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Abstract: The present paper evaluates the effect of physical activity on the increase of the conditioned
rewarding effects of cocaine induced by intermittent social stress and on the neuroinflammatory
response that contributes to the enhancement of drug response. For that purpose, three studies were
designed in which social stress was induced in different samples of mice through a social-defeat
protocol; the mice underwent an increase of physical activity by different modalities of voluntary
wheel running (continuous and intermittent access). The results showed that continuous access to
running wheels prior to stress enhanced the establishment of cocaine place preference, whereas an
intermittent access exerted a protective effect. Wheel running contingent to cocaine administration
prevented the development of conditioned preference, and if applied during the extinction of drug
memories, it exerted a dual effect depending on the stress background of the animal. Our biological
analysis revealed that increased sensitivity to cocaine may be related to the fact that wheel running
promotes inflammation though the increase of IL-6 and BDNF levels. Together, these results highlight
that physical exercise deeply impacts the organism’s response to stress and cocaine, and these effects
should be taken into consideration in the design of a physical intervention.

Keywords: social stress; cocaine; conditioned place preference; neuroinflammation; physical activity;
voluntary wheel running

1. Introduction

From a neuroscientific perspective, drug addiction can be defined as a chronic brain
disorder where there is an inability to control the consumption of a drug despite its harmful
consequences [1]. In the genesis of this disorder, there is an interplay between biological
and environmental factors that determine an individual’s vulnerability to initiate and
progress into addiction. Among environmental variables, some are considered to be risk
factors, but others can be controlled to act as a protective factor or to help in the treatment
of the disorder. One of these environmental interventions that has been shown to be useful
treating substance-use disorders is physical exercise [2]. Regular physical activity appears to
have protective effects on the initiation of tobacco and other drugs during adolescence and
early adulthood [3]. During drug-abuse cessation, physical activity has been useful helping
in tobacco treatment by decreasing cravings and withdrawal symptoms, therefore reducing
the relapse rate [4,5]. However, there is no empiric evidence that proves a causal effect
in humans [6]. In this regard, animal models allow for a better control of contaminating
variables, such as socioeconomic factors, and a better manipulation of the independent
variable regulating the duration and intensity of the exercise.

Voluntary wheel running (VWR) in rodents is widely used to mimic physical aerobic
training in humans [7]. In general, VWR has been highlighted as a protective environmen-
tal factor in several animal models of different psychological disorders, including drug
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addiction [4,8-11]. During initial contact with drugs, access to a running wheel decreases
voluntary consumption of ethanol in mice [12,13]. In the same line, animals with access to
an activity wheel consume less of the drug during the acquisition of the self-administration
behavior of methamphetamine, cocaine, and heroin [14-18]. After the establishment of
self-administration behavior, access to activity wheels has a protective effect by decreasing
cue- and drug-induced reinstatement of cocaine administration [16] and nicotine seek-
ing [19]. However, the results obtained from using the conditioned place preference (CPP)
paradigm, which evaluates secondary motivational properties of the drug [20], are not
consistent [6,14]. Some studies point to the fact that animals with access to running wheels
had lower cocaine-, ethanol-, or morphine-induced CPP compared to sedentary coun-
terparts [21-24]. However, other studies report no effects [6] or an enhancement of the
rewarding potential of morphine [25] and cocaine [14], even with an increased duration
of drug-associated memories [26]. Therefore, although physical activity is an appealing
intervention, under certain circumstances, the literature points out that it may be ineffective
or even enhance the formation of contextual drug-associated memories [27].

Stress is another environmental factor that has been deeply studied in the genesis
of drug addiction. Social adverse events are one of the most important sources of stress
in humans, as they are experienced more intensely than any other type of stressors [28].
Epidemiological studies show that negative social experiences, such as isolation or bullying
in the workplace, are linked to higher rates of drug abuse and higher vulnerability to
relapse after periods of detoxification [29,30]. Similar results have been detailed in basic
research with rodent models, using the social-defeat paradigm, which is one of the most
representative models in the study of psychophysiological consequences of stress [31,32].
The literature points out that intermittent experiences of social defeat induce a robust
enhancement in mice sensitivity to the conditioned and unconditioned rewarding effects of
cocaine [33,34]. In self-administration paradigms, defeated animals display faster acqui-
sition and escalation of the administration behavior, are more motivated to obtain a dose
of the drug, and are more vulnerable to reinstate drug seeking after a priming dose of the
drug [35,36]. CPP studies have painted a similar picture, and socially stressed animals are
more sensitive to small doses of cocaine, require more time to extinguish the conditioned
preference, and are more susceptible to reinstate the said preference [37-39]. To explain this
stress effect on drug response, researchers have classically focused on studying the neuro-
biological adaptations in the neuroendocrine axis of stress and within the reward pathway.
More recently, the mediation of inflammatory processes in stress-induced vulnerability
to drug addiction has also been explored [11,37,40,41]. However, the temporal pattern an
intensity of social-stress experiences has to be taken into consideration, as prolonged expe-
riences of social defeat have been reported to induce a different pattern of neuroadaptive
changes [42] and even a suppression of cocaine administration in rodents (see revision in
Reference [43]).

In this context, part of the utility of physical exercise as a therapeutical tool in addic-
tion may be linked to its anti-stress and anxiolytic effects [2]. In humans, regular physical
exercise has a positive effect in the management of clinical stress [44], increasing the ability
to cope with daily stressful events without using drugs of abuse [45]. In preclinical re-
search using rodents, VWR has been found to be protective against negative consequences
of episodic and chronic social defeat. For instance, 21 days of VWR prior to intermit-
tent or chronic social-defeat stress has been found to protect against the development of
depression-like behaviors, such as anhedonia and social avoidance [7,46,47]. Recently, in
our laboratory, we found that rodents with intermittent and controlled VWR before social-
defeat experiences and maintained during the whole study were protected against the
increase in ethanol intake on an oral self-administration paradigm [11]. In order to increase
the understanding about which physiological mechanisms underlie the modulatory effect
of physical activity over stress and drug response, in the present study, we compared the
impact of four modalities of physical exercise (sedentary activity, housing with one or four
voluntary running wheels, and a regimen of intermittent voluntary wheel running) in the
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increase of cocaine-conditioned reward induced by social stress and in the extinction of
drug-associated memories. In addition, we explored different neurobiological mechanisms
that could be underlying the observed effects of physical exercise. (1) As there is evidence
showing that social stress can induce inflammatory states that are mediating the vulner-
ability to stress-related disorders [48,49] and drug addiction [37], we evaluated whether
physical exercise could exert a modulatory effect over this stress-induced inflammatory
response and therefore modulate drug response. (2) We also measured corticosterone levels
after social-defeat stress episodes in order to determine a possible blunting effect of VWR
in the neuroendocrine response of the stress. (3) Additionally, we evaluated the potential
of physical exercise to increase the expression of brain-derived neurotrophic factor (BDNF)
in the hippocampus and within the striatum, as these structures are key in the associative
learning involved in CPP [50], and plastic changes in these areas can sustain enhanced
drug learning, as reported in previous studies [9,25]. (4) Finally, we evaluated whether
VWR can act as a hedonic substitute that competes with the rewarding potential of cocaine
in the establishment of conditioned drug memories. The current work would increase
the knowledge about the neurobiological mechanism that underlies the effect of physical
exercise over the consequences of stress on drug response and drug-associated memories.
This would help to optimize the designs of physical interventions, helping to choose the
most beneficial regimen of exercise for the patient.

2. Materials and Methods
2.1. Animals

A total number of 238 OF1 adult mice on postnatal day (PND) 42 were acquired
from Charles Rivers (Lyon, France). Upon arrival at the animal facility, a total number of
92 animals (sample for Study 1) were housed in plastic cages (59 x 38 x 20 cm), with one
(1 x 4 Housing), four (4 x 4 Housing), or no voluntary running wheels (Sedentary Housing
or Intermittent exercise). Another set of 96 animals (Study 2 and Study 3) were housed
in groups of four in plastic cages (27 x 27 x 14 cm), without additional environmental
enrichment. In addition to the experimental animals, 50 OF1 adult male mice were housed
individually in order to enhance their territorial aggressiveness and were used as aggressors
for the social-defeat encounters.

Regardless of the assigned experimental group, all the animals were kept in the same
conditions: constant temperature; a reversed light schedule (white light on 8:00-20:00);
and food and water available ad libitum, except during behavioral tests. The experimental
protocol was approved by an Institutional Review Committee for the use of animal subjects
(Comité d’Etica d’Experimentacio i Benestar Animal, number 2015/VSC/PEA /00168).
Procedures involving mice and their care were conducted according to national, regional,
and local laws and regulations, which are in compliance with the Directive 2010/63/EU [51].
All efforts were made to minimize the animals’ suffering and to reduce the number of
animals used.

2.2. Drugs

For CPP conditioning, animals were injected intraperitoneally with a dose of 1, 3,
or 10 mg/kg of cocaine hydrochloride (Alcaliber laboratory, Madrid, Spain) dissolved in
physiological saline (NaCl 0.9%) and adjusted to a volume of 0.01 mL/g of weight. These
doses of cocaine were selected on the basis of previous CPP studies, showing that a dose
of 3 and 10 mg/kg are effective doses to induce CPP in OF1 male mice, while 1 mg/kg
is considered to be a sub-threshold dose CPP in adult animals without stress or drug
experiences [39,52].

2.3. Experimental Groups and Experimental Design

In Study 1 (depicted in Figure 1), the effects of being housed with continuous or
intermittent access to voluntary running wheels in the long-term effects of intermittent
social defeat was evaluated. Upon arrival at PND 42, animals were housed in groups of
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four in cages in different setups. Part of the sample was housed under standard condition,
without running wheels (n = 48), while the remaining animals were housed in cages that
contained one (1 x 4, n = 24) or four (4 x 4, n = 20) activity wheels inside their home
cage; these setups were maintained until the end of the study. Within the first group
of 48 animals housed without activity wheels, half of the animals were included in the
sedentary condition (SED, n = 24), with no additional physical activity, and the other
half of the animals followed an intermittent exercise regimen (INT) since the first week
upon arrival and until the end the experiments (INT, n = 24). This regimen of intermittent
exercise consisted of three sessions per week (Mondays, Wednesdays, and Fridays) of 1 h
of individual access to a cage with a voluntary running wheel. Five days after the arrival to
the animal facility, on PND 47, half of the mice in each experimental condition underwent a
repeated social defeat (RSD) stress protocol (SED-RSD n =12;1 x 4-RSD, n =12; 4 x 4-RSD,
n = 10; INT-RSD, n = 12), while the other half underwent the exploration protocol (EXP),
which involves a similar manipulation but without experiencing social-defeat stress (SED-
EXP, n=12;1 x 4-EXP, n = 12; 4 x 4-EXP, n = 10; INT-EXP, n = 12). On PND 56, 30 min
after the last episode of social defeat or EXP, blood samples were taken in order to evaluate
corticosterone levels. Subsequently, 21 days after, the CPP procedure induced by 1 mg/kg
was initiated (from PND 77 to 86). Biological samples were taken 24 h after confirmation of
the extinction of cocaine-conditioned place preference.

STUDY 1
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Figure 1. Experimental design and experimental groups of Study 1.

In Study 2 (depicted in Figure 2), we followed a similar procedure. Animals arrived on
PND 42 at the animal facility and were housed under standard condition, without activity
wheels. On PND 47, part of this second set of animals underwent the RSD protocol, while
the remaining mice were included under the stress control condition (EXP). Three weeks
after the last episode of social stress or control, animals underwent a place preference
conditioning protocol with an effective dose of 10 mg/kg cocaine (from PND 77 to 86).
After CPP establishment, and until the end of the study, half of the animals initiated a
regimen of intermittent exercise during extinction of drug-associated memories identical to
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the one previously explained (INT.Post). Animals in this activity condition (EXP-INT.Post,
n =9; RSD-INT.Post, n = 11) underwent three sessions per week of 1 h of individual access
to a cage with a voluntary running wheel. The remaining animals did not increase their
physical activity as they continued with their sedentary routine until the end of the study
(EXP-SED.Post, n = 9; RSD-SED.Post, n = 13). The extinction of the conditioned preference
was evaluated in all animals two times per week (Tuesdays and Thursdays) with free drug
extinction sessions. The design of Study 2 allowed us to evaluate if an enhancement of
physical activity can modulate the extinction of drug-associated memories.

