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Abstract

Resumen

Preclinical studies have shown that social stress increases vulnerabili-

Numerosos estudios preclínicos han demostrado que el estrés social
incrementa la vulnerabilidad a los efectos reforzantes de la cocaína.
Sin embargo, los resultados obtenidos no son homogéneos, observándose siempre una subpoblación que no muestra dicho incremento.
Utilizando el modelo de derrota social (DS) repetida en ratones, en
este trabajo hemos querido caracterizar conductualmente a los ratones resilientes al incremento de los efectos reforzantes de la cocaína
inducido por el estrés social. Utilizamos ratones adultos macho de la
cepa C57/BL6 a los que sometimos al protocolo de DS repetida y tres
semanas más tarde, realizamos el Condicionamiento de Preferencia
de Lugar (CPL) inducido por una dosis no efectiva de cocaína (1mg/
kg). Una vez finalizado este procedimiento se midieron los niveles
estriatales de interleucina 6, ya que el estrés social produce una respuesta de neuroinflamación. No se observó CPL en los ratones controles, pero los animales derrotados tomados en conjunto desarrollaron preferencia. Sin embargo, esta muestra se pudo dividir en ratones
resilientes (no desarrollaron preferencia) y susceptibles (presentaron
CPL). Durante las derrotas sociales, los animales resilientes pasaron
menos tiempo en las conductas de huida y sumisión que los catalogados como susceptible y presentaron conductas de ataque hacia el
ratón residente, manifestando por tanto resistencia a ser derrotados.
No se observaron diferencias en la respuesta de neuroinflamación,
probablemente debido al largo periodo de tiempo trascurrido desde
la última derrota social. Nuestros resultados sugieren que un estilo
de afrontamiento activo al estrés social va a ser determinante en la
protección del sujeto a desarrollar un trastorno por uso de drogas.
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ty to the reinforcing effects of cocaine. However, the results are not
always homogeneous, revealing a subpopulation that does not show a
preference for cocaine. Thus, the main aim of the present study was
to characterize the behavioral profile of resilient mice to the stress-induced rewarding effects of cocaine using an animal model of repeated
social defeat stress (SD). To this end, male adult mice of the C57/
BL6 strain were exposed to SD and, three weeks later, assessed using
the Conditioned Place Preference paradigm induced by an ineffective
dose of cocaine (1mg/kg). Afterwards, the striatal levels of interleukin
6 were measured, as social stress usually induces a neuroinflammatory response. Control mice did not develop CPP, while defeated mice
did overall develop a preference for the drug-paired compartment.
Based on the conditioning score that they exhibited, the SD sample
was subdivided into resilient (did not develop preference) and susceptible mice (developed preference). During the SD sessions, resilient
animals showed less flight and submission behaviors than susceptible mice and they presented attack behaviors towards the residents,
thereby showing their resistance to being defeated. There were no
differences in the neuroinflammatory response, probably due to the
long time elapsed after the last SD session. These results suggest that
an active coping style to social stress may be decisive in protecting the
individual from developing an addiction.
Keywords: resilience, cocaine, social stress, coping, interleukin 6.
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E

