., 2017).

There are no current studies evaluating the role of VWR in ameli-
orating the increase in EtOH consumption induced by SD. In mice and
humans, several studies suggest that excessive or forced physical ex-
ercise produces brain injury and neuroinflammation (Svensson et al.,
2016; Paolucci et al., 2018). However, physical exercise also upregu-
lates tight-junction associated proteins of the BBB and protects the
brain from injury, reducing the activation of microglia and cytokine
levels in the hippocampus in mice (Park et al., 2016; Spielman et al.,
2017) and humans (Paolucci et al., 2018). Therefore, it is necessary to
evaluate if the neuroinflammatory process induced by RSD mediates
the increase in EtOH consumption and if VWR could modify it. The aim
of the present study was, firstly, to confirm that RSD induces a long-
lasting increase in EtOH consumption using oral EtOH SA when ex-
perienced during adulthood; secondly, to evaluate if VWR could de-
crease these RSD effects on EtOH; and finally, to evaluate the neu-
roinflammatory response induced by RSD and EtOH, measuring the
striatal levels of two chemokines fractalkine (CX3CL1) and SDF-1
(CXCL12). Chemokines are a family of small cytokines with chemo-at-
traction characteristics. Social stress is known to intervene in the sig-
naling of chemokines on microglial morpho-functional activity (Wohleb
et al., 2013; Sawicki et al., 2015; Milior et al., 2016) and, in addition,
the striatal levels CX3CL1 increase after EtOH intake (Pascual et al.,
2015).

2. Material and methods
2.1. Subjects

A total of 115 male OF1 mice (Charles River, France) were delivered
to our laboratory at postnatal day (PND) 21 (4 animals were discarded
during the training phase of SA). All mice (except those used as ag-
gressive opponents) were housed in groups of five in plastic cages (25
X 25 X 14.5 cm). Mice used as aggressive opponents were individually
housed in plastic cages (23 x 13.5 X 13 cm) for a month before the
experiments to induce heightened aggression (Rodriguez-Arias et al.,
1998) (n = 15 adult mice). All mice were housed under the following
conditions: constant temperature, a reversed light schedule (lights off at
08:00 and on at 20:00), and food and water were freely available ad
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libitum, except during the behavioral tests. All procedures were con-
ducted in compliance with the guidelines of the European Council Di-
rective 2010/63/UE regulating animal research and were approved by
the local ethics committees (University of Valencia).

2.2. Drugs

For the oral SA procedure, absolute ethanol (Merck, Madrid, Spain)
was diluted in water using a w/v percentage, i.e. a 6% (w/v) ethanol
solution equivalent to a 7.6% (v/v) ethanol solution. Saccharin sodium
salt (Sigma, Madrid, Spain) was dissolved in water.

2.3. Experimental design

A first set of mice were employed to corroborate that social stress
produces neuroinflammation. Animals were sacrificed 3 h after the first
exploration (Control group), the first and the fourth RSD and 3 weeks
after the last exposure to RSD.

Our main objective was to confirm the increase of voluntary ethanol
consumption in defeated animals and to evaluate the action of physical
exercise on this social stress effect. Animals were exposed to RSD (RSD
and RSD + Wheel groups) or exploration condition (EXP and EXP +
Wheel). Furthermore, the EXP + Wheel and RSD + Wheel groups were
exposed, individually and in a different cage from the usual mice home
cage, to wheel activity three days a week from PND 40 until the end of
the SA procedure. This groups trained in the wheel for 1 h before each
RSD or exploration condition. Three weeks after the last exposure to
RSD, the animals started the EtOH SA protocol for approximately 28
days. Brain samples were also obtained 24 h after the SA procedure.