CPP
extinction 3 sessions/week
) 1h VWR
(INT.Post) ‘ '
Intermittent exercise [
CPP during CPP extinction ||
RSD/EXP establishment P
S~ ‘
~ _&3 Pre-C COHdlthll(llng (.‘PP. NE= %4 —;-,'
2% | 1stRSD 2nd RSD 3rd RSD 4thRSD | 3 | 10mg/kg extinction :
= 1z >
o~y b b b b }
“ 47 50 53 56 | 77-78-79 82.83-84-85 86 >89
(SED.Post)

Sedentary activity
during CPP extinction

Figure 2. Experimental design and experimental groups of Study 2.

In Study 3 (depicted in Figure 3), the rewarding potential of VWR to establish a
CPP and to compete against cocaine reinforcement was analyzed. One group of animals
(VWR group, n = 21) underwent a CPP protocol in which an active running wheel was
paired to one compartment and the opposite compartment was paired with a blocked
wheel (inactive) that did not allow for running. A second group of animals (3 mg/kg
cocaine, n = 15) underwent a traditional CPP protocol with the pairing of a dose of 3 mg/kg
cocaine (pictured in orange) with one compartment and an injection of saline (pictured
in blue) in the other (3 mg/kg cocaine, n = 15). Finally, in the third group (3 mg/kg
cocaine vs. VWR, n = 17), an active running wheel and a saline injection were paired in one
compartment, while a dose of 3 mg/kg cocaine and an inactive wheel were paired in the
other compartment.

2.4. Apparatus and Procedures
2.4.1. Voluntary Running Wheels

Inside the home cages and for CPP induction, we employed traditionally mounted
vertical running wheels (15 cm diameter) with a solid surface. For intermittent exercise con-
dition, low-profile running wheels (Med Associates Inc., Fairfax, VT, USA) were employed.

2.4.2. Procedure of Repeated Social Defeat (RSD)

The social-defeat protocol was carried out by following the procedure previously
validated and described in detail by Ferrer-Perez and coworkers [33,37,38]. Briefly, each
experimental animal under the RSD condition experienced 4 intermittent episodes of social
defeat. Each episode began by introducing the “intruder” experimental animal into the
home cage of the aggressive “resident” (the aggressive opponent) protected by a wire-mesh
wall for 10 min. During this initial phase, the experimental animal was protected from
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direct attack but exposed to social interaction and species-typical threats from the male
aggressive resident. Then the wire mesh was removed from the cage to allow confrontation
between the two animals for a 5 min period. In the third phase, the wire mesh was returned
to the cage to separate the two animals once again for another 10 min. The criterion used
to define an animal as defeated was the adoption of a specific posture signifying defeat,
characterized by an upright submissive position, limp forepaws, upwardly angled head,
and retracted ears [53]. In order to minimize the physical wounding during social defeats,
the 5-min direct encounters were interrupted if the intruder displayed a submissive supine
posture for more than 8 s or if it was bitten by the aggressor more than 12 times [54].

Conditioning .
a8 3mg/kg or VWR

57

PND l !
48-49-50 53-54-55-56

‘ | 3mg/kg-cocaine |

STUDY 3

"'WR
o

vs-VWR

3mg/kg-cocaine-

Figure 3. Experimental design and experimental groups of Study 3. In the diagram, blue syringes
represent the injection of saline while orange syringes represent the injection of 3 mg/kg cocaine.
Active running wheels are depicted as a pink circle while blocked wheels (inactive) are represented
as a pink circle with a red “X”.

2.4.3. Conditioned Place Preference (CPP)

Place conditioning consisted of three phases and took place during the dark cycle,
following an unbiased procedure in initial spontaneous preference terms. For place condi-
tioning, sixteen identical Plexiglas boxes with black and white equally sized compartments
(30.7 x 31.5 x 34.5 cm) separated by a gray central area (13.8 x 31.5 x 34.5 cm) were used.
In brief, during preconditioning (Pre-C), the time spent by the animal in each compartment
over a 15-min period was recorded. Mice showing a strong unconditioned aversion (less
than 33% of the time spent in both compartments) or a preference (more than 67%) for any
compartment were excluded from the study.

In the second phase (conditioning), animals underwent two pairings per day: subjects
received an injection of physiological saline before being confined to the vehicle-paired
compartment for 30 min and, after an interval of 4 h, received cocaine immediately before
being confined to the drug-paired compartment for 30 min. All animals in Study 1 were
conditioned with a dose of 1 mg/kg of cocaine, while the animals in Study 2 and a group
of 15 animals from Study 3 followed the same protocol, but with a higher dose of cocaine
(10 or 3 mg/kg).
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Additionally, in Study 3, two experimental groups underwent a variation of this
procedure. Following a similar protocol, one group (VWR, n = 21) was confined to one
compartment with a free running wheel for 30 min and, after an interval of 4 h, the group
was confined to the other compartment with a locked wheel. The remaining group of
animals (3 mg/kg cocaine vs. VWR, n = 17) experienced a conditioning procedure with
the pairing of an active wheel and an injection of saline in one compartment and a dose of
3 mg/kg cocaine and a locked wheel in the other compartment.

In the third phase (post-conditioning; Post-C), the time spent by mice in each com-
partment during the 15 min observation period was recorded. The difference in seconds
between the time spent in the drug-paired or wheel-paired compartment in the Post-C
test and that spent in the Pre-C test is a measure of the degree of conditioning induced.
If this difference is positive, then the drug administration or the activity in the wheel is
considered to have induced a preference for the paired compartment, whereas the opposite
indicates the development of aversion.

All groups from Study 1 and Study 2 for which a preference for the drug-paired
compartment was established underwent two extinction sessions per week (Tuesdays
and Thursdays), which consisted of placing the mice in the apparatus for 15 min without
the administration of cocaine. This was repeated until the time spent in the drug-paired
compartment by each group was similar to that of the Pre-C. Then the effects of non-
contingent administration of a priming dose of cocaine were evaluated 24 h after the
confirmation of extinction. Reinstatement tests were the same as those for the Post-C (free
ambulation for 15 min), except for the fact that mice were tested 15 min after administration
of a priming dose (half of the dose used for conditioning). This procedure was repeated with
progressively lower priming doses until a non-effective priming injection was determined.

2.4.4. Collection and Analysis of Biological Samples

Blood sampling for corticosterone determination was performed by following the
same procedure previously published in Montagud-Romero and coworkers [55] and col-
lected 30 min after the fourth episode of social defeat. Using the tail-nick procedure, the
animal was immobilized and wrapped in a cloth so as to decrease experimental stress, and
through a 2 mm incision at the end of the tail artery, 50 uL of blood was collected. Blood
samples were kept on ice, and plasma was separated from whole blood by centrifugation
(5 min, 5000 G), transferred to sterile microcentrifuge tubes, and stored at —80 °C until
corticosterone determination.

Brain-tissue sampling and plasma for IL-6 and BDNF determination was carried out
24 h after finishing the CPP procedure in Study 1. Animals were sacrificed by cervical
dislocation and then decapitated to collect blood from the neck in tubes coated with hep-
arin. Blood samples were kept on ice, and plasma was separated from whole blood by
centrifugation (5 min, 5000 G) and transferred to sterile 0.2 mL microcentrifuge tubes. To
obtain striatal and hippocampal tissue samples, brains were removed immediately after de-
capitation and dissected, following the procedure described by Heffner and coworkers [56].
Plasma and tissue samples were stored at —80 °C until IL-6 and BDNF determinations.

For the determination of plasmatic corticosterone levels, samples were diluted with
the reagents provided in the ELISA kit obtained from Enzo Life (Ref: ADI-900-097) and
analyzed by following the manufacturer’s instructions. For brain BDNF and IL-6 de-
terminations, tissues were first homogenized and prepared by following the procedure
previously described in detail in Ferrer-Perez and coworkers [37]. For striatal, hippocampal,
and plasmatic IL-6 concentration, we used a Mouse IL-6 ELISA Kit obtained from Abcam
(Ref: ab100712), and for BDNF quantification, we used the Emax ImmunoAssay System
obtained from Promega (Ref: G7610), and they were used according to the manufacturer’s
instructions. Final tissue concentrations were normalized to each sample’s protein levels
determined by the Bradford assay from ThermoFisher (Ref: 23227).

ELISA test results were read by using an iMark microplate reader (Bio-RAD, Hercules,
CA, USA) controlled by Microplate Manager 6.2 software (Bio-Rad Laboratories, Hercules,
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CA, USA), and the final results were expressed in pg/mg for brain tissue samples and in
pg/mL for plasma.

2.5. Statistical Analyses

In Study 1, the establishment of CPP was determined by using a two-way ANOVA
with two between-subjects variables, namely stress, with two levels (RSD and EXP), and
activity, with four levels (SED, 1 x 4,4 x 4, and INT); and a within-subjects variable, days,
with two levels (Pre-C and Post-C). Additionally, one-way ANOVA with a within-subjects
variable—days, with two levels (Pre-C and Post-C)—was carried out for the data of each
activity condition (SED, 1 x 4, 4 x 4, and INT). For the analysis of the biochemical data, a
two-way ANOVA with the same two between-subjects variables (stress and activity) was
considered to analyze the data of corticosterone IL-6 and BDNF levels.

Similarly, the establishment of CPP in Study 2 was determined by using a two-way
ANOVA with two between-subjects variable, namely stress, with two levels (RSD and
EXP), and exercise during extinction, with two levels (SED.Post and INT.Post). Extinction
and reinstatement values were analyzed by Student’s t-test, and the time required for the
preference to be extinguished in each animal was analyzed by means of the Kaplan-Meier
test with Breslow (generalized Wilcoxon) comparisons [57]. Although the mean of the
group as a whole determined the day on which extinction was considered to have been
achieved, preference was considered to be extinguished when a mouse spent 378 s or less
in the drug-paired compartment on two consecutive days. We chose this time based on the
values of all the Pre-C tests performed in the study (mean =368 s). When the preference was
not extinguished in an animal, it was assigned the number of days required for extinction
for the group as a whole.

To analyze the CPP in Study 3, the Pre-C and Post-C data were analyzed with a
two-way ANOVA with one between-subjects variable, namely CPP modality, with three
levels (VWR, 3 mg/kg cocaine, and 3 mg/kg cocaine vs. VWR); and a within-subjects
variable—days, with two levels (Pre-C and Post-C)—was employed.

Data are presented as mean + SEM, and a p-value < 0.05 was considered statistically
significant. Analyses were performed by using SPSS v26 (IBM, Armonk, NY, USA). In all
cases, post hoc comparisons were performed with Bonferroni tests.

3. Results
3.1. Physical Activity Modulates the Increase in Plasmatic Corticosterone Levels after an Episode of
Social Defeat

The data of the corticosterone concentration after the fourth social-defeat episode in
Study 1 are depicted in Figure 4. The ANOVA showed a significant effect of the variables
activity [F(3,57) = 3.629, p = 0.018] and stress [F(1,57) = 6.899, p = 0.011] and the interaction
activity x stress [F(3,57) = 6.806, p = 0.001]. The post hoc analysis showed that defeated
mice housed in the sedentary housing condition (SED-RSD) or with one activity wheel
(1 x 4-RSD) had higher corticosterone levels 30 min after the fourth episode of social defeat
when compared to the levels obtained in non-stressed animals under the same housing
condition (SED-EXP, p = 0.001; and 1 x 4-EXP, p = 0.024). The analysis also showed
that, among the stressed animals, significant lower levels of corticosterone were recorded
in the groups of animals housed with four activity wheels (4 x 4-RSD, p = 0.001) and
with a regimen of intermittent exercise (INT-RSD, p = 0.001) when compared to RSD
animals under sedentary housing condition (SED-RSD). No differences were obtained in
the corticosterone levels of EXP animals between housing conditions.