xposure to stress is an environmental factor
which has been directly related to the onset of
psychiatric disorders such as depression, anxiety or substance abuse disorders. However, not
all subjects are equally vulnerable to the consequences of
stress (Krishnan et al., 2007; Lutter et al., 2008). Recent
years have seen a great increase in the study of the phenomenon of stress resistance. Resilience is defined as the
ability of individuals to maintain adaptive psychological
and physical functioning, and to avoid the occurrence of
mental illness when exposed to chronic or high intensity
stress (Charney, 2004), with the mechanisms responsible
for resilience promoting an appropriate and non-pathological response to stress (Chmitorz et al., 2018). In recent
years, researchers have begun to identify the psychological
and biological characteristics of individuals resistant to social stress (Pfau & Russo, 2015). For example, there are a
number of behaviors and psychological traits, such as cognitive flexibility, active coping, optimism, or the feeling of
belonging to a group, which can favor a resilient response
in humans (Wood & Bhatnagar, 2015; Laird , Krause, Funes
& Lavretsky, 2019). However, most of these studies have focused on resilience to the development of depression, anxiety or post-traumatic stress disorder (Russo, Murrough,
Han, Charney & Nestler, 2012; Krishnan, 2014; Finnell &
Wood, 2016), with very few studies assessing resilience to
escalating drug use.
Most preclinical studies on stress resilience use the repeated or chronic model of social defeat (SD). This model
has great ethological and translational relevance since the
most common form of stress experienced by humans originates in their social environment. This model is based on
the resident-intruder paradigm, in which a male (intruder) animal is introduced into the territory of another (resident), who will confront and dominate the first (Miczek,
Yap & Covington., 2008; Chaouloff, 2013). Numerous studies have shown that repeated SD increases the use of cocaine and alcohol (Miczek et al., 2008; Burke & Miczek,
2014; Rodríguez-Arias et al., 2016, 2017; Montagud-Romero et al., 2016a; Ferrer-Pérez et al., 2018a). This increase
has been associated with a neuroinflammatory response
since defeated animals have shown an increase in inflammation markers such as cytokines or chemokines, greater
blood-brain barrier permeability as well as activation of the
microglia (Rodríguez-Arias et al., 2017, 2018; Ferrer-Pérez
et al., 2018a).
As with studies on humans, in most preclinical studies
the development of resilience to the development of depression or anxiety has been assessed in mice exposed to
repeated SD. In these studies, 24 hours after finishing the
final SD, animals are categorized as resilient or susceptible
depending on their behavior in a social interaction test.
Those maintaining higher social contact time are resilient,
while the susceptible show social avoidance (Krishnan et

al., 2007; Russo et al., 2012; Golden, Covington, Berton &
Russo, 2011; Henriques-Alves & Queiroz, 2015; Zhan et al.,
2018). Some studies have confirmed that among the factors that mediate resilience is a lower neuroinflammatory
response in resilient animals (Wang et al., 2018).
These results have led us to propose as a main objective
of the present study the characterization of those mice exposed to repeated SD which are resilient to the long-term
increase of the rewarding effects of cocaine. To this end,
three weeks after the final SD, we carried out the Conditioned Place Preference paradigm (CPP) with a sub-threshold dose of cocaine, a dose which is not effective in control
animals but which does induce preference in those socially defeated (Montagud-Romero et al., 2016a, 2016b). Behavioral characterization was carried out by assessing the
behavior of animals showing resilience during SD. Finally,
once the behavioral procedure was completed, we studied
the neuroinflammatory response by measuring the striatal
levels of interleukin 6 (IL6).

Material and Methods
Animals
We used 43 adult male mice of the C57BL6 strain, with
28 as experimental subjects (social defeat) and 15 as a control group (exposed only to exploration). Another 10 male
albino mice of the OF1 strain were also used as resident
mice in the repeated SD. All mice were purchased from
Charles River Laboratories (Barcelona, Spain.).

The experimental mice arrived on postnatal day (PND) 21 and were
housed in groups of 4 in 26x20x13 cm plastic cages. The
10 OF1 strain mice were housed in isolation for use as residents during repeated SD. The environmental conditions
were a temperature of 21 ± 2ºC and a relative humidity of
55%. The mice were kept throughout the procedure in a
12-hour light/dark cycle (8:00-20:00) and with water and
pellets ad libitum, except during behavioral tests. All procedures for the treatment and care of mice complied with
national, regional and local laws and regulations in accordance with international community guidelines, as set out
in European Community Council Directives (86/609/EEC, 24
November 1986). The study was carried out in the Drug Addiction Psychobiology Research Unit of the Department of
Psychobiology, Faculty of Psychology, University of Valencia. It was approved by the Animal Experimentation and
Welfare Ethics Committee of the University of Valencia
2017/VSC/PEA/00224-A1507028485045.