2.4. Repeated social defeat

Animals in the stress/defeated groups were exposed to 4 episodes of
RSD lasting 25 min each on PND 47, 50, 53 and 56. Each episode
consisted of three phases, which began by placing the experimental
animal or intruder in the home cage of the aggressive opponent for 10
min. During this initial phase, the intruder was protected from attack by
a wire mesh wall that permitted social interaction and species-typical
threats from the aggressive opponent (Covington and Miczek, 2001). In
the second phase, the wire mesh was removed from the cage and a 5-
min period of confrontation began. The second phase of each RSD
protocol was video-recorded and ethologically analyzed. Threat and
attack behaviors were scored in aggressive opponent mice and avoid-
ance/flee and defensive/submissive behaviors were evaluated in in-
truder mice. In the third phase, the wire mesh was put back for a further
10 min to allow social threats from the aggressive opponent. The non-
stressed exploration groups underwent the same protocol, but without
the presence of an aggressive opponent mouse in the cage. Following
this last phase, animals were kept in the vivarium for three weeks, after
which the behavioral tests began (see Fig. 1).

In the corresponding groups, animals ran on the wheels im-
mediately before each RSD or exploration (control group).

2.5. Apparatus and procedures

2.5.1. Oral ethanol self-administration

This procedure is based on the one employed by Navarrete et al.
(2014). Oral ethanol SA was carried out in 7 modular operant chambers
(MED Associated Inc., Georgia, VT, USA). Packing software (Cibertec,
SA, Spain) controlled stimuli and fluid delivery and recorded operant
responses. The chambers were equipped with a chamber light, two
nose-poke holes, one receptacle to deliver a liquid solution, one syringe
pump, one stimulus light, and one buzzer and were placed inside noise
isolation boxes. Active nose-poke delivered 36 pL of fluid combined
with a 0.5 s stimulus light and a 0.5 s buzzer beep, which was followed
by a 6-s time-out period. The inactive nose-poke did not produce any
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Fig. 1. Experimental design.

consequence.

To evaluate the consequences of RSD on the acquisition of oral
EtOH SA, animals underwent an experiment carried out in three phases:
training, saccharin fading and 6% EtOH consumption.

Training phase (8 days): Two days before the initiation of the ex-
periment, access to the standard diet was restricted to 1 h per day.
Before the first training session, water was withheld for 24 h, and food
was provided 1 h prior to the 1 h session to increase the animals' mo-
tivation. During the subsequent 3 days, water was provided ad libitum,
except during the 1-h period of food access before beginning each
session, in which the water bottle was removed from the cages (post-
prandial). For the following four days, and for the remainder of the
experiment, food access was provided for 1-h after the end of each daily
session and water was available ad libitum to avoid EtOH consumption
due to thirst (preprandial). The food restriction schedule produced in
the mice weight loss of around 15% of their free-feeding weight
(Navarrete et al., 2012). Mice were trained to respond to the active
nose-poke to receive 36 puL of 0.2 % (w/v) saccharin reinforcement.

Saccharin fading (9 days): The saccharin concentration was gradu-
ally decreased as the EtOH concentration was gradually increased
(Roberts et al., 2001; Samson, 1986). Each solution combination was
set up to three consecutive sessions per combination (0.15% Sac —2%

EtOH; 0.10% Sac —4% EtOH; 0.05% Sac —6% EtOH).

6% ethanol consumption (11 days): The aim of the last phase was to
evaluate the number of responses on the active nose-poke, the 6% EtOH
(w/v) intake and the motivation to drink. After each session, the al-
cohol that remains in the receptacle was collected and measured with a
micropipette. To achieve this goal, during the last phase, the number of
active responses and EtOH consumption (uL) were measured under a
fixed ratio 1 (FR1) for 5 daily consecutive sessions, a fixed ratio 3 (FR3)
(mice had to respond three times on the active nose-poke to achieve one
reinforcement) for 5 consecutive daily sessions, and finally, on the day
after FR3, a progressive ratio (PR) session was completed to establish
the breaking point for each animal (the maximum number of nose-
pokes each animal is able to perform to earn one reinforcement). The
response requirement to achieve reinforcements escalated according to
the following series: 1-2-3-5-12-18-27-40-60-90-135-200-300-450-675-
1000. To evaluate motivation toward EtOH consumption, the breaking
point was calculated for each animal as the maximum number of con-
secutive responses it performed to achieve one reinforcement, ac-
cording to the aforementioned scale (for example, if an animal activates
the nose-poke a total of 108 times, this meant that it was able to re-
spond a maximum of 40 times consecutively for one reinforcement.
Therefore, the breaking point value for this animal would be 40). All
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the sessions lasted for 1 h, except the PR session, which lasted for 2 h.