3.2. The Increase of Physical Activity Enhanced Cocaine-Conditioned Rewarding Effects

The ANOVA performed with CPP data showed a significant effect of the variable days
[F(1,84) = 64.5, p < 0.001] and an effect of the interaction of the variables days x activity
[F(3,84) = 8.679, p < 0.001], as mice housed with one (1 x 4) or four activity wheels (4 x 4)
significantly increased the time spent on drug-paired compartment during Post-C test
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in comparison with sedentary animals (SED) or in animals on a regimen of intermittent
exercise (INT) (p < 0.05 for 1 x 4, and p < 0.001 for 4 x 4).

Plasmatic corticosterone levels

4000 - o

3500 A *

3000 4

2500 A

2000 1

- e
0

EXP | RSD EXP RSD EXP | RSD EXP | RSD

Sedentary housing | 1x4 Housing (1x4) [4x4 Housing (4x4) | 1h Intermittent
(SED) exercise (INT)

Corticosterone concentration pg/ml

Figure 4. Physical activity in the form of voluntary wheel running modulates the increase in plasmatic
corticosterone levels after an episode of social defeat. Mice in Study 1 were randomly assigned to
the following groups, according to physical activity condition: sedentary housing (SED-EXP n = 9;
SED-RSD n = 9); one activity wheel per cage (1 x 4-EXP n = 8; 1 x 4-RSD n = 8); four activity
wheels per cage (4 x 4-EXP n = 8; 4 x 4-RSD n = 8); regimen of intermittent exercise INT-EXP n = 7;
INT-RSD #n = 8). Data are presented as mean values of corticosterone (pg/mL in plasma) £+ SEM;
*p < 0.05; *** p < 0.001 significant difference in corticosterone levels with respect the corresponding
EXP group; +++ p < 0.001 significant difference in corticosterone levels vs. SED-RSD.

Additionally, ANOVAs for each physical activity condition were performed (Figure 5).
The ANOVA for the CPP data of sedentary (SED) mice showed an effect of the variable
days [F(1,22) = 18.42, p < 0.001] and the interactions of days x activity [F(1,22) = 7.772,
p = 0.011]. The post hoc analysis showed that only socially defeated animals significantly
increased the time spent in the drug-paired compartment in the Post-C test (p < 0.001).
Data from animals housed with activity wheels showed an effect of the variable days in
both modalities 1 x 4 [F(1,22) = 13.145, p = 0.001] and 4 x 4 [F(1,18) = 35.122, p < 0.001], as
stressed and non-stressed animals in these activity conditions developed CPP. Finally, no
significant changes in CPP were observed in animals on a regimen of intermittent exercise
(INT). No differences were observed in the time needed to extinguish these preferences
(two sessions), and neither of the groups showed reinstatement after a priming dose with
0.5 mg/kg of cocaine.

3.3. Physical Activity in the Form of Wheel Running Increases IL-6 Concentration in Plasma, the
Striatum, and the Hippocampus

ANOVAs of IL-6 levels in the striatum, the hippocampus, and in plasma are repre-
sented in Figure 6. The results of IL-6 striatal levels (Figure 6a) showed a significant effect
of the variable activity [F(3,48 = 17.988, p = 0.001] and stress [F(1,54) = 18.519, p = 0.001].
The post hoc analysis showed that animals under sedentary housing condition (SED) had
significantly lower levels of striatal IL-6 compared to the animals that were exposed to VWR
(p = 0.001 in all cases). On the other hand, the striatal IL-6 levels among socially stressed
animals (SED-RSD, 1 x 4-RSD, 4 x 4-RSD, and INT-RSD) were higher (p = 0.001) compared
to those of their corresponding non-stressed groups (SED-EXP, 1 x 4-EXP, 4 x 4-EXP, and
INT-EXP).
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Figure 5. The increase of physical-activity-enhanced cocaine-conditioned rewarding effects. Animals
were randomly assigned to the following groups according to their physical activity condition:
sedentary housing (SED-EXP n = 12; SED-RSD n = 12); one activity wheel per cage (1 x 4-EXP n =12;
1 x 4-RSD n = 12); four activity wheels per cage (4 x 4-EXP n = 10; 4 x 4-RSD n = 10); regimen of
intermittent exercise (INT-EXP n = 12; INT-RSD n = 12). The bars represent the time (s) spent in
the drug-paired compartment before conditioning sessions in the Pre-C test (white bars), and after
conditioning sessions in the Post-C test (black bars), in the last extinction session (EXTINCT, light
gray bars), and in the reinstatement (REINST) test (dark gray bars). Data are presented as mean
values = SEM. Bonferroni’s test * p < 0.05; *** p < 0.001 significant difference in the time spent in the
drug-paired compartment vs. corresponding Pre-C.

The results of IL-6 levels in the hippocampus (Figure 6b) showed a significant effect of
the variable activity [F(3,48) = 9.606, p = 0.001]. The post hoc analysis showed that animals
under sedentary housing conditions (SED) had significantly lower levels of striatal IL-6
compared to animals housed with one (1 x 4, p = 0.001) or four (4 x 4, p = 0.005) activity
wheels, or those in intermittent exercise (INT, p = 0.001).

Finally, the ANOVA performed with IL-6 levels in plasma (Figure 6¢) showed a
significant effect of the variables activity [F(3,48) = 4.258, p = 0.01] and stress [F(1,48) = 4.158,
p =0.047]. The post hoc analysis showed that animals housed with one activity wheel (1 x 4)
had significantly higher levels of plasmatic IL-6 compared to animals under sedentary
housing (SED, p = 0.025) and under a regimen of intermittent activity (INT, p = 0.022).
As obtained in the striatum, the plasmatic IL-6 levels among socially stressed animals
(SED-RSD, 1 x 4-RSD, 4 x 4-RSD, and INT-RSD) were higher (p < 0.047) compared to
those of non-stressed animals (SED-EXP, 1 x 4-EXP, 4 x 4-EXP, and INT-EXP).

3.4. Physical Activity in the Form of Wheel Running Increases BDNF Concentration in the
Striatum and the Hippocampus

The ANOVA performed for BDNF levels in the striatum (Figure 7a) showed an effect
of the variable activity [F(3,46) = 19.302, p = 0.001]. Animals housed with one (1 x 4,
p =0.001) or four (4 x 4, p =0.003) activity wheels, or with a regimen of intermittent activity
(INT, p = 0.001) had higher striatal BDNF levels than animals with sedentary activity (SED).
Additionally, BDNF levels in animals housed with four activity wheels (4 x 4) were lower
when compared to animals housed with one activity wheel (1 x 4, p = 0.019) or with
intermittent access (INT, p = 0.025).
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Figure 6. (a) Effects of voluntary wheel running on striatal levels of IL-6, (b) Effects of voluntary
wheel running on hippocampal levels of IL-6, (c) Effects of voluntary wheel running on plasmatic
levels of IL-6. Sedentary housing (SED-EXP n = 6; SED-RSD n = 6); one activity wheel per cage
(1 x 4-EXP n=8;1 x 4-RSD n = 8); four activity wheels per cage (4 x 4EXPn =8;4 x 4-RSDn =7);
regimen of intermittent exercise INT-EXP n = 7; INT-RSD # = 7). Data are presented as mean values
of IL-6 (pg/mg protein in brain tissue and pg/mL in plasma) + SEM. Bonferroni’s test ** p < 0.01;
*** p < 0.001 significant difference in IL-6 levels vs. sedentary housing (SED); + p < 0.05; +++ p < 0.001
significant difference in IL-6 levels between EXP vs. RSD; # p < 0.05 significant difference in IL-6
levels between 1 x 4 vs. SED and INT.

The ANOVA performed for the BDNF levels in the hippocampus (Figure 7b) showed
an effect of the variable activity [F(3,46) = 29.513, p = 0.001]. Similar to that obtained in
the striatum, animals housed with one (1 x 4, p = 0.001) or four (4 x 4, p = 0.009) activity
wheels, or with a regimen of intermittent exercise (INT, p = 0.001), had higher BDNF levels
in the hippocampus than animals with sedentary physical activity (SED). Additionally,
these BDNF levels were higher in animals housed with one activity wheel (1 x 4) when
compared with the levels of animals housed with four activity wheels (4 x 4, p = 0.001) or
with intermittent access (INT, p = 0.001).

3.5. A Dose of 10 mg/kg of Cocaine Induced CPP and an Intermittent Regimen of Physical Exercise
(VWR) Modulates Its Extinction

The ANOVA of the CPP data (Figure 8) showed a significant effect of the variable
days [F(1,30) = 27.028, p < 0.001], as all groups spent significantly more time in drug-paired
compartment during Post-C compared to Pre-C.
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Figure 7. (a) Effects of voluntary wheel running on striatal BDNF levels, (b) Effects of voluntary wheel
running on hippocampal BDNF levels. Sedentary housing (SED-EXP n = 5; SED-RSD 1 = 7); one
activity wheel per cage (1 x 4-EXP n =7;1 x 4-RSD n = 6); four activity wheels per cage (4 x 4-EXP
n=9;4 x 4-RSD n = 6); regimen of intermittent exercise INT-EXP n = 7; INT-RSD n = 7). Data are
presented as mean values of BDNF (pg/100 mg protein) = SEM; ** p < 0.01; *** p < 0.001 significant
difference in BDNF levels vs. sedentary housing (SED); # p < 0.05 significant difference in BDNF
levels vs. 4 x 4; +++ p < 0.001 significant difference in BDNF levels vs. 1 x 4.
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Figure 8. A dose of 10 mg/kg of cocaine induced CPP in all experimental groups. Animals were
randomly assigned to the following groups according to their social-stress history and the physical-
activity condition during extinction of drug-associated memories: non-stressed animals with seden-
tary activity during extinction (EXP-SED.Post) or with a regiment of intermittent exercise (EXP-
INT.Post); socially defeated animals with sedentary activity during extinction (RSD-SED.Post) or
with a regiment of intermittent exercise (RSD-INT.Post). The bars represent the time (s) spent in
the drug-paired compartment before conditioning sessions in the PRE-C test (white bars), and after
conditioning sessions in the POST-C test (black bars), in the first extinction sessions (EXTINCT, light
gray bars), and in the reinstatement with 5 mg/kg cocaine (REINST 5 mg/kg cocaine, dark gray
bars), in the second extinction sessions (EXTINCT, light gray striped bars), and in the reinstatement
with 2.5 mg/kg cocaine (REINST 2.5 mg/kg cocaine, dark gray striped bars). Data are presented as
mean values £+ SEM. Bonferroni’s test # p < 0.05; *** p < 0.001 significant difference in the time spent
in the drug-paired compartment vs. corresponding Pre-C.

All groups were subjected to extinction sessions, and the Kaplan-Meier analysis
(Figure 9) revealed that, within animals housed under standard activity condition (SED),
more time was required to achieve extinction in those with previous social-defeat experi-
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ences (RSD-SED.post) than in non-stressed animals (EXP-SED.post) (x% = 4.035, p =0.045).
Kaplan—Meier analysis also revealed that the increase of physical activity through a regi-
ment of intermittent exercise (INT.post) modulate the extinction of drug-associated mem-
ories. Non-stressed animals in the condition of intermittent exercise (EXP-INT.post) re-
quired more extinction sessions than sedentary counterparts (EXP-SED.post) (x? = 4.373,
p = 0.037). However, extinction was achieved earlier in physically active socially defeated
animals (RSD-INT.post) when compared to their sedentary counterparts (RSD-SED.post)
(x*> =4.307, p = 0.038). For non-stressed mice, a negative hazard ratio of 0.42 (95% CI
0.16-1.08) was found, as VWR decreased in a 68% the probability that mice extinguish
drug-induced place preference. On the other hand, in socially defeated mice, VWR exhib-
ited an opposite effect with a positive hazard ratio of 2.25 (95% CI 0.53-9.046) favoring the
probability of extinction in a 125%. Reinstatement of the preference was obtained in all
the groups after a priming dose of 5 mg/kg of cocaine. No differences were observed in
the time needed to extinguish this preference, and neither of these two groups showed
reinstatement after priming with 2.5 mg/kg cocaine.

m Extinction Post-C

EXP- OExtinction Reinst Smg/kg
SED.Post

EXP-
INT.Post

———
R | -

SED.Post
RSD- +
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0 5 10 15
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Figure 9. An increase of physical exercise during the extinction of drug-associated memories modifies
the number of sessions needed to extinguish CPP induced by 10 mg/kg of cocaine. Black bars
represent the mean of sessions required to extinguish the preference induced by 10 mg/kg cocaine,
while gray bars represent the sessions required to extinguish the reinstated preference with a priming
dose of 5 mg/kg cocaine; * p < 0.05 significant difference with respect EXP-SED.post group; # p < 0.05
significant difference with respect EXP-SED.post; + p < 0.05 significant difference with respect
RSD-SED.post.