Pharmacological treatment
The animals were subjected to drug treatment only during the CPP procedure. Mice in both the control and the
experimental group were injected intraperitoneally with a
1 mg/kg dose of cocaine dissolved in 0.9% NaCl solution.
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This is considered a sub-threshold dose showing no preference of place in the CPP test with standard mice (Maldonado, Rodríguez-Arias, Castillo, Aguilar & Miñarro, 2006;
Vidal-Infer, Aguilar, Miñarro & Rodríguez-Arias, 2012),
while mice exposed to repeated SD do develop preference
(Rodríguez-Arias et al., 2017).

Sample collection
To obtain samples we followed the procedure of previous studies (Ferrer-Pérez et al., 2018b). Mice were killed
by cervical dislocation and subsequently decapitated. Brains were quickly removed and the striatum dissected after
the procedure described by Heffner et al. (Heffner, Hartman & Seiden, 1980) and kept on dry ice until stored at
-80° C.
Before determining IL-6 levels, the brains were homogenized and prepared following the procedure described
by Alfonso-Loeches et al. (2010). The striata were homogenized as 250 mg of tissue/0.5 ml of cold lysis buffer (1%
NP-40, 20 mM Tris-HCl, pH 8, 130 mM NaCl, 10 mM NaF,
10 μg/ml aprotinin, 10 μg/ml leupeptin, 40 mM DTT, 1
mM Na3VO4 and 10 mM PMSF). Brain homogenates were
kept on ice for 30 minutes and centrifuged at a speed of
11.519 x g for 15 minutes, after which the supernatant was
collected and protein levels were determined by the Bradford assay (Thermo Fisher, ref: 23227).

Experimental design
Table 1 shows the experimental design of the present
study in detail. All mice arrived at the laboratory aged 21
days. After three weeks of adaptation in the animal facility, at PND 47, the four SD sessions began. Three weeks
after the final SD, we performed the CPP (three days of
pre-conditioning, four days of conditioning and one day
of post-conditioning). Finally, after completing the entire
experimental procedure, the animals were killed to enable
the collection of biological samples.

Apparatus and procedure
Social Defeat
The SD protocol carried out in this study has been previously validated and described in detail (Montagud-Romero et al., 2016a; Rodríguez-Arias et al., 2017; Ferrer-Pérez et
al., 2019). Repeated SD consists of four 25-minute sessions
at 72-hour intervals, on postnatal days 47, 50, 53 and 56.
The repeated SD session consists of three phases. In the

first phase, the intruder is introduced into the resident’s
cage for ten minutes, where it is protected from the attacks, but not threat, of the resident by means of a wire
partitition. In the second phase, the partition is removed
and confrontation is allowed for five minutes. In the third
and last phase, the partition is replaced for a further ten
minutes.
The repeated SD sessions were recorded with a video
camera to enable assessment of the intruder animal’s flight, submission and attack behaviors, and the resident’s
threat and attack behaviors. In the repeated SD with the 15
control mice, a procedure similar to that described above
was used, but without the presence of the resident mouse.
After completing the paradigm, the analysis of the encounters was carried out using a computer program with which
the time spent performing different behaviors can be recorded (Martínez, Miñarro & Simón, 1991).

Conditioned Place Preference (CPP)
CPP is a model based on classical or Pavlovian learning
to assess the conditioned reward induced by different stimuli (Bardo & Bevin, 2000; Tzschentke, 2007). It has been
widely used to study the reward effects of conditioned addictive drugs (Aguilar, Rodríguez-Arias & Miñarro, 2009;
Yap et al., 2015; Rodríguez-Arias et al., 2016; Blanco-Gandía et al. 2017) since contextual stimuli can acquire secondary appetitive properties when combined with a primary
enhancer (Tzschentke, 2007).
For CPP, we used 12 identical plexiglas cages with two
compartments of equal size (30.7 cm long by 31.5 cm wide
by 34.5 cm high), separated by a central gray area (13.8
cm long by 31.5 cm wide by 34.5 cm high). The compartments have different color walls (white vs black) and different floor texture (smooth in the black compartment
and rough for the white). Animals are trained to associate
one specific environment with the effect of the drug administered, and the other compartment with saline solution
(García-Pardo, Rodríguez-Arias, Miñarro & Aguilar, 2017).
A guillotine door separates each compartment from the
central compartment. Each of the conditioning compartments has four photoelectric cells, while the central zone
has six, to allow the position of the animal and the crossings from one compartment to the other to be recorded.
The equipment is controlled by two IBM PC computers
running MONPRE 2z software (CIBERTEC, SA, España).
CPP comprises three phases, carried out during the
dark cycle and following an ‘unbiased’ procedure in terms