2.5.2. Low-profile running wheel

The type of wheel used was the low-profile running wheel (Med
Associates Inc.), which rotates on a central axis in a horizontal plane,
allowing physical activity to be carried out through natural exercise as
in spontaneous locomotion. These wheels have an ideal size (10.25 X
15.5 X 13.7) to be introduced into the home cages of rodents and are
linked to a monitoring system (Hub) that runs on batteries and can
register the activity through a set of programs (Wheel Manager
Software). All mice were housed in groups of five in plastic cages
throughout the experiment. However, mice in the exercise condition
(EXP + Wheel and RSD + Wheel) were individually placed in a plastic
cage different to their home cage with one low-profile running wheel.
In our laboratory, we have eight low-profile running wheels. All ani-
mals in the exercise condition were distributed in batches of eight to
run on the wheel for 1 h, three times a week (Monday, Wednesday, and
Friday) or immediately before exposure to RSD.

2.6. Tissue sampling

Striatum samples were taken 3 h after the first and the fourth RSD.
Likewise, another sample was taken three weeks later and a final
sample was obtained after the end of the SA procedure.

To obtain tissue samples, mice were sacrificed by cervical disloca-
tion and then decapitated. Brains were rapidly removed, the striatum
dissected following the procedure described by Heffner et al. (1980)
and kept in dry ice until storage at —80 °C. Before CX3CL1 and CXCL12
determination, brains were homogenized and prepared following the
procedure described by Alfonso-Loeches et al. (2010). Frozen brain
cortices were homogenized in 250 mg of tissue/0.5 mL of cold lysis
buffer (1% NP-40, 20 mM Tris—HCI pH 8, 130 mM NacCl, 10 mM NaF,
10 pg/mL aprotinin, 10 pg/mL leupeptin, 40 mM DTT, 1 mM Na3VO4,
and 10 mM PMSF). Brain homogenates were kept on ice for 30 min and
centrifuged at the maximum speed for 15 min; the supernatant was
collected and protein levels were determined by the Bradford assay
from ThermoFisher (Ref: 23227).

2.7. Determination of CX3CL1 and CXCL12 levels

To determine the CX3CL1 and CXCL12 concentration on tissues, we
used a Mouse CX3CL1 ELISA Kit obtained from Abcam (Ref: ab100683)
and a Mouse CXCL12 Kit obtained from Abcam (Ref: ab100741) that
were used following the manufacturer's instructions.

To determine the absorbance, we employed an iMark microplate
reader (Bio-RAD) controlled by Microplate Manager 6.2 software. The
optical density was read at 450 nm and final results were calculated
using a standard curve following the manufacturer's instructions and
expressed as ng/mg for CX3CL1 and as pg/mg for CXCL12 (tissues).

Table 1
Ethological analyses of the RSD.
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2.8. Statistical analysis

The data of the ethological analyses of opponent and intruder mice
were analyzed by a two-way ANOVA with a one between-subjects
variable—Exercise (with or without physical exercise)—and a one
within variable—RSD encounter—with two levels: first and fourth RSD.

To analyze acquisition of EtOH SA, a three-way ANOVA was per-
formed with a two between-subjects variable - Stress (EXP or RSD) and
Exercise (with or without wheel access)—and a within-subjects
variable—Days, with five levels of FR1 or FR3—followed by the
Student’s-Newman — Keuls test to compare the groups at different time
points of the oral self-administration paradigm. A two-way ANOVA was
employed to compare the effects of RSD on the number of active re-
sponses, breaking point values and ethanol consumption during PR
with two between-subjects variable—Stress (EXP or RSD) and Wheel
(with or without physical exercise).

Pearson’s coefficient was calculated to determine possible re-
lationships between the EtOH consumption variable (during FR1, FR3
or PR schedules) and ethological analyses of the behaviors exhibited by
the intruder mice during RSD (first and fourth).