3.6. Voluntary Wheel Running Induced CPP and Neutralized the Development of Preference for an
Effective Dose of Cocaine (3 mg/kg)

The ANOVA performed for these CPP data (see Figure 10) showed a significant effect
of the factor days [F(1,50) = 13.533, p < 0.001] and the interaction days x CPPModality
[F(2,50) = 3.571, p = 0.036]. The post hoc analysis showed that animals conditioned with a
voluntary running wheel associated with one compartment and a blocked (inactive) wheel
in the other compartment spent a significantly longer time in the active wheel compartment
in the Post-C than in the Pre-C (p < 0.01). Similarly, animals that underwent a CPP protocol
induced by 3 mg/kg of cocaine, which were controlled with an injection of saline in the non-
drug paired compartment, developed CPP for the drug-paired compartment (p < 0.001).
However, when one compartment was associated with a running wheel and the other with
3 mg/kg cocaine, no significant changes in the time of permanence of each compartment
were observed. Additionally, our analysis showed that the time spent in the drug-paired
compartment for animals conditioned with 3 mg/kg of cocaine in one compartment and
saline in the other was significantly higher when compared to the time spent in the drug-
paired compartment by animals also conditioned with 3 mg/kg in one compartment and a
running wheel in the other.
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Figure 10. Voluntary wheel running induced CPP and neutralized the development of a preference
for an effective dose of cocaine (3 mg/kg). The bars represent the time (s) spent in the active-wheel-
paired compartment (VWR group) or in the cocaine-drug-paired compartment (3 mg/kg-cocaine and
3 mg/kg-cocaine-versus-VWR groups). White bars represent the time (s) spent during the Pre-C test
and dark gray bars, after conditioning sessions in the Post-C test; ** p < 0.01; *** p <0.001 significant
difference in the time spent in the paired compartment with respect Pre-C; + p < 0.05 differences in the
time spent during the Post-C between the groups of 3 mg/kg cocaine and 3 mg/kg cocaine vs. VWR.

4. Discussion

The first aim of this study was to evaluate the effect of physical exercise on social-stress-
induced increase of the conditioned rewarding effects of cocaine mediated by the increased
neuroinflammatory response. The results showed that VWR increased cocaine-induced
CPP regardless of the social-defeat-stress exposure. For the animals housed in the standard
condition that are considered sedentary, only the ones that experienced intermittent social-
defeat stress developed CPP for a non-effective dose of cocaine. However, the increase
of physical activity by housing mice with one (1 x 4) or four (4 x 4) running wheels in
their home cage induced the development of conditioned preference for the cocaine-paired
compartment in non-stressed, as well as in defeated, mice. Only when the access to VWR
was limited and intermittent was the exercise capable of blocking the increase in cocaine-
induced CPP. When effective doses of cocaine were used, intermittent VWR modulated the
memories associated with the drug. While VWR increased the time needed to extinguish
the preference in non-stressed animals, it also reduced the time needed to achieve extinction
in defeated mice. With respect the neuroinflammatory response, all the modalities of WVR
increased the expression of IL-6 levels in plasma and also in the striatum and hippocampus.
However, the results regarding the second aim of the study showed that VWR was, in
general, an effective intervention to reduce hormonal response to social defeat, although
corticosterone levels were higher in those animals that compete for the use of the exercise
wheel (1 X 4 group). As a third aim, we showed the potential of physical exercise to increase
the expression of BDNF, as access to VWR induced a very intense increase in BDNF levels,
irrelevant of the stress experience, in both the striatum and hippocampus. As final aim,
we showed that VWR can act as a hedonic substitute that competes with the rewarding
potential of cocaine in the establishment of conditioned drug memories.

4.1. Only Intermittent VWR Counteracted the Increased Cocaine CPP Induced by Social Defeat

Animals housed in sedentary condition presented a significant increase of plasmatic
corticosterone levels measured 30 min after the last agonistic encounter when compared
with the hormone levels of animals that had undergone a similar experimental manipu-
lation but without experiencing social defeat. This rise in corticosterone levels was not
observed in socially defeated animals housed with four activity wheels (4 x 4-RSD) or
with intermittent access to VWR (INT-RSD). These results are in agreement with those of
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previous studies that also showed that regular physical exercise blunts the neuroendocrine
response to stressors and promotes a decrease in corticosterone response to acute-stress
challenges [10,58]. Physical exercise acts as an acute stressor [10,59], but after repeated
exposures, it promotes an adaptation of the hypothalamic-pituitary—-adrenal axis, thereby
decreasing reactivity to further challenges [58,60,61]. Therefore, free access to physical
activity counteracts corticosterone increase after social defeat. However, we did not record
this protective effect in the groups of animals housed with one activity wheel (1 x 4-RSD).
We hypothesized that, as animals had only one activity wheel per cage with four mice, there
was a competition for that resource that also causes stress. In fact, other researchers have
previously described that limited environmental-enrichment items can promote aggressive
competition [62,63]. Additionally, this aggressiveness may be highlighted by the fact that
animals being denied access to the resource can also display increased aggression as an
indicator of exercise withdrawal [64].

Despite that the majority of VWR modalities analyzed promoted a decrease in the
endocrine response to social stressors, we did not observe a protective effect over the
enhancement of drug reward induced by RSD. We found that all the animals with con-
tinuous access to running wheels developed CPP for a subthreshold dose of cocaine. In
light of previous reports, we only expected to observe CPP in socially defeated mice, as
intermittent social stress has been proven to sensitize the reward system by increasing
cocaine-conditioned rewarding effects [33,34,37,38]. However, among non-stressed groups,
those exposed to continuous VWR showed higher CPP than those in the sedentary con-
dition or with intermittent access. Not only did continued VWR schedules not protect
against the increase in cocaine reward induced by social defeat, but it somehow enhanced
the development of the place-preference conditioning. In fact, there are several studies
that also found an enhancement of the formation of morphine- and cocaine-contextual-
associated memories after VWR [14,25,26]. However, it is necessary to emphasize that
there are also many studies that have reported a protective effect with decreased CPP of
cocaine, ethanol, or morphine on animals with access to running wheels [21-24]. More
consistent results are reported in studies that employ a self-administration paradigm. A
majority of these papers point out that physical activity reduces the consumption of drugs
such as methamphetamine, cocaine, and heroin [14-18] and prevents the reinstatement of
drug-seeking behavior after extinction [16,19]. In fact, we recently published a study in
which we found that intermittent VWR was capable of blocking the increase in ethanol
consumption induced by social defeat on a self-administration paradigm [11]. We suggest
that, even if both paradigms evaluate associative drug learning, CPP evaluates respondent
conditioning, and self-administration is based on instrumental conditioning, which in-
volves distinct mechanisms and brain regions [65]. Another reason that probably explains
these discrepant results could be the different access pattern to VWR. Intermittent and
controlled access to the wheels showed a protective effect to stress-induced increase in
cocaine preference. Those defeated mice exposed to intermittent VWR did not develop a
preference for a non-effective dose of cocaine. However, a non-significant increase in the
time spent in the cocaine-paired compartment during the Post-C test was observed in the
non-stress group with intermittent access, pointing to the ability of physical exercise to
increase contextual associative memories.

4.2. VWR Increased BDNF and Neuroinflammatory Response

Several mechanisms could underlie the enhancement exerted by physical activity on
the potential of cocaine to induce CPP. Physical activity in the three different configurations
analyzed (1 x 4,4 x 4, and INT) promoted an elevation of striatal and hippocampal levels
of the pro-inflammatory cytokine IL-6, an inflammatory effect that was exacerbated in
animals that also experienced intermittent social-defeat stress. We previously reported that
increases of IL-6 can sustain the enhanced response to cocaine in CPP [37]. There is a vast
body of scientific publications that confirm the inflammatory effects of social-defeat stress
and its potential to induce a sensitization of the immune system to further inflammatory
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challenges [37,66,67]. Moreover, the susceptibility of an individual to display inflammatory
states after stress experiences has been directly related to the susceptibility to develop
stress-associated pathologies (see revision in Reference [48]). Given its promising effects
in blocking the endocrine response to stressors, we expected that VWR would also have a
buffering effect against the sensitization of the immune system induced by social stress;
however, our results point in the opposite direction. While some studies and revisions have
highlighted the anti-inflammatory effects of exercise in both humans and rodents [68,69],
these beneficial effects seem to be dependent on the exercise intensity, duration, and initial
inflammatory state [70-73].

During physical effort, there is a peak of release of IL-6 by muscles that rapidly de-
creases after exercise [73-76], and its function has been connected with muscle metabolism
processes [77]. This acute pro-inflammatory signaling from exercise is followed by a tran-
sient anti-inflammatory state caused by the induction of anti-inflammatory cytokines such
as IL-10 and by the inhibition of the synthesis of other pro-inflammatory cytokines such as
TNF-« [78,79]. This anti-inflammatory post-effect of exercise has been proven to be effective
to regulate inflammatory patterns in states with elevated chronic inflammation, such as in
depression, or in type 2 diabetes or obesity [70,79-83]. In subjects with homeostatic levels
of inflammatory markers, it seems that the volume of exercise and the intensity determines
whether it exerts an anti-inflammatory or an inflammatory effect [84]. Increases in intensity
and volume are translated into increases in IL-6 plasmatic concentrations, which can modify
the net result of this response, turning an initial anti-inflammatory effect into an inflamma-
tory effect [85]. In an interesting study with humans, Paolucci and collaborators [86] found
that, while moderate exercise reduced TNF-« and improved mood, high-intensity exercise
promoted higher levels of perceived stress and inflammation.

Some researchers claim that wheel-running behavior in mice shares some character-
istics of a stereotypical or addictive behavior, which also can turn into maladaptive and
obsessive behavior [87]. For instance, in a regimen of limited hours of access to food,
animals will choose to run on the wheel rather than spend the time eating [88]. Therefore,
it is likely that the enhancement of central and peripheral IL-6 levels registered in animals
with access to voluntary running wheels is caused by a pattern of excessive exercise. In a
previous research study, we found that increased IL-6 signaling can predict stress suscepti-
bility to develop a sensitization to the rewarding effects of cocaine, while the prevention
of this inflammatory state reversed the stress enhancement of cocaine CPP [37]. Thus,
the enhanced inflammatory state induced by excessive VWR could help to explain CPP
development. Unfortunately, the running wheels employed in the present study do not
allow us to determine the intensity of the exercise performed by each mouse; this is a
limitation to consider in the present study.

Another possible factor that could explain this increased CPP is the enhanced BDNF
levels in the hippocampus and the striatum of animals under physical activity. Physical
activity in running wheels has been previously liked to increase levels of BDNF [14,89,90],
and accordingly, we found increases of BDNF in the striatum and the hippocampus of
animals exposed to VWR, with even higher hippocampal levels in animals housed with
one activity wheel (1 x 4). BDNF sustains the plastic process in the brain, as well as
neurogenesis [91], and enhanced levels of this neurotrophin, mainly in the hippocampus,
have been linked to enhanced cognitive performance with enhanced memory consolidation
and learning [92]. As CPP establishment is sustained by an associative learning process
between the interoceptive response and environmental cues [50], an enhanced capacity
of learning and memory would impact CPP outcomes [14]. In fact, some researchers
have previously reported that experiences of voluntary exercise increased BDNF in the
hippocampus and promoted grater magnitudes of CPP induced by morphine [25] and
cocaine [14]. While a deep discussion is out of the scope of the present study;, is it worth
mentioning that there is complex modulatory bidirectional mechanism between cytokines
and BDNF [93]. Exercise stimulates the production of myokines, such as irisin, that have
been related to an increase of BDNF levels. It also promotes the increase of inflammatory
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markers, such as IL-6, that can suppress BDNF expression [94,95], and in turn, BDNF levels
also participate in the modulation of the neuroimmune axis [95].