Table 1. Experimental Design
Social Defeat/Exploration

PND

CPP (1mg/kg cocaine)

1th

2th

3th

4th

47

50

53

56

3 weeks

Sample collection

Pre-C test

Conditioning

Post-C test

76 - 78

79 - 82

83
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of the spontaneous initial preference (Manzanedo, Aguilar, Rodríguez-Arias & Miñarro, 2001). During the first
phase or pre-conditioning (Pre-C), the mice had free access to both compartments of the apparatus for 15 minutes
(900s) each day for 3 days. On the third day, the time each
animal spent in each compartment was recorded for 900s.
Animals showing strong aversion (less than 33% of the session time) or strong preference (more than 67%) for any
compartment were excluded from the procedure. In the
present experiment, a total of two animals were excluded
for not meeting the established criteria. Compartment
allocation was counterbalanced. One of the compartments
was chosen for association with cocaine in such a way that,
within each group, half the animals received the cocaine
in the least preferred place and the other half in the most
preferred, and compartment color was also balanced. There should be no significant differences in the time that animals spend in the compartment associated with the drug
or vehicle in the pre-conditioning phase. This measure is
of great importance for the experimental procedure as it
helps to avoid any preference bias before starting the experiment.
In the second phase (conditioning), the animals were
conditioned with 1 mg/kg of cocaine through four associations with the compartment allocated after Pre-C. It has
been observed that 1 mg/kg is a sub-threshold dose, i.e.,
a dose that does not lead to the acquisition of CPP, unless
other variables such as stress or behavioral traits are manipulated (Vidal-Infer et al., 2012; Arenas et al., 2014; Montagud-Romero et al., 2014; Rodríguez-Arias et al., 2016; Blanco-Gandía, Montagud-Romero, Aguilar, Rodríguez-Arias &
Miñarro, 2018). The animals received two injections (cocaine and vehicle) each day: a saline administration before
being confined to the non-associated compartment for 30
minutes, and after an interval of four hours they received
cocaine before being confined to the compartment associated with the drug for 30 min. The central area was not
used during conditioning and access to it was blocked by
guillotine doors.
During the third phase, post-conditioning (Post-C), on
the 8th day of the procedure, the guillotine doors separating both compartments were removed and the time that
the mice spent in each compartment, without any treatment, was recorded for 900s. The difference in seconds between the time that the animals remained in the compartment associated with the drug during the Post-C test and
the time they spent during the Pre-C test is a measure of
the degree of conditioning induced by the drug (Conditioning Score). If this difference is positive, then the drug has
induced a preference for the drug-paired compartment,
while the opposite indicates the induction of an aversion.
Once CPP was completed, the defeated animals were divided into resilient or susceptible. Those who exhibited no
increase in preference for the cocaine-associated compart-

ment were considered resilient and those whose preference did increase were susceptible.

ELISA IL-6 assay
To determine the concentration of IL-6 in the striatum, we use a mouse IL-6 ELISA kit from Abcam (Ref:
ab100712) and followed the manufacturer’s instructions.
To determine absorbance, we use an iMark microplate reader (Bio-RAD) controlled by Microplate Manager 6.2 software. The optical density was read at 450 nm and the final
results were calculated using a standard curve, expressed
as pg/mg for tissue samples. The sensitivity of the test is <2
pg/mg. All samples were analyzed in duplicate.