Data related to chemokine concentrations were analyzed by a one-
way ANOVA. In the first set of animals, we analyzed the effects of RSD
using an ANOVA with one between-subjects variable—Stress, with four
levels (Control, first RSD, fourth RSD, 3 Weeks). For the second set of
animals, after SA procedure, we used a two-way ANOVA, with two
between-subjects variable—Stress (EXP or RSD) and Wheel (with or
without physical exercise). The ANOVAs were followed by a
Bonferroni's post-hoc test. The results are reported as mean + S.E.M.
All analyses were performed using SPSS v24.

Cohen’s d effect sizes were calculated for all statistically different
comparisons. Effect sizes were classified as small (d = 0.20-0.49),
moderate (d = 0.50-0.79), and large (d > 0.80) (Cohen, 2013).

3. Results
3.1. VWR did not affect behaviors during RSD

The ANOVA revealed a significant effect of the variable Day for
Defensive/Submissive [F(1,18) = 50.932; p = 0.000], for Attack [F
(1,18) = 16.357; p = 0.001], and Threat [F(1,18) = 5.872; p = 0.026]
behaviors (Table 1). All mice showed an increase of the time spent in
these behaviors in the last RSD compared to the first (p = 0.001, d =
2.244; p = 0.001, d = 1.290; and p = 0.026, d = 0.557 respectively).

3.2. RSD increase CX3CL1 and CXCL12 levels in the striatum

The ANOVA indicated that the exposure to RSD induced a sig-
nificant increase in CX3CL1 [F(3,28) = 3.988; p = 0.017] and CXCL12
[F(3,28) = 5.304; p = 0.005] protein levels in the Striatum (Fig. 2 a

Without exercise With exercise (VWR)

Encounters First Fourth First Fourth
Avoidance/flee Time (s) 49 + 6 49 + 9 51+7 45 + 6
Latency 8+4 12+ 10 5+1 8=+3
Intruder mice
Defense/submission Time (s) 51 =11 106 + 10%** 44 + 7 105 + 6%**
Latency 21 £13 5+x2 102 5+x2
Threat Time (s) 14 £ 4 16 + 3* 10+7 13 + 2*
Latency 7+3 6+2 14 =11 20 =11
Opponent mice
Attack Time (s) 545 83 = 11*** 52+5 84 + 9
Latency 6+3 2+1 3x1 3x1

Results are presented as mean values = SEM. *p < 0.05; ***p < 0.001 differences between first and fourth RSD.
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Fig. 2. RSD increase CX3CL1 and CXCL12 levels in the Striatum. (a) Concentration of CX3CL1 after exploration (EXP), first RSD, fourth RSD and 3 weeks after the last
exposure to RSD. The columns represent the mean and the vertical lines + SEM of concentration levels of CX3CL1 (ng/mg protein) of OF1 mice (n = 8 in all groups).
(b) Concentration of CXCL12 after exploration (EXP), first RSD, fourth RSD and 3 weeks after the last exposure to RSD. The columns represent the mean and the
vertical lines = SEM of concentration levels of CXCL12 (pg/mg protein) of OF1 mice (n = 8 in all groups). *p < 0.05 with respect EXP group.

and b) after the fourth RSD compared to the control group (p = 0.019;
d = 1.831 for CX3CL1; p = 0.019; d = 1.998 for CXCL12).

3.3. VWR counteracts the increase in ethanol oral self-administration
induced by RSD

The analyses of the acquisition and substitution phases of the self-
administration can be found on the supplementary data.

The ANOVA for the number of active responses during the FR1
schedule of EtOH SA revealed a significant effect of the interactions
Days X Stress [F(4,208) = 4.024; p = 0.032] and Stress x Exercise [F
(1,52) = 4.959; p = 0.030] (Fig. 2a). The post-hoc comparison showed
that active responses were lower on day 1 compared to day 2 (p = 0.05;
d = 0.509), 3 (p = 0.001; d = 0.619) and 5 (p = 0.047; d = 0.356)
only in defeated animals. Defeated animals (RSD group) showed higher
number of active responses than controls (EXP) (p = 0.000; d = 1.31),
as well as the defeated mice exposed to wheels (RSD + Wheel) (p =
0.000; d = 1.293). With respect to EtOH consumption, the ANOVA
revealed a significant effect of the interaction Stress X Exercise ([F
(1,52) = 10.124; p = 0.002] (Fig. 2b). The post-hoc comparison
showed that defeated animals (RSD) showed higher EtOH consumption
rates than controls (EXP) (p = 0.000; d = 1.566) and the defeated mice
exposed to wheels (RSD + Wheel) (p = 0.000; d = 1.288).