4.3. VWR Favor Extinction of Conditioned Cocaine Memories Only in Defeated Mice

Although these results suggest that VWR increases sensitivity to the conditioned
rewarding effects of cocaine, this should not mean that physical exercise increases suscepti-
bility to cocaine addiction. In fact, physical exercise can also promote positive outcomes,
such as increased learning, which may also accelerate the extinction of context-associated
drug memories, stimulating the creation of new memories of the non-availability of drug
reward. This perspective was explored in our second study.

As expected, 10 mg/kg was an effective cocaine dose that induced CPP in all ex-
perimental groups. When analyzing the time required to extinguish this preference, we
the found that those animals with a previous history of social defeat (RSD-SED.Post) re-
quired more extinction sessions than those in the control stress group (EXP-SED.Post).
This result was not surprising, as, in previous published works, we had already reported
and discussed the potential of social defeat to increase the duration of drug-associated
memories [37,38,96,97].

Taking into consideration the increase in BDNF levels observed in Study 1, we expected
that an increase of physical exercise during extinction would potentiate associative learning,
and therefore, a faster extinction of drug-associated memories. In fact, the majority of
papers point that the moment when wheel running can exert its maximum benefit is
after the acquisition of drug memories. For instance, Solinas and coworkers [98] showed
that, after cocaine CPP establishment, animals housed in an enriched environment with
free access to activity wheels were protected against cocaine-primed reinstatement of the
conditioned preference. Similarly, Sikora and coworkers [99] found that animals housed
with access to activity wheels after methamphetamine, nicotine and heroine acquisition of
self-administration behavior reduced drug-seeking behavior during abstinence.

However, we found different effects depending on the stress background of the ex-
perimental subjects. While we observed a faster extinction in socially defeated animals
with a regimen of intermittent VWR (RSD-INT.Post) when compared to their sedentary
counterparts (RSD-SED.Post), we observed the opposite effect in non-stressed animals.
Non-stressed animals with intermittent VWR (EXP-INT.Post) required more extinction
sessions to abolish the conditioned preference than non-stressed sedentary animals (EXP-
SED.Post). In comparable studies carried out with male mice and a similar CPP protocol
with a dose of 10 mg/kg cocaine Mustroph and collaborators [23,26] found that the access
to VWR after CPP protocol exerted a robust effect of reducing drug-associated memories.
When discussing their results Mustroph and collaborators [23,26] also pointed that this
decrease of CPP was linked to VWR pro-cognitive effects, which were linked to a BDNF
upregulation. The main difference between their experimental design and ours is the inclu-
sion of the variable stress, which has also been demonstrated to modulate BDNF expression
in the mesolimbic circuit [100], and this factor may be underlying observed discrepancies
between the two different stress conditions and between previous published studies.

4.4. VWR Acts as an Alternative Reinforcer for Cocaine-Induced CPP

In the third study, we explored the possibility that VWR not only affects learning
processes, but also modulates the perception of intrinsic reward of cocaine. Our results
confirmed that VWR has a rewarding effect that is able to counteract the cocaine potential
to establish CPP. First, we confirmed, following the same conditioning procedure used for
cocaine, that VWR has enough rewarding potential to promote place preference for the
wheel-paired compartment in naive animals without previous experiences with activity
wheels. This result confirmed previous results of other researchers showing that rats
and mice learn to lever-press for access to a running wheel [101] and develop CPP to the
after-effects of running episodes [102,103]. The interesting result of our study is that these
rewarding properties are strong enough to compete against the conditioned rewarding
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properties of an effective dose of cocaine (3 mg/kg). When this dose was associated
with one compartment and controlled with an injection of saline in the other, cocaine
induced a strong preference for the drug-paired compartment, a phenomenon that has also
been reported in previous studies [39]. However, when one compartment was associated
with 3 mg/kg of cocaine and the other with a VWR experience, animals did not develop a
conditioned preference for any compartment. As we previously discussed, physical exercise
is considered an alternative reinforcer, but the net effect of physical-exercise intervention,
whether it can exert a protective effect acting as a hedonic substitute or enhance drug
reward, seems to be related with the moment in which the intervention is applied.

Our results endorse that VWR activates the same brain circuits as other natural rewards
and drugs of abuse [104,105]. Access to reinforcers cause neuroplasticity in the mesolimbic
dopaminergic system, which promotes the maintenance of rewarding behaviors [106]. Akin
to our results, Lynch and coworkers [10] found that VWR, rather than having a protective
effect, increased ethanol preference. They posited that this effect was caused by the fact that,
if physical exercise is experienced before contact with the drug, it sensitizes and prepares
the reward system to the rewarding effects of ethanol, and these effects act as a hedonic
substitute of wheel running. However, when the first experience with VWR is concurrent
with the drug, it exerts a protective effect, as it competes with drug potential to establish
context memories, as we found in Study 3. Other studies have also reported protective
effects of concurrent access to wheel running during drug-memory acquisition, such as the
suppression of cocaine self-administration [107] and decreased cocaine-seeking behavior
during extinction [108].

5. Conclusions

To sum up, our results showed that an increase of regular physical exercise through
VWR experiences blunted the secretion of corticosterone in response to RSD stress. How-
ever, in spite of this decrease in the endocrine response to social stress, animals exposed to
continuous physical activity were not protected against the stress-induced enhancement
of the conditioned rewarding effects of cocaine. In fact, only intermittent access to VWR
decreased mice’s sensitivity to the conditioned rewarding effects of cocaine. This result is
relevant because contextual cues associated with the drug play a critical role in the develop-
ment and maintenance of addictive disorders and can also promote relapse. This increase
in vulnerability to develop cocaine-induced CPP can be promoted by the inflammatory
potential of physical exercise and its improvement over associative learning through BDNF
actions in the hippocampus and the striatum. Additionally, this effect may also be caused
by a direct sensitization of the reward pathway by VWR, which, in Study 3, proved to be
a powerful natural reinforcer. When applied after the establishment of drug-to-context
associations, VWR exerted a dual effect depending on the stress background of the animal,
as it decreased the number of extinction sessions in stressed animals, whereas it was in-
creased in non-stressed mice. In this regard, further exploration of the interaction between
social-stress experiences and the role of physical exercise in drug-memories extinction
should be carried out in order to create a better understanding and to ensure the optimal
exercise benefit.

Together, these results highlight that physical exercise deeply impacts the organism’s
response to stress and drugs. Thus, we believe that a good design of a physical intervention
should take into consideration factors such as the duration of the exercise in order to be an
effective tool in the management of stress and abstinence. This research work would help
to optimize the designs of physical interventions, as it increases our understanding of the
neurobiological effects of physical exercise.

Author Contributions: Conceptualization, M.R.-A. and C.E.-P.; methodology, C.E.-P. and M.D.R;
software, C.E-P. and M.R.-A.; formal analysis, C.F.-P. and M.R.-A; investigation, C.E-P. and M.D.R.;
resources, ].M. and M.R.-A.; data curation, M.R.-A.; writing—original draft preparation, C.E.-P;
writing—review and editing, C.E.-P. and M.R.-A.; supervision, M.R.-A. and ].M.; project administra-



Biomedicines 2022, 10, 2373 19 of 23

tion, M.R.-A. and ].M.; funding acquisition, M.R.-A. and ].M. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the following grants: PID-2020-112672RB-100 by MCIN/AEI/
10.13039/501100011033 and ERDF A way of making Europe; Instituto de Salud Carlos III, Red
de Trastornos Adictivos RTA (RD16/0017/0007), Atencién primaria, cronicidad y promocion de
la salud, RED DE INVESTIGACION EN ATENCION PRIMARIA DE ADICCIONES (RIAPAd)
RD21/0009/0005 and Unién Europea, ERDF A way of making Europe.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by an Institutional Review Committee for the use of animal subjects (Comité
d’Etica d’Experimentaci6 i Benestar Animal, number 2015/VSC/PEA /00168). Procedures involving
mice and their care were conducted according to national, regional, and local laws and regulations,
which are in compliance with the Directive 2010/63/EU.

Informed Consent Statement: Not applicable.
Acknowledgments: We wish to thank Guillem Chulid for his English language editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Heilig, M.; MacKillop, J.; Martinez, D.; Rehm, J.; Leggio, L.; Vanderschuren, L.J.M.]. Addiction as a brain disease revised: Why it
still matters, and the need for consilience. Neuropsychopharmacology 2021, 46, 1715-1723. [CrossRef] [PubMed]

2. Salmon, P. Effects of physical exercise on anxiety, depression, and sensitivity to stress: A unifying theory. Clin. Psychol. Rev. 2001,
21, 33-61. [CrossRef]

3.  Lisha, N.E,; Sussman, S. Relationship of high school and college sports participation with alcohol, tobacco, and illicit drug use: A
review. Addict. Behav. 2010, 35, 399-407. [CrossRef] [PubMed]

4. Bardo, M.T.; Compton, W.M. Does physical activity protect against drug abuse vulnerability? Drug Alcohol Depend. 2015, 153,
3-13. [CrossRef] [PubMed]

5. Linke, S.E.; Ussher, M. Exercise-based treatments for substance use disorders: Evidence, theory, and practicality. Am. |. Drug
Alcohol Abus. 2014, 41, 7-15. [CrossRef] [PubMed]

6. Lespine, L.-F; Tirelli, E. Evidence for a long-term protection of wheel-running exercise against cocaine psychomotor sensitization
in adolescent but not in adult mice. Behav. Brain Res. 2018, 349, 63-72. [CrossRef]

7. Mul, ]. Voluntary exercise and depression-like behavior in rodents: Are we running in the right direction? J. Mol. Endocrinol. 2018,
60, R77-R95. [CrossRef]

8.  Greenwood, B.N.; Foley, T.E.; Day, H.; Campisi, ].; Hammack, S.H.; Campeau, S.; Maier, S.E.; Fleshner, M. Freewheel Running
Prevents Learned Helplessness/Behavioral Depression: Role of Dorsal Raphe Serotonergic Neurons. J. Neurosci. 2003, 23,
2889-2898. [CrossRef]

9. Greenwood, B.N.; Foley, TE.; Le, T.V,; Strong, P.V.; Loughridge, A.B.; Day, H.E.; Fleshner, M. Long-term voluntary wheel running
is rewarding and produces plasticity in the mesolimbic reward pathway. Behav. Brain Res. 2011, 217, 354-362. [CrossRef]

10. Lynch, C.A.; Porter, B.; Butler, T.R. Access to voluntary running wheel exercise: Prevention of anxiety-like behavior in chronically
stressed rats, but potentiation of ethanol intake/preference. Physiol. Behav. 2019, 206, 118-124. [CrossRef]

11.  Reguilén, M.D.; Ferrer-Pérez, C.; Ballestin, R.; Mifarro, J.; Rodriguez-Arias, M. Voluntary wheel running protects against the
increase in ethanol consumption induced by social stress in mice. Drug Alcohol Depend. 2020, 212, 108004. [CrossRef] [PubMed]

12.  Darlington, T.M.; McCarthy, R.D.; Cox, R.J.; Miyamoto-Ditmon, J.; Gallego, X.; Ehringer, M.A. Voluntary wheel running reduces
voluntary consumption of ethanol in mice: Identification of candidate genes through striatal gene expression profiling. Genes
Brain Behav. 2016, 15, 474-490. [CrossRef] [PubMed]

13. Ehringer, M.A_; Hoft, N.R.; Zunhammer, M. Reduced alcohol consumption in mice with access to a running wheel. Alcohol 2009,
43,443-452. [CrossRef] [PubMed]

14.  Smith, M.A; Gergans, S.R.; Iordanou, ].C.; Lyle, M.A. Chronic exercise increases sensitivity to the conditioned rewarding effects
of cocaine. Pharmacol. Rep. 2008, 60, 561-565. [PubMed]

15.  Smith, M.A.; Pitts, E.G. Access to a running wheel inhibits the acquisition of cocaine self-administration. Pharmacol. Biochem.
Behav. 2011, 100, 237-243. [CrossRef]