Data analysis
To confirm the effect of repeated SD on CPP, univariate ANOVA was performed on the Conditioning Score data
with the inter-subject variable ‘Stress’ with two levels: Exploration and Social Defeat. A K-means cluster analysis was
performed using the Conditioning Score values to separate
the animals into Resilient and Susceptible subgroups. After
this division, we performed a new univariate analysis with
the three level inter-subject variable ‘Group’ (Exploration,
SD Susceptible and SD Resilient). The same analysis was
applied to the striatal levels of IL-6 data. The results obtained in the ethological analysis of SD were analyzed using
a two-way ANOVA with the two level inter-subject variable
‘Group’ (Resilient and Susceptible), and the intra-subject
variable ‘Defeat’ of 2 levels: SD1 (first session) and SD4
(fourth session of social defeat). Post-hoc analyses were
performed using the Bonferroni fit test, taking p <0.05, p
<0.01 and p <0.001 as significance intervals. The Pearson
correlation coefficient was also calculated to determine
possible relationships between the Flight variable and Conditioning Score of all animals performing repeated SD.

Results
Only susceptible animals develop CPP
Regarding the CPP Conditioning Score (Figure 1a), the
ANOVA showed a significant effect for the Stress variable
[F(1,36) = 7.147; p <0.05], indicating that defeated animals
spent significantly more time in the drug-associated compartment than non-stressed animals (p <0.05).
Animals were classified as Resilient and Susceptible
using K-means cluster analysis [F(1,24) = 37.748; p <0.001].
When the group of defeated animals was divided into Resilient and Susceptible subgroups (Figure 1b), ANOVA
showed a significant effect for the Group variable [F(2,38)
= 23.289; p <0.001]. Susceptible animals spent significantly
more time in the drug-associated compartment compared
to the other two groups (p <0.001 in both cases). Figure
1c shows the individual scores of the three experimental
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Figure 1. Effect of repeated SD on CPP acquisition induced by 1 mg / kg of cocaine in male C57/BL6 mice. The bars represent the difference in time (s)
spent in the compartment associated with the drug before and after the conditioning sessions (conditioning score). (a) Treatment groups: Exploration
and repeated SD. (b) After Post-C, the defeated animals were divided into Resilient and Susceptible subgroups according to their level of conditioning.
* p<0.05, significant difference compared to Exploration group. *** p <0.001, significant difference compared to Exploration and SD-Resilient group. (c)
Individual values of the Conditioning Score of the Exploration, Resilient and Susceptible groups.

groups performed by a simple distribution of the Conditioning Score data.

Resilient mice show a coping response to stress
during SD
Table 2 shows the data relating to the behavior of the
defeated mice during the first and fourth SD. In terms of
Flight, ANOVA showed a significant effect for the Group
variable [F(1,24) = 16.578; p <0.001] given the significant-

ly less time SD-Resilient group animals spent behaving in
this way (p <0.001). With respect to Submission, ANOVA
showed a significant effect for the interaction of Defeat x
Stress variables [F(1,24) = 4.163; p <0.05], with resilient
animals spending less time behaving submissively during
the first repeated SD session in comparison to susceptible
animals (p<0.05).
The presence of attack behavior by intruders against
residents was also assessed. We only observed a trend in

Table 2. Results of repeated SD on intruders
Resilient

Flight

Lat. Flight

Submission

Lat. submission

Attack

Lat. attack

SD1

32 ± 3***

15 ± 10

22 ± 6*

56 ± 6

3±2

228 ± 33

SD4

32 ± 3***

3±3

26 ± 7

89 ± 7

0±0

300 ± 0

Susceptible

Flight

Lat. Flight

Submission

Lat. submission

Attack

Lat. attack

SD1

47 ± 7

6±3

34 ± 8+

51 ± 8

1±1

271 ± 30

SD4

51 ± 8

4±8

12 ± 4

99 ± 4

0±0

300 ± 0

Note. Behavior assessed during SD. Data presented as mean values in seconds ± SEM. *p<0.05, ***p<0.001 differences with respect to Susceptibles. + p<0.05
differences with respect to SD4 (group-defeat effect).
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the variable Defeat [F(1,24) = 3.023; p = 0.095], which tells
us that intruders attacked more in the first SD session. We
observed that, compared to 10% of Susceptibles, 25% of
the animals classified as Resilient attacked their resident in
the first repeated SD. No intruder animals attacked in the
fourth repeated SD.
Finally, we assessed the relationship between the Flight
behavior shown by all intruders by adding the first and