During the FR3 schedule, the ANOVA revealed a significant effect of
the variable Days [F(4,52) = 5.387; p = 0.000] and variable Exercise
[F(1,52) = 4.959; p = 0.030] for the number of active responses
(Fig. 2a). The post-hoc comparison showed a lower number of active
responses on day 1 with respect to days 2 (p = 0.003; d = 0.461), 3 (p
= 0.017;d = 0.417) and 4 (p = 0.023; d = 0.398). A lower number of
active responses was observed in animals that had had access to wheels
(EXP + Wheel and RSD + Wheel) (p = 0.030; d = 0.606). With re-
spect to EtOH consumption, the ANOVA revealed a significant effect on
the interaction Days X Exercise [F(4,208) = 3.546; p = 0.008]. The
post-hoc comparison showed that animals without access to a wheel
(EXP and RSD) consumed significantly more EtOH with respect to an-
imals with VWR on day 2 (p = 0.000; d = 0.916). In addition, EXP and
RSD groups also showed a significant decrease in EtOH consumption
during day 1 compared to days 2 (p = 0.000; d = 0.928), 3 (p = 0.005;
d = 0.570) and 4 (p = 0.011; d = 0.547) (Fig. 3b).

During the progressive ratio, for breaking point values (Fig.3c) the
ANOVA revealed a significant effect of the interaction Stress X Exercise
[F(1,52) = 4.379; p = 0.041]. Post-hoc comparison showed that the
breaking point values were higher in defeated animals with respect to
the control group (p = 0.019; d = 0.940) and RSD + Wheel (p =
0.010; d = 1.068). The ANOVA for the numbers of rewards (Fig.3e)
also revealed a significant effect of the variable Exercise [F (1,52) =

8.281 (p = 0.006), since the groups exposed to VWR showed a lower
number of rewards (p = 0.006; d = 0.773). No effects were observed
for EtOH consumption (Fig.3d).

3.4. Passive coping during RSD correlated with stronger ethanol
consumption during FR1 schedule

Pearson’s coefficient showed a positive correlation between the time
spent in Avoidance/Flee behaviors during the 4th RSD and the average
consumption of ethanol during FR1 schedule (r = 0.699; p = 0.024) in
RSD group (Fig.4). Those mice that spent more time in avoidance/flee
behaviors during RSD showed higher consumption rates of EtOH during
the FR1 schedule.

3.5. VWR reverses the increase in striatal levels of CX3CL1 and CXCL12
induced by RSD after EtOH SA

The ANOVA revealed a significant effect of the interaction Stress x
Exercise [F (1,27) = 8.948; p = 0.006] on CX3CL1 protein levels after
oral SA of EtOH (Fig. 5a). The post-hoc comparison revealed that de-
feated animals (RSD) presented significantly higher levels of CX3CL1
than non-stressed animals (EXP) (p = 0.009; d = 2.550). In addition,
defeated animals exposed to physical exercise (RSD + Wheel) showed
significantly lower protein levels compared to defeated animals without
access to a running wheel (RSD) (p = 0.000; d = 4.803).

Regarding CXCL12 protein levels, the ANOVA revealed a significant
effect of the interaction Stress x Exercise [F (1,27) = 4.849; p =
0.036] after oral SA of EtOH (Fig. 5b). The post-hoc comparison re-
vealed that the defeated group (RSD) showed significantly higher pro-
tein levels than the non-defeated group (EXP) (p = 0.001;d = 2.213).
Higher levels of CXCL12 were obtained in the defeated group without
access to the running wheel (RSD) compared to defeated group with
VWR (RSD + Wheel) (p = 0.002; d = 2.163).

4. Discussion

The present study confirmed that social stress experienced during
adulthood increases consumption and motivation for ethanol and that
VWR reverted this effect. In addition, we corroborated that RSD pro-
duces a neuroinflammatory response by increasing protein levels of the
chemokines CX3CL1 and CXCL12. VWR was also able to revert the
neuroinflammatory response caused by stress and exposure to ethanol.