16. Smith, M.A.; Witte, M. A. The effects of exercise on cocaine self-administration, food-maintained responding, and locomotor
activity in female rats: Importance of the temporal relationship between physical activity and initial drug exposure. Exp. Clin.
Psychopharmacol. 2012, 20, 437-446. [CrossRef]

17.  Miller, M.L,; Vaillancourt, B.D.; Wright, M.]., Jr.; Aarde, S.M.; Vandewater, S.A.; Creehan, K.M.; Taffe, M. A. Reciprocal inhibitory

effects of intravenous d-methamphetamine self-administration and wheel activity in rats. Drug Alcohol Depend. 2012, 121, 90-96.
[CrossRef]


http://doi.org/10.1038/s41386-020-00950-y
http://www.ncbi.nlm.nih.gov/pubmed/33619327
http://doi.org/10.1016/S0272-7358(99)00032-X
http://doi.org/10.1016/j.addbeh.2009.12.032
http://www.ncbi.nlm.nih.gov/pubmed/20100638
http://doi.org/10.1016/j.drugalcdep.2015.05.037
http://www.ncbi.nlm.nih.gov/pubmed/26091750
http://doi.org/10.3109/00952990.2014.976708
http://www.ncbi.nlm.nih.gov/pubmed/25397661
http://doi.org/10.1016/j.bbr.2018.04.054
http://doi.org/10.1530/JME-17-0165
http://doi.org/10.1523/JNEUROSCI.23-07-02889.2003
http://doi.org/10.1016/j.bbr.2010.11.005
http://doi.org/10.1016/j.physbeh.2019.03.028
http://doi.org/10.1016/j.drugalcdep.2020.108004
http://www.ncbi.nlm.nih.gov/pubmed/32408137
http://doi.org/10.1111/gbb.12294
http://www.ncbi.nlm.nih.gov/pubmed/27063791
http://doi.org/10.1016/j.alcohol.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19801274
http://www.ncbi.nlm.nih.gov/pubmed/18799826
http://doi.org/10.1016/j.pbb.2011.08.025
http://doi.org/10.1037/a0029724
http://doi.org/10.1016/j.drugalcdep.2011.08.013

Biomedicines 2022, 10, 2373 20 of 23

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Smith, M.A_; Pitts, E. Wheel running decreases the positive reinforcing effects of heroin. Pharmacol. Rep. 2012, 64, 960-964.
[CrossRef]

Sanchez, V.; Lycas, M.D.; Lynch, W.J.; Brunzell, D.H. Wheel running exercise attenuates vulnerability to self-administer nicotine
in rats. Drug Alcohol Depend. 2015, 156, 193-198. [CrossRef]

Tzschentke, T.M. Review on CPP: Measuring reward with the conditioned place preference (CPP) paradigm: Update of the last
decade. Addict. Biol. 2007, 12, 227-462. [CrossRef]

Cont6, M.B.; dos Santos, N.B.; Munhoz, C.D.; Marcourakis, T.; D’Almeida, V.; Camarini, R. Exposure to Running Wheels Prevents
Ethanol Rewarding Effects: The Role of CREB and Deacetylases SIRT-1 and SIRT-2 in the Nucleus Accumbens and Prefrontal
Cortex. Neuroscience 2021, 469, 125-137. [CrossRef] [PubMed]

Lett, B.T.; Grant, V.L.; Koh, M.T.; Flynn, G. Prior experience with wheel running produces cross-tolerance to the rewarding effect
of morphine. Pharmacol. Biochem. Behav. 2002, 72, 101-105. [CrossRef]

Mustroph, M.; Pinardo, H.; Merritt, J.; Rhodes, J. Parameters for abolishing conditioned place preference for cocaine from running
and environmental enrichment in male C57BL /6] mice. Behav. Brain Res. 2016, 312, 366-373. [CrossRef] [PubMed]

Rozeske, R.R.; Greenwood, B.N.; Fleshner, M.; Watkins, L.R.; Maier, S.F. Voluntary wheel running produces resistance to
inescapable stress-induced potentiation of morphine conditioned place preference. Behav. Brain Res. 2011, 219, 378-38]1.
[CrossRef]

Eisenstein, S.A.; Holmes, P.V. Chronic and voluntary exercise enhances learning of conditioned place preference to morphine in
rats. Pharmacol. Biochem. Behav. 2007, 86, 607—615. [CrossRef]

Mustroph, M.L.; Stobaugh, D.J.; Miller, D.S.; DeYoung, E.K.; Rhodes, J.S. Wheel running can accelerate or delay extinction of
conditioned place preference for cocaine in male C57BL/6] mice, depending on timing of wheel access. Eur. ]. Neurosci. 2011, 34,
1161-1169. [CrossRef]

Lynch, W.J.; Peterson, A.B.; Sanchez, V.; Abel, J.; Smith, M. A. Exercise as a novel treatment for drug addiction: A neurobiological
and stage-dependent hypothesis. Neurosci. Biobehav. Rev. 2013, 37, 1622-1644. [CrossRef]

Almeida, D.M. Resilience and Vulnerability to Daily Stressors Assessed via Diary Methods. Curr. Dir. Psychol. Sci. 2005, 14, 64—68.
[CrossRef]

Niedhammer, I; David, S.; Degioanni, S.; Drummond, A.; Philip, P.; Acquarone, D.; Aicardi, F.; André-Mazeaud, P.; Arsento, M.;
Astier, R.; et al. Workplace Bullying and Psychotropic Drug Use: The Mediating Role of Physical and Mental Health Status. Ann.
Occup. Hyg. 2010, 55, 152-163. [CrossRef]

Sullivan, T.N.; Farrell, A.D.; Kliewer, W. Peer victimization in early adolescence: Association between physical and relational
victimization and drug use, aggression, and delinquent behaviors among urban middle school students. Dev. Psychopathol. 2006,
18, 119-137. [CrossRef]

Hammels, C.; Pishva, E.; De Vry, J.; Hove, D.L.V.D.; Prickaerts, J.; van Winkel, R.; Selten, J.-P.; Lesch, K.-P.; Daskalakis, N.P.;
Steinbusch, H.W.; et al. Defeat stress in rodents: From behavior to molecules. Neurosci. Biobehav. Rev. 2015, 59, 111-140. [CrossRef]
[PubMed]

Neisewander, ].L.; Peartree, N.A.; Pentkowski, N.S. Emotional valence and context of social influences on drug abuse-related
behavior in animal models of social stress and prosocial interaction. Psychopharmacology 2012, 224, 33-56. [CrossRef] [PubMed]
Ferrer-Pérez, C.; Castro-Zavala, A.; Lujan, M.A.; Filarowska, J.; Ballestin, R.; Mifiarro, J.; Rodriguez-Arias, M. Oxytocin prevents
the increase of cocaine-related responses produced by social defeat. Neuropharmacology 2019, 146, 50-64. [CrossRef] [PubMed]
Montagud-Romero, S.; BlancoGandia, M.C.; Reguilén, M.D.; FerrerPérez, C.; Ballestin, R.; Mifiarro, J.; RodriguezArias, M. Social
defeat stress: Mechanisms underlying the increase in rewarding effects of drugs of abuse. Eur. |. Neurosci. 2018, 48, 2948-2970.
[CrossRef]

Boyson, C.O.; Holly, E.N.; Shimamoto, A.; Albrechet-Souza, L.; Weiner, L.A.; DeBold, J.F; Miczek, K.A. Social Stress and
CRF-Dopamine Interactions in the VTA: Role in Long-Term Escalation of Cocaine Self-Administration. J. Neurosci. 2014, 34,
6659-6667. [CrossRef]

Covington, H.E.; Miczek, K.A. Repeated social-defeat stress, cocaine or morphine: Effects on behavioral sensitization and
intravenous cocaine self-administration “binges. Psychopharmacology 2001, 158, 388-398. [CrossRef]

Ferrer-Pérez, C.; Martinez, T.E.; Montagud-Romero, S.; Ballestin, R.; Reguilén, M.D.; Mifarro, J.; Rodriguez-Arias, M. In-
domethacin blocks the increased conditioned rewarding effects of cocaine induced by repeated social defeat. PLoS ONE 2018,
13, €0209291. [CrossRef]

Ferrer-Pérez, C.; Reguilén, M.D.; Manzanedo, C.; Aguilar, M.A.; Mifiarro, ].; Rodriguez-Arias, M. Antagonism of corticotropin-
releasing factor CRF 1 receptors blocks the enhanced response to cocaine after social stress. Eur. |. Pharmacol. 2018, 823, 87-95.
[CrossRef]

Reguilon, M.D.; Montagud-Romero, S.; Ferrer-Perez, C.; Roger-Sanchez, C.; Aguilar, M.A.; Mifiarro, J.; Rodriguez-Arias, M.
Dopamine D2 receptors mediate the increase in reinstatement of the conditioned rewarding effects of cocaine induced by acute
social defeat. Eur. J. Pharmacol. 2017, 799, 48-57. [CrossRef]

Ganguly, P.; Honeycutt, J].A.; Rowe, ].R.; Demaestri, C.; Brenhouse, H.C. Effects of early life stress on cocaine conditioning and
AMPA receptor composition are sex-specific and driven by TNF. Brain, Behav. Immun. 2019, 78, 41-51. [CrossRef]


http://doi.org/10.1016/S1734-1140(12)70891-5
http://doi.org/10.1016/j.drugalcdep.2015.09.022
http://doi.org/10.1111/j.1369-1600.2007.00070.x
http://doi.org/10.1016/j.neuroscience.2021.06.029
http://www.ncbi.nlm.nih.gov/pubmed/34175423
http://doi.org/10.1016/S0091-3057(01)00722-5
http://doi.org/10.1016/j.bbr.2016.06.049
http://www.ncbi.nlm.nih.gov/pubmed/27363922
http://doi.org/10.1016/j.bbr.2011.01.030
http://doi.org/10.1016/j.pbb.2007.02.002
http://doi.org/10.1111/j.1460-9568.2011.07828.x
http://doi.org/10.1016/j.neubiorev.2013.06.011
http://doi.org/10.1111/j.0963-7214.2005.00336.x
http://doi.org/10.1093/annhyg/meq086
http://doi.org/10.1017/S095457940606007X
http://doi.org/10.1016/j.neubiorev.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26475995
http://doi.org/10.1007/s00213-012-2853-3
http://www.ncbi.nlm.nih.gov/pubmed/22955569
http://doi.org/10.1016/j.neuropharm.2018.11.011
http://www.ncbi.nlm.nih.gov/pubmed/30448423
http://doi.org/10.1111/ejn.14127
http://doi.org/10.1523/JNEUROSCI.3942-13.2014
http://doi.org/10.1007/s002130100858
http://doi.org/10.1371/journal.pone.0209291
http://doi.org/10.1016/j.ejphar.2018.01.052
http://doi.org/10.1016/j.ejphar.2017.01.039
http://doi.org/10.1016/j.bbi.2019.01.006

Biomedicines 2022, 10, 2373 21 of 23

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Rodriguez-Arias, M.; Montagud-Romero, S.; Carrion, A.M.G.; Ferrer-Pérez, C.; Pérez-Villalba, A.; Marco, E.; Gallardo, M.L.;
Viveros, M.-P,; Mifarro, J. Social stress during adolescence activates long-term microglia inflammation insult in reward processing
nuclei. PLoS ONE 2018, 13, e0206421. [CrossRef] [PubMed]

Miczek, K.A.; Nikulina, E.M.; Shimamoto, A.; Covington, H.E. Escalated or Suppressed Cocaine Reward, Tegmental BDNEF, and
Accumbal Dopamine Caused by Episodic versus Continuous Social Stress in Rats. J. Neurosci. 2011, 31, 9848-9857. [CrossRef]
[PubMed]

Newman, E.L.; Leonard, M.Z.; Arena, D.T.; de Almeida, R.M.; Miczek, K.A. Social defeat stress and escalation of cocaine and
alcohol consumption: Focus on CRF. Neurobiol. Stress 2018, 9, 151-165. [CrossRef]

Moura, AM.D.S.; Lamego, M. K,; Paes, F; Rocha, N.; Simoes-Silva, V.; Rocha, S.A.; Filho, A.S.D.S.; Rimes, R.; Manochio, J.;
Budde, H.; et al. Effects of Aerobic Exercise on Anxiety Disorders: A Systematic Review. CNS Neurol. Disord.-Drug Targets 2015,
14,1184-1193. [CrossRef] [PubMed]