fourth meeting of the repeated SD and their Conditioning
Score in the CPP to see if the time spent behaving in these
ways could be an indicator of conditioning which would occur later (Figure 2). A significant Pearson correlation coefficient was only obtained between the time in Flight mode
and the Conditioning Score (r = 0.241, p <0.05). That is to
say, the longer flight behavior continued during the SD encounters, the greater the preference for the drug in CPP.

Figure 2. Regression plot for the Pearson correlation between flight during repeated SD and Conditioning Score (CS). The trend line represents the linear
regression of data (y = 1.1816x - 58.989; r2 = 0.2419).

Regarding Threat by residents (Table 3), the ANOVA
yields an effect for Defeat [F(1,24) = 6.535; p <0.05], indicating that residents threatened more in SD1 than in SD4

(p <0.05). However, there are no significant differences in
the Group variable, implying that both Resilient and Susceptible were exposed to the same stress.

Table 3. Results of repeated SD on residents
Resident vs Resilient animals

Threat

Lat. threat

Attack

Lat. attack

SD1

36 ± 5#

10 ± 4

26 ± 5

4 ± 15

SD4

28 ± 5

4±1

22 ± 3

4±1

Resident vs Susceptible animals

Threat

Lat. threat

Attack

Lat. attack

SD1

36 ± 7#

6±2

29 ± 9

37 ± 29

SD4

21 ± 4

8±3

33 ± 4

3±1

Note. Social interaction of Residents during the intruder-resident paradigm to induce SD. Data presented as mean values in seconds ± SEM. Differentiation
between Residents attacking what were later categorized as Resilients and Susceptibles. # p<0.05 with respect to SD4 (defeat effect).
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Figure 3. Striatal levels of IL-6. Effect of repeated SD on IL-6 levels in male C57/BL6 mice, taking into account the subdivision into resilient and susceptible.
Data are shown as means ± S.E.M. (pg/ml).

Striatal levels of Il6
The ANOVA for striatal levels of IL-6 (Figure 3) yielded
no significant differences.

Discussion
The results of the present study confirm that repeated
SD increases the rewarding effects of cocaine in CPP, but
we have also demonstrated for the first time that the results obtained in stressed animals are not homogeneous.
In defeated animals we can distinguish a susceptible population which has developed CPP with a non-effective dose
of cocaine. However, there are also some defeated animals
which behave like unstressed animals, that is, they are resilient without not developing CPP, although perhaps the
most interesting result is that coping with SD is different
in both types of animals. Resilients exhibit lower levels of
flight and submissive behavior when facing the aggressor
during SD. Flight behavior correlates positively with the
analyzed results of CPP, i.e., the stronger the flight behavior, the more the animal will develop a preference for
cocaine. Therefore, an active coping response, with less flight and submission during a social stressor, reduces sensitization to the rewarding effects of cocaine. These resilient
mice also show attack behaviors against the resident, manifesting resistance to defeat, something that is not observed
in any of the susceptible animals. The changes in IL-6 levels do not differ between stressed or control animals, and
no difference is observed between those that are resilient
or susceptible. This may be because our study was carried
out three weeks after the final SD.