In a previous study from our laboratory, we observed that mice
subjected to social stress during adolescence showed an increase in
consumption and motivation for ethanol in the oral SA paradigm
(Rodriguez-Arias et al., 2017). Those results agree with the results
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Fig. 3. Effects of running wheel on the increase in oral EtOH self-administration induced by RSD in OF1 mice. Animals were divided into the following four treatment
groups: EXP group allowed to explore a new cage and without access to a running wheel (EXP, n = 14) or EXP group allowed to explore a new cage and with access
to a running wheel (EXP + Wheel, n = 14); and RSD group exposed to RSD and without access to a running wheel (RSD, n = 15) or RSD group exposed to RSD and
with access to a running wheel (RSD + Wheel, n = 13). The dots represent means and the vertical lines + SEM of (a) the number of active responses and (b) the
volume of 6% EtOH consumption during FR1 and FR3. The columns represent the mean and the vertical lines = SEM of (c) the breaking point values, (d) the volume
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respect to the EXP group;

obtained in this study in mice defeated during adulthood. The effect of
social stress was more apparent during the FR1 phase, although in-
creases were also observed during FR3. The greater the number of ac-
tive responses needed, the less value the reward has, since there is a loss
in the value of delayed rewards (Mazur, 1986; Lagorio and Winger,
2014). During the first day of FR3 a decrease in active responses is
characteristically observed because the animals need to learn the new
demands. Control non-stressed groups tend to decrease the interest in
getting infusions, perhaps because their seeking behavior is not strong
(Samson and Czachowski, 2003), although stressed animals work
harder to obtain EtOH. Therefore, during the FR3 schedule, it is normal
to observe a decrease in the number of infusions received and the total
consumption of EtOH with respect to FR1, while defeated animals
maintain a greater consumption. Equally, the PR schedule determines
the breaking point or limit of active responses that the animal is willing
to carry out to obtain EtOH. This progressive pattern of responses is
usually indicative of seeking behavior related to motivation (Samson
and Czachowski, 2003). We observed that defeated animals showed
higher breaking points, although no more EtOH consumption was ob-
served. Taking into account the progressive nature of PR schedules, a
small number of substance intakes is usually observed due to the lim-
ited session time (in our case, 2 h) (Bickel et al., 1990). For this reason,
it is difficult to observe differences in consumption. The PR schedule is
complementary to the FR schedules, as it links the seeking, motivation,
and maintenance behaviors of addictive behavior. In agreement with
our results, other studies showed that rodents exposed to SD during
adolescence (Marcolin et al., 2019) or adulthood (Deal et al., 2018;
Lopez et al., 2016; Riga et al., 2018) showed an increase and escalation
in voluntary consumption of ethanol.

Recent studies suggest that coping strategies are associated with
resilience or vulnerability to stress (Wood et al., 2015; Chen et al.,
2015; Finnell et al., 2017; Pearson-Leary et al., 2017), which seems to
be related with neurochemical adaptations that specifically affect the
function of the dopamine system and could therefore modify the re-
warding efficacy of drugs of abuse (Brodnik et al., 2017). In the present
study, we have observed that those animals that spent more time in
avoidance and flee behaviors during the last SD presented higher EtOH
intake. We have obtained similar results in a previous study (Rédenas-
Gonzalez et al., 2020), where we observed a positive correlation be-
tween flight and avoidance behaviors and the increase in the condi-
tioned rewarding effects of cocaine in the CPP. These results confirm
that active coping and adequate adaptation to stress reduces the in-
crease in the rewarding effects of drugs of abuse induced by social

p < 0.001 significant difference with respect to the corresponding EXP or RSD groups.

stress. Other studies have also confirmed that mice showing active
coping strategies show less anhedonia (Wood et al., 2015), less anxiety
and greater social interaction (Duclot et al., 2011; Hollis et al., 2011;
Kumar et al., 2014). In this work, we hypothesized that controlled
physical activity could reduce the effects of RSD. VWR is a rodent
model that mimics several aspects of human physical exercise training
(Mul et al., 2018). There are no previous studies where VWR was used
to intervene on ethanol consumption and motivation induced by social
stress, but the effect of physical exercise on ethanol consumption has
been studied in various paradigms of voluntary consumption of ethanol,
such as TBC or the free-choice paradigm. In general, these studies show
lower consumption rates of alcohol in male (Ehringer et al., 2009;
Hammer et al., 2010) and female rodents (Piza-Palma et al., 2014) with
access to the running wheel. However, a recent study pointed out that
the removal of access to exercise appeared to enhance ethanol intake/
preference (Lynch et al., 2019).