Medina, J.L.; Vujanovic, A.A.; Smits, J.A.].; Irons, ].G.; Zvolensky, M.].; Bonn-Miller, M.O. Exercise and coping-oriented alcohol
use among a trauma-exposed sample. Addict. Behav. 2011, 36, 274-277. [CrossRef] [PubMed]

Mul, ].D.; Soto, M.; Cahill, M.; Ryan, R.E.; Takahashi, H.; So, K.; Zheng, J.; Croote, D.; Hirshman, M.E; La Fleur, S.E.; et al.
Voluntary wheel running promotes resilience to chronic social defeat stress in mice: A role for nucleus accumbens AFosB.
Neuropsychopharmacology 2018, 43, 1934-1942. [CrossRef]

Calpe-Lépez, C.; Martinez-Caballero, M.; Garcia-Pardo, M.; Aguilar, M. Intermittent voluntary wheel running promotes resilience
to the negative consequences of repeated social defeat in mice. Physiol. Behav. 2022, 254, 113916. [CrossRef]

Cathomas, F.; Murrough, ].W.; Nestler, E.J.; Han, M.-H.; Russo, S.J. Neurobiology of Resilience: Interface Between Mind and Body.
Biol. Psychiatry 2019, 86, 410-420. [CrossRef]

Hodes, G.E.; Pfau, M.L.; Leboeuf, M.; Golden, S.A.; Christoffel, D.J.; Bregman, D.; Rebusi, N.; Heshmati, M.; Aleyasin, H;
Warren, B.L.; et al. Individual differences in the peripheral immune system promote resilience versus susceptibility to social
stress. Proc. Natl. Acad. Sci. USA 2014, 111, 16136-16141. [CrossRef]

Baruch, D.E.; Swain, R.A.; Helmstetter, EJ. Effects of Exercise on Pavlovian Fear Conditioning. Behav. Neurosci. 2004, 118,
1123-1127. [CrossRef]

European Union. Directive (EU) 2010/63 of the European Parliament and of the Council of 22 September 2010 on the protection
of animals used for scientific purposes. Off. J. Eur. Union 2010, L276, 33-79.

Maldonado, C.; Rodriguez-Arias, M.; Castillo, A.; Aguilar, M.A.; Mifarro, ]. Gamma-hydroxybutyric acid affects the acquisition
and reinstatement of cocaine-induced conditioned place preference in mice. Behav. Pharmacol. 2006, 17, 119-131. [CrossRef]
[PubMed]

Rodriguez-Arias, M.; Mifiarro, J.; Aguilar, M.; Pinazo, J.; Simén, V. Effects of risperidone and SCH 23390 on isolation-induced
aggression in male mice. Eur. Neuropsychopharmacol. 1998, 8, 95-103. [CrossRef]

Burke, A.R.; DeBold, J.F.; Miczek, K.A. CRF type 1 receptor antagonism in ventral tegmental area of adolescent rats during
social defeat: Prevention of escalated cocaine self-administration in adulthood and behavioral adaptations during adolescence.
Psychopharmacology 2016, 233, 2727-2736. [CrossRef]

Montagud-Romero, S.; Montesinos, J.; Pascual, M.; Aguilar, M.A.; Roger-Sanchez, C.; Guerri, C.; Mifiarro, J.; Rodriguez-Arias, M.
Up-regulation of histone acetylation induced by social defeat mediates the conditioned rewarding effects of cocaine. Prog. Neuro
Psychopharmacol. Biol. Psychiatry 2016, 70, 39-48. [CrossRef]

Heffner, T.G.; Hartman, J.A.; Seiden, L.S. A rapid method for the regional dissection of the rat brain. Pharmacol. Biochem. Behav.
1980, 13, 453-456. [CrossRef]

Daza-Losada, M.; Rodriguez-Arias, M.; Aguilar, M.A.; Mifiarro, J. Acquisition and reinstatement of MDMA-induced conditioned
place preference in mice pre-treated with MDMA or cocaine during adolescence. Addict. Biol. 2009, 14, 447-456. [CrossRef]
Sasse, S.K.; Greenwood, B.N.; Masini, C.V.; Nyhuis, T.J.; Fleshner, M.; Day, H.E.; Campeau, S. Chronic voluntary wheel running
facilitates corticosterone response habituation to repeated audiogenic stress exposure in male rats: Original Research Report.
Stress 2008, 11, 425-437. [CrossRef]

Hayes, K.; Sprague, S.; Guo, M.; Davis, W.; Friedman, A.; Kumar, A.; Jimenez, D.E; Ding, Y. Forced, not voluntary, exercise
effectively induces neuroprotection in stroke. Acta Neuropathol. 2008, 115, 289-296. [CrossRef]

Droste, S.K.; Gesing, A.; Ulbricht, S.; Miiller, M.B.; Linthorst, A.C.E.; Reul, ] M.H.M. Effects of Long-Term Voluntary Exercise on
the Mouse Hypothalamic-Pituitary-Adrenocortical Axis. Endocrinology 2003, 144, 3012-3023. [CrossRef]

Pietrelli, A.; Di Nardo, M.; Masucci, A.; Brusco, A.; Basso, N.; Matkovic, L. Lifelong Aerobic Exercise Reduces the Stress Response
in Rats. Neuroscience 2018, 376, 94-107. [CrossRef] [PubMed]

Howerton, C.; Garner, J.P.; Mench, J.A. Effects of a running wheel-igloo enrichment on aggression, hierarchy linearity, and
stereotypy in group-housed male CD-1 (ICR) mice. Appl. Anim. Behav. Sci. 2008, 115, 90-103. [CrossRef]

Nevison, C.M.; Hurst, J.L.; Barnard, C.J. Strain-specific effects of cage enrichment in male laboratory mice (Mus musculus). Anim.
Welf. 1999, 8, 361-379.

Hoffmann, P.; Thorén, P.; Ely, D. Effect of voluntary exercise on open-field behavior and on aggression in the spontaneously
hypertensive rat (SHR). Behav. Neural Biol. 1987, 47, 346-355. [CrossRef]

Corbit, L.H.; Balleine, B.W. Learning and Motivational Processes Contributing to Pavlovian-Instrumental Transfer and Their
Neural Bases: Dopamine and Beyond. Behav. Neurosci. Motiv. 2015, 27, 259-289. [CrossRef]


http://doi.org/10.1371/journal.pone.0206421
http://www.ncbi.nlm.nih.gov/pubmed/30365534
http://doi.org/10.1523/JNEUROSCI.0637-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21734276
http://doi.org/10.1016/j.ynstr.2018.09.007
http://doi.org/10.2174/1871527315666151111121259
http://www.ncbi.nlm.nih.gov/pubmed/26556089
http://doi.org/10.1016/j.addbeh.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21111538
http://doi.org/10.1038/s41386-018-0103-z
http://doi.org/10.1016/j.physbeh.2022.113916
http://doi.org/10.1016/j.biopsych.2019.04.011
http://doi.org/10.1073/pnas.1415191111
http://doi.org/10.1037/0735-7044.118.5.1123
http://doi.org/10.1097/01.fbp.0000190685.84984.ec
http://www.ncbi.nlm.nih.gov/pubmed/16495720
http://doi.org/10.1016/S0924-977X(97)00051-5
http://doi.org/10.1007/s00213-016-4336-4
http://doi.org/10.1016/j.pnpbp.2016.04.016
http://doi.org/10.1016/0091-3057(80)90254-3
http://doi.org/10.1111/j.1369-1600.2009.00173.x
http://doi.org/10.1080/10253890801887453
http://doi.org/10.1007/s00401-008-0340-z
http://doi.org/10.1210/en.2003-0097
http://doi.org/10.1016/j.neuroscience.2018.02.019
http://www.ncbi.nlm.nih.gov/pubmed/29462703
http://doi.org/10.1016/j.applanim.2008.05.004
http://doi.org/10.1016/S0163-1047(87)90461-4
http://doi.org/10.1007/7854_2015_388

Biomedicines 2022, 10, 2373 22 of 23

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ambrée, O.; Ruland, C.; Scheu, S.; Arolt, V.; Alferink, J. Alterations of the Innate Immune System in Susceptibility and Resilience
After Social Defeat Stress. Front. Behav. Neurosci. 2018, 12, 141. [CrossRef]

Chan, K.L.; Cathomas, F.; Russo, S.J. Central and Peripheral Inflammation Link Metabolic Syndrome and Major Depressive
Disorder. Physiology 2019, 34, 123-133. [CrossRef]

Flynn, M.G.; McFarlin, B.K.; Markofski, M.M. State of the Art Reviews: The Anti-Inflammatory Actions of Exercise Training. Am.
J. Lifestyle Med. 2007, 1, 220-235. [CrossRef]

Gleeson, M.; Bishop, N.C.; Stensel, D.J.; Lindley, M.R.; Mastana, S.S.; Nimmo, M.A. The anti-inflammatory effects of exercise:
Mechanisms and implications for the prevention and treatment of disease. Nat. Rev. Immunol. 2011, 11, 607-615. [CrossRef]
Eldomiaty, M.A.; Almasry, S.M.; Desouky, M.K.; Algaidi, S.A. Voluntary running improves depressive behaviours and the
structure of the hippocampus in rats: A possible impact of myokines. Brain Res. 2017, 1657, 29—42. [CrossRef]

Eyre, H.; Baune, B.T. Neuroimmunological effects of physical exercise in depression. Brain, Behav. Immun. 2011, 26, 251-266.
[CrossRef] [PubMed]

Pedersen, B.K.; Hoffman-Goetz, L. Exercise and the Immune System: Regulation, Integration, and Adaptation. Physiol. Rev. 2000,
80, 1055-1081. [CrossRef] [PubMed]

Pinto, A.P; Da Rocha, A.L.; Kohama, E.B.; Gaspar, R.C.; Simabuco, F.; Frantz, FEG.; De Moura, L.P,; Pauli, ].R.; Cintra, D.E,;
Ropelle, E.R.; et al. Exhaustive acute exercise-induced ER stress is attenuated in IL-6-knockout mice. J. Endocrinol. 2019, 240,
181-193. [CrossRef]

Febbraio, M.A.; Pedersen, B.K. Muscle-derived interleukin-6: Mechanisms for activation and possible biological roles. FASEB ].
2002, 16, 1335-1347. [CrossRef]

Pedersen, B.K; Steensberg, A.; Schjerling, P. Muscle-derived interleukin-6: Possible biological effects. J. Physiol. 2001, 536, 329.
[CrossRef] [PubMed]

Pedersen, B.K. Muscles and their myokines. J. Exp. Biol. 2011, 214, 337-346. [CrossRef]

Pedersen, B.K.; Febbraio, M.A. Muscle as an Endocrine Organ: Focus on Muscle-Derived Interleukin-6. Physiol. Rev. 2008, 88,
1379-1406. [CrossRef]

Gleeson, M.; Walsh, N.P. The BASES Expert Statement on Exercise, Immunity, and Infection. J. Sports Sci. 2012, 30, 321-324.
[CrossRef]

Petersen, A.M.W.; Pedersen, B.K. The anti-inflammatory effect of exercise. J. Appl. Physiol. 2005, 98, 1154-1162. [CrossRef]
Pinto, A.; Di Raimondo, D.; Tuttolomondo, A.; Butta, C.; Milio, G.; Licata, G. Effects of Physical Exercise on Inflammatory Markers
of Atherosclerosis. Curr. Pharm. Des. 2012, 18, 4326—4349. [CrossRef]

Beavers, K.M.; Brinkley, T.E.; Nicklas, B.]. Effect of exercise training on chronic inflammation. Clin. Chim. Acta 2010, 411, 785-793.
[CrossRef] [PubMed]