Resilience and susceptibility to increased cocaine
reinforcing effects
Our results confirm that the experience of repeated
SD during adulthood induces a long-term increase in the
conditioned rewarding effects of a sub-threshold dose of
cocaine (1 mg/kg) since we assessed this three weeks after
the final repeated SD. The CPP paradigm is widely used
to assess the conditioned effects of drugs (Aguilar et al.,
2009) and reflects their secondary motivational properties,
as well as their potential for abuse (Tzschentke, 2007).
Exposure to repeated SD may thus induce a long-term increase in the motivational value of cocaine, thereby increasing its potential for abuse in stressed subjects. Our results
confirm numerous studies showing that SD in adolescent
and adult mice increases the rewarding effects of cocaine
using CPP (Arenas et al., 2016; Montagud-Romero et al.,
2016a; Rodríguez-Arias et al., 2015, 2017; Ferrer-Pérez et
al., 2018a), or self-administration of cocaine (Boyson, Miguel, Quadros, DeBold & Miczek, 2011; Holly et al., 2016;
Newman, Leonard, Arena, Almeida & Miczek, 2018; Arena, Covington, Herbert, DeBold & Miczek, 2019).
This study actually goes further and shows that although as a whole in our population of defeated mice they all
develop preference with a sub-threshold dose of cocaine,
we can distinguish two types of subjects. Resilient mice,
despite being stressed, do not respond to the conditioned
rewarding effects of cocaine (CPP). Conversely, susceptible animals do develop increased preference for the cocaine-associated compartment. Although there is a great deal
of evidence linking stress to the development of addictive
behaviors (Lüthi & Lüscher, 2014; Polter & Kauer, 2014;
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Gold, Machado-Vieira & Pavlatou, 2015), it has also been
shown that there are subjects who develop good psychosocial competence in high-risk conditions such as child abuse or adverse socioeconomic status (McGloin & Widom,
2001; Hjemdal, Friborg & Stiles, 2012; Brody et al., 2013).
However, there are practically no studies with animal models assessing the phenomenon of resilience to the development of vulnerability to drug use after exposure to a
social stressor. A recent study using exposure to the smell
of a predator as a stress model classified its mice as resilient
and susceptible based on the presence of anxiety in the
cruciform raised labyrinth and avoidance of the context associated with the smell (Brodnik, Double, España & Jaskiw,
2017). This study observed that susceptible mice showed
increased motor and dopaminergic effects of cocaine as
well as a greater motivation to self-administer this drug.
These effects were not seen in resilient animals, although
in both types of mice an increase in cocaine-induced DA
release was observed.

Different coping with social stress in resilient and
susceptible animals
Repeated SD is a naturalistic model of social stress which
mimics real-life situations and therefore has great ecological and ethological validity (Tornatzky & Miczek, 1993).
Some recent research, using animal models of social stress,
have observed that coping strategies are associated with resilience or vulnerability to stress (Wood et al., 2015; Chen
et al. 2015, Finnell et al., 2017; Pearson-Leary et al., 2017).
However, these studies classify animals as resilient or susceptible based on social behavior and anxiety shown by
animals on the day after the final SD (Russo et al., 2012;
Krishnan, 2014; Finnell & Wood, 2016). In these studies,
resilient mice do not present anhedonia (Delgado et al.,
2011), social avoidance (Krishnan et al., 2007; Golden et
al., 2011; Henriques-Alves & Queiroz, 2015) or avoidance
at the smell of a predator (Brodnik et al., 2017). To date,
no studies have characterized animals resilient to the increased rewarding effects of drugs of abuse and, therefore,
it is not known whether different stress coping strategies
influence the sensitivity to such rewarding effects. What
we do know is that mice showing no anxiety behavior or
avoidance at the smell of a predator have neurochemical
adaptations that specifically affect the function of the DA
system and could therefore modify the rewarding efficacy
of cocaine (Brodnik et al., 2017).
The ethological study of behavior during the social defeats showed firstly that there were no differences in the
behavior of the resident animals towards intruders, whether resilient or susceptible. That is, all were exposed to
the same level of stress. However, we did observe that the
mice which would later be classified as resilient exhibited
less flight behavior compared to the susceptible mice. In
addition, we observed a positive correlation between flight