On the other hand, physical exercise has a well-documented bene-
ficial effect on stress-related mental disorders. VWR counteracted the
development of social avoidance and anhedonia after chronic SD stress
(Mul et al., 2018; Zhang et al., 2019). Likewise, VWR attenuated the
increased neuroendocrine response induced by social isolation stress
(Watanasriyakul et al., 2019) and counteracted the behavioral impair-
ments induced by uncontrollable stress (Greenwood et al., 2003, 2012,
2013; Tanner et al., 2019). The relationship between stress and exercise
is bidirectional, as Parra-Montes de Oca et al. (2019) have recently
reported that chronic stress decreases the metabolic response to vo-
luntary exercise characterized by the loss of white adipose tissue de-
pots.

Our study showed that exposure to VWR was capable of decreasing
the long-lasting increase in ethanol intake induced by RSD. This
counteracting action seems to be specific to the stress-induced effect, as
no differences in ethanol intake were observed between the two non-
stressed groups, meaning that exposure to VWR did not affect basal
ethanol intake. In addition, the ethological analyses of RSD showed no
differences in opponent or intruder mice behaviors depending on the
exposure to VWR, meaning that previous exposure to exercise before
each RSD did not affect social stress.

Inflammatory stimuli induced the release of inflammatory cytokines
as well as chemokines that functioned as chemo-attractants, presenting
homeostatic and/or inflammatory functions (Koper et al., 2018). SD
have been linked to an increase of the neuroimmune response, in-
cluding the activation of microglia (Wohleb et al., 2011, 2014;
Lehmann et al., 2016; Rodriguez-Arias et al., 2018), the increase in BBB
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permeability (Rodriguez-Arias et al., 2016), and the increase of IL-6
levels in plasma and the striatum (Ferrer-Pérez et al., 2018). We have
now corroborated these results, showing that RSD also induced an in-
crease in the chemokines CX3CL1 and CXCL12 after the fourth RSD.

There is no consensus whether CX3CL1 is an inflammatory or a pro-
inflammatory chemokine (Rahman et al., 2011; Mecca et al., 2018).
CX3CL1 signaling through its receptor Cx3crl which is only expressed
in microglia, being critical for the microglia-neuron cross-talk (Jones
et al., 2010; Lauro et al., 2015; Poniatowski et al., 2017). The stress-
induced changes in CX3CL1 are not clear, as discrepant results have
been described. Adult male rats exposed to chronic mild stress for 2
weeks not only showed an increase in CX3CL1 expression in the dorsal
hippocampus, but also a decreased expression in the prefrontal cortex
(Rossetti et al., 2016). Moreover, the same authors observed increases
or decreases in CX3CL1 expression in the hippocampus after seven
weeks of chronic mild stress. Although we have reported in the present
study an increase of striatal CX3CL1 levels after the fourth RSD, we
obtained in a recent report the opposite effect, following the same ex-
perimental procedure with a decrease in CX3CL1 levels in the striatum
and no changes in the hippocampus (Montagud-Romero et al., 2020).
The use of a different strain of mice (OF1 or C57BL/6NTac) could be
responsible for these discrepant results. Since OF1 is a particularly
territorial strain of mice, the loss of social encounters could have had a
more intense stress effect leading to a higher neuroinflammation re-
sponse. In addition, in the present study, we observed an increase in
CX3CL1 levels in defeated mice after ethanol oral self-administration.