Peppler, W.T,; Anderson, Z.G.; Sutton, C.D.; Rector, R.S.; Wright, D.C. Voluntary wheel running attenuates lipopolysaccharide-
induced liver inflammation in mice. Am. . Physiol. Integr. Comp. Physiol. 2016, 310, R934-R942. [CrossRef] [PubMed]
Rocha-Rodrigues, S.; Rodriguez, A.; Gongalves, 1.O.; Moreira, A.S.P.; Maciel, E.; Santos, S.; Domingues, M.R.; Friihbeck, G.;
Ascensao, A.; Magalhaes, J. Impact of physical exercise on visceral adipose tissue fatty acid profile and inflammation in response
to a high-fat diet regimen. Int. J. Biochem. Cell Biol. 2017, 87, 114-124. [CrossRef] [PubMed]

Balducdi, S.; Zanuso, S.; Nicolucci, A.; Fernando, F,; Cavallo, S.; Cardelli, P,; Fallucca, S.; Alessi, E.; Letizia, C.; Jimenez, A.; et al.
Anti-inflammatory effect of exercise training in subjects with type 2 diabetes and the metabolic syndrome is dependent on exercise
modalities and independent of weight loss. Nutr. Metab. Cardiovasc. Dis. 2010, 20, 608-617. [CrossRef] [PubMed]

Lombardi, G.; Ziemann, E.; Banfi, G. Physical Activity and Bone Health: What Is the Role of Immune System? A Narrative
Review of the Third Way. Front. Endocrinol. 2019, 10, 60. [CrossRef] [PubMed]

Paolucci, E.M.; Loukov, D.; Bowdish, D.M.; Heisz, ].J. Exercise reduces depression and inflammation but intensity matters. Biol.
Psychol. 2018, 133, 79-84. [CrossRef]

Novak, C.M.; Burghardt, P.R.; Levine, J.A. The use of a running wheel to measure activity in rodents: Relationship to energy
balance, general activity, and reward. Neurosci. Biobehav. Rev. 2012, 36, 1001-1014. [CrossRef]

Aoki, C.; Chowdhury, T.G.; Wable, G.S.; Chen, Y.-W. Synaptic changes in the hippocampus of adolescent female rodents associated
with resilience to anxiety and suppression of food restriction-evoked hyperactivity in an animal model for anorexia nervosa.
Brain Res. 2016, 1654, 102-115. [CrossRef]

Baj, G.; D’Alessandro, V.; Musazzi, L.; Mallei, A.; Sartori, C.R.; Sciancalepore, M.; Tardito, D.; Langone, F.; Popoli, M.; Tongiorgi, E.
Physical Exercise and Antidepressants Enhance BDNF Targeting in Hippocampal CA3 Dendrites: Further Evidence of a Spatial
Code for BDNF Splice Variants. Neuropsychopharmacology 2012, 37, 1600-1611. [CrossRef]

Vaynman, S.; Ying, Z.; Gomez-Pinilla, F. Hippocampal BDNF mediates the efficacy of exercise on synaptic plasticity and cognition.
Eur. J. Neurosci. 2004, 20, 2580-2590. [CrossRef]

Liu, PZ.; Nusslock, R. Exercise-Mediated Neurogenesis in the Hippocampus via BDNF. Front. Neurosci. 2018, 12, 52. [CrossRef]
[PubMed]

Erickson, K.I.; Voss, M.W.; Prakash, R.S.; Basak, C.; Szabo, A.; Chaddock, L.; Kim, J.S.; Heo, S.; Alves, H.; White, S.M.; et al.
Exercise training increases size of hippocampus and improves memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3017-3022.
[CrossRef] [PubMed]


http://doi.org/10.3389/fnbeh.2018.00141
http://doi.org/10.1152/physiol.00047.2018
http://doi.org/10.1177/1559827607300283
http://doi.org/10.1038/nri3041
http://doi.org/10.1016/j.brainres.2016.12.001
http://doi.org/10.1016/j.bbi.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21986304
http://doi.org/10.1152/physrev.2000.80.3.1055
http://www.ncbi.nlm.nih.gov/pubmed/10893431
http://doi.org/10.1530/JOE-18-0404
http://doi.org/10.1096/fj.01-0876rev
http://doi.org/10.1111/j.1469-7793.2001.0329c.xd
http://www.ncbi.nlm.nih.gov/pubmed/11600669
http://doi.org/10.1242/jeb.048074
http://doi.org/10.1152/physrev.90100.2007
http://doi.org/10.1080/02640414.2011.627371
http://doi.org/10.1152/japplphysiol.00164.2004
http://doi.org/10.2174/138161212802481192
http://doi.org/10.1016/j.cca.2010.02.069
http://www.ncbi.nlm.nih.gov/pubmed/20188719
http://doi.org/10.1152/ajpregu.00497.2015
http://www.ncbi.nlm.nih.gov/pubmed/26887432
http://doi.org/10.1016/j.biocel.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28438715
http://doi.org/10.1016/j.numecd.2009.04.015
http://www.ncbi.nlm.nih.gov/pubmed/19695853
http://doi.org/10.3389/fendo.2019.00060
http://www.ncbi.nlm.nih.gov/pubmed/30792697
http://doi.org/10.1016/j.biopsycho.2018.01.015
http://doi.org/10.1016/j.neubiorev.2011.12.012
http://doi.org/10.1016/j.brainres.2016.01.019
http://doi.org/10.1038/npp.2012.5
http://doi.org/10.1111/j.1460-9568.2004.03720.x
http://doi.org/10.3389/fnins.2018.00052
http://www.ncbi.nlm.nih.gov/pubmed/29467613
http://doi.org/10.1073/pnas.1015950108
http://www.ncbi.nlm.nih.gov/pubmed/21282661

Biomedicines 2022, 10, 2373 23 of 23

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Pignataro, P.; Dicarlo, M.; Zerlotin, R.; Zecca, C.; Dell’Abate, M.; Buccoliero, C.; Logroscino, G.; Colucci, S.; Grano, M.
FNDCS5/Irisin System in Neuroinflammation and Neurodegenerative Diseases: Update and Novel Perspective. Int. J. Mol. Sci.
2021, 22, 1605. [CrossRef] [PubMed]

Jehn, C.; Becker, B.; Flath, B.; Nogai, H.; Vuong, L.; Schmid, P; Liiftner, D. Neurocognitive function, brain-derived neurotrophic
factor (BDNF) and IL-6 levels in cancer patients with depression. J. Neuroimmunol. 2015, 287, 88-92. [CrossRef]

Jin, Y,; Sun, L.H,; Yang, W.; Cui, R.J.; Xu, S.B. The Role of BDNF in the Neuroimmune Axis Regulation of Mood Disorders. Front.
Neurol. 2019, 10, 515. [CrossRef]

Garcia-Pardo, M.; Blanco-Gandia, M.; Valiente-Lluch, M.; Rodriguez-Arias, M.; Mifiarro, J.; Aguilar, M. Long-term effects of
repeated social stress on the conditioned place preference induced by MDMA in mice. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 2015, 63, 98-109. [CrossRef]

Montagud-Romero, S.; Aguilar, M.; Maldonado, C.; Manzanedo, C.; Mifiarro, J.; Rodriguez-Arias, M. Acute social defeat stress
increases the conditioned rewarding effects of cocaine in adult but not in adolescent mice. Pharmacol. Biochem. Behav. 2015, 135,
1-12. [CrossRef]

Solinas, M.; Chauvet, C.; Thiriet, N.; El Rawas, R.; Jaber, M. Reversal of cocaine addiction by environmental enrichment. Proc.
Natl. Acad. Sci. USA 2008, 105, 17145-17150. [CrossRef]

Sikora, M.; Nicolas, C.; Istin, M.; Jaafari, N.; Thiriet, N.; Solinas, M. Generalization of effects of environmental enrichment on
seeking for different classes of drugs of abuse. Behav. Brain Res. 2018, 341, 109-113. [CrossRef]

Koo, J.W.; Chaudhury, D.; Han, M.-H.; Nestler, E.]J. Role of Mesolimbic Brain-Derived Neurotrophic Factor in Depression. Biol.
Psychiatry 2019, 86, 738-748. [CrossRef]

Belke, TW.; Garland, T., Jr. A brief opportunity to run does not function as a reinforcer for mice selected for high daily
wheel-running rates. J. Exp. Anal. Behav. 2007, 88, 199-213. [CrossRef] [PubMed]

Lett, B.; Grant, V.; Byrne, M.; Koh, M. Pairings of a distinctive chamber with the aftereffect of wheel running produce conditioned
place preference. Appetite 2000, 34, 87-94. [CrossRef] [PubMed]

Lett, B.; Grant, V.; Koh, M.T. Naloxone attenuates the conditioned place preference induced by wheel running in rats. Physiol.
Behav. 2001, 72, 355-358. [CrossRef]

Brené, S.; Bjernebekk, A.; Aberg, E.; Mathé, A.A.; Olson, L.; Werme, M. Running is rewarding and antidepressive. Physiol. Behav.
2007, 92, 136-140. [CrossRef] [PubMed]

Olsen, C.M. Natural rewards, neuroplasticity, and non-drug addictions. Neuropharmacology 2011, 61, 1109-1122. [CrossRef]
Koob, G.E,; Volkow, N.D. Neurocircuitry of Addiction. Neuropsychopharmacology 2010, 35, 217-238. [CrossRef]

Cosgrove, K.P.; Hunter, R.G.; Carroll, M.E. Wheel-running attenuates intravenous cocaine self-administration in rats: Sex
differences. Pharmacol. Biochem. Behav. 2002, 73, 663—-671. [CrossRef]

Zlebnik, N.E.; Anker, ].J.; Gliddon, L.A.; Carroll, M.E. Reduction of extinction and reinstatement of cocaine seeking by wheel
running in female rats. Psychopharmacology 2010, 209, 113-125. [CrossRef]


http://doi.org/10.3390/ijms22041605
http://www.ncbi.nlm.nih.gov/pubmed/33562601
http://doi.org/10.1016/j.jneuroim.2015.08.012
http://doi.org/10.3389/fneur.2019.00515
http://doi.org/10.1016/j.pnpbp.2015.06.006
http://doi.org/10.1016/j.pbb.2015.05.008
http://doi.org/10.1073/pnas.0806889105
http://doi.org/10.1016/j.bbr.2017.12.027
http://doi.org/10.1016/j.biopsych.2019.05.020
http://doi.org/10.1901/jeab.2007.62-06
http://www.ncbi.nlm.nih.gov/pubmed/17970415
http://doi.org/10.1006/appe.1999.0274
http://www.ncbi.nlm.nih.gov/pubmed/10744895
http://doi.org/10.1016/S0031-9384(00)00427-3
http://doi.org/10.1016/j.physbeh.2007.05.015
http://www.ncbi.nlm.nih.gov/pubmed/17561174
http://doi.org/10.1016/j.neuropharm.2011.03.010
http://doi.org/10.1038/npp.2009.110
http://doi.org/10.1016/S0091-3057(02)00853-5
http://doi.org/10.1007/s00213-010-1776-0

	Introduction 
	Materials and Methods 
	Animals 
	Drugs 
	Experimental Groups and Experimental Design 
	Apparatus and Procedures 
	Voluntary Running Wheels 
	Procedure of Repeated Social Defeat (RSD) 
	Conditioned Place Preference (CPP) 
	Collection and Analysis of Biological Samples 

	Statistical Analyses 

	Results 
	Physical Activity Modulates the Increase in Plasmatic Corticosterone Levels after an Episode of Social Defeat 
	The Increase of Physical Activity Enhanced Cocaine-Conditioned Rewarding Effects 
	Physical Activity in the Form of Wheel Running Increases IL-6 Concentration in Plasma, the Striatum, and the Hippocampus 
	Physical Activity in the Form of Wheel Running Increases BDNF Concentration in the Striatum and the Hippocampus 
	A Dose of 10 mg/kg of Cocaine Induced CPP and an Intermittent Regimen of Physical Exercise (VWR) Modulates Its Extinction 
	Voluntary Wheel Running Induced CPP and Neutralized the Development of Preference for an Effective Dose of Cocaine (3 mg/kg) 

	Discussion 
	Only Intermittent VWR Counteracted the Increased Cocaine CPP Induced by Social Defeat 
	VWR Increased BDNF and Neuroinflammatory Response 
	VWR Favor Extinction of Conditioned Cocaine Memories Only in Defeated Mice 
	VWR Acts as an Alternative Reinforcer for Cocaine-Induced CPP 

	Conclusions 
	References