behavior and the increase in the conditioned rewarding
effects of cocaine in the CPP. The less the animals flee, the
lower the rewarding effect produced by cocaine. Likewise, resilient animals also showed less submissive behavior
during the first SD, although we no longer observed differences between resilient and susceptible animals in the
fourth SD. Resilient mice, experiencing that their coping
behaviors do not reduce the intensity of the attack, exhibit
a behavioral adaptation. The flexibility of coping strategies has been associated with indicators of emotional resilience, such as reduced HHA axis reactivity and increased
neuroplasticity (Hawley et al., 2010, Lambert et al., 2014).
Our results therefore indicate that active coping and adequate adaptation reduce the rewarding effects of cocaine.
Supporting our results, other studies have also confirmed
that mice which do not have passive coping strategies such
as flight show less anhedonia (Wood et al., 2015), less
anxiety and greater social interaction (Duclot, Hollis, Darcy & Kabbaj, 2011; Hollis, Duclot, Gunjan & Kabbaj, 2011;
Kumar et al., 2014). Resilient animals also exhibited attack
behaviors against residents during the first confrontation,
this active coping strategy having been associated with defeat resistance (Finnell & Wood, 2016).
In short, resilient animals develop an active stress coping strategy, since they attack the resident and take longer to accept they have been defeated. This resistance can
cause the resilient to experience SD less intensely than the
susceptible animals do. It has been observed that mice employing active coping behaviors during SD evidence lower
plasma corticosterone levels, greater capacity for noradrenergic response during stress and greater sympathetic
activity in response to defeat (Wood, Walker, Valentino &
Bhatnagar, 2010; Gómez-Lázaro et al., 2011; Pérez-Tejada
et al., 2013). This type of response is very adaptive, since
it allows the response to stress to be limited (Koolhaas et
al., 2011). Another factor which can explain the development of resilience is the feeling of control during SD, since
the resilient mice do not flee from the aggressor and even
exhibit attack behaviors. Interestingly, cocaine use is only
increased in intruder mice, but not in residents which initiate the attack, although in both types of animals there is
a hormonal response to stress (Covington & Miczek, 2001,
2005; Covington et al., 2005; Boyson et al., 2014). The resident mouse maintains control of the encounter, which
may exert a protective effect on the stress response of the
hypothalamus-pituitary-adrenal axis (Boyson et al., 2014).
Therefore, our resilient animals may experience a certain
level of control of the stress situation.
Conversely, the susceptible animals showed passive confrontation, accepting defeat with more time in flight and
submission and without presenting any aggressive behavior
towards the resident. This passive coping during SD has
previously been associated with the onset of anxiety and
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depression (Wood et al., 2010, Chen et al., 2015, Pearson-Leary et al., 2017).

or pharmacological strategies underlying resilience will
allow us to reduce vulnerability to SUD induced by social
stress.

Neuroinflammation response after repeated SD
In the 1990s, the so-called neuroinflammatory theory of
depression was proposed (for example, Maes et al., 2009),
based on the increase in inflammatory mediators in patients with depression. There are currently numerous studies demonstrating the role of the immune system in the
vulnerability to the development of mental illness (Réus et
al., 2015: Menard, Pfau, Hodes & Russo, 2017). It is also believed that substance use disorder is related to changes in
the activity of the immune system (Clark, Wiley & Bradberry, 2013; Cui, Shurtleff & Harris, 2014). Both clinical and
preclinical studies have shown that psychostimulants such
as cocaine activate central and peripheral components of
the immune system (Clark et al., 2013; Araos et al., 2015;
Moreira et al., 2016). More recently it has also been shown
that social stress triggers an activation of the immune system, increasing peripheral levels of cytokines, activating
microglia or even increasing the permeability of the blood
brain barrier (Pfau & Russo, 2016; Rodríguez-Arias et al.,
2017, 2018; Ferrer-Pérez et al., 2018a).
It has described that after SD, susceptible mice which
develop social isolation and anxiety show higher levels
of IL-6 than resilient animals (Hodes, Ménard