With respect to CXCL12, this chemokine is ubiquitously expressed
and binding to two receptors, CXCR4 and ACKR3. The CXCL12/CXCR4/
ACKR3 axis plays key roles in many physiological and pathological
processes, including embryogenesis, wound healing processes, angio-
genesis, homeostasis and it also participates in the progression of in-
flammation (McCandless et al., 2006; Niraula et al., 2018; Garcia-
Cuesta et al., 2019). Therefore, an increased expression of CXCL12 has
been described in many inflammatory and autoimmune diseases (Wei
et al., 2012; Rizzo et al., 2013), which suggests an inflammatory role. In
agreement with this role, we observed that our RSD protocol induced a
significant increase of this chemokine after the fourth defeat. However,
Sawicki et al. (2015) did not observe changes in the CXCL12 gen-ex-
pression or a reduction of CXCL12 mRNA levels in enriched microglia/
macrophages immediately after the last exposure to SD.

Many studies show that a prolonged consumption of ethanol pro-
duces increases in brain chemokine levels in rodents (Pascual et al.,
2015; Somkuwar et al., 2016). In our study, both chemokines were
significantly increased after oral ethanol SA in defeated animals in
comparison with those non-stressed.

The increase in chemokines after EtOH oral SA, which was only
found in the defeated group that had no access to VWR, suggests a
sensitization of the neuroinflammatory response. Stressed mice exposed
to ethanol presented higher levels of chemokines that are not observed
in non-stressed animal or in those defeated but exposed to VWR. These
differences could be due to the less amount of ethanol ingested by these
mice, since it is well known that ethanol is per se a potent neuroin-
flammatory factor (Montesinos et al., 2016; Pascual et al., 2015).
However, we have previously reported that defeated mice showed
elevated levels of the pro-inflammatory cytokine IL-6 that were not
observed in control mice after having been exposed to the same doses of
cocaine (Ferrer-Pérez et al., 2019). Therefore, although we cannot
prevent control mice to ingest less ethanol, we suggest that social stress
sensitized the inflammatory system to further responses. Confirming
these results, we have previously reported increases in these chemo-
kines after cocaine administration in mice (Araos et al., 2015), In ad-
dition, we observed a decrease in CXCL12 chemokine in abstinent co-
caine users without changes in CX3CL1 plasma levels, although these
levels positively correlated with the cocaine symptom severity for co-
caine abuse/dependence (Araos et al., 2015). Although we did not
measure the acute effect of VWR after each RSD, we observed that after
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oral EtOH SA, VWR significantly decreased the striatal levels of che-
mokines (CX3CL1 and CXCL12), showing levels similar to those in the
control group. In contrast with this effect, there are several reports
showing an increased neuroinflammatory response in animals exposed
to physical exercise, in some cases forced or maintained for 24 h a day
(Svensson et al., 2016; Pinto et al., 2019). The literature suggests that
moderate-intensity exercise may be optimal in decreasing neuroin-
flammatory markers (Henrique et al., 2018; Paolucci et al., 2018). In
agreement with our results, some studies have shown the positive ef-
fects of controlled physical exercise on stress (Mul et al., 2018; Ignécio
et al., 2019), addiction (Somkuwar et al., 2016) or Alzheimer's disease
(He et al., 2017; Jensen et al., 2019; Matkiewicz et al., 2019). Physical
exercise interacts with stress and neuroinflammation depending on the
intensity. Several studies have observed that VWR reduces the levels of
corticosterone and glucocorticoid receptors, attenuating the negative
effects of chronic stress (Zheng et al., 2006; Ignacio et al., 2019; Lynch
et al., 2019; Watanasriyakul et al., 2019). The inhibition of the excess
production of corticosterone can attenuate the inflammatory response
of stress (Niraula et al., 2018). Only few studies have examined the
effect of exercise and chemokine levels. For example, long-term wheel
performance decreases the western diet increased in the gene expres-
sion of CXCL10 and CCL2 (Carlin et al., 2016).

5. Conclusions

In conclusion, our results suggest that VWR is a beneficial en-
vironmental intervention that is capable of blocking the increased
ethanol intake and the neuroinflammation induced by social stress. Our
work highlights the complexity of the brain mechanisms involved in the
inflammatory process in response to social stress. To sum up, VWR
could be a promising preventive and therapeutic target to avoid and
reduce the detrimental effects induced by social stress.
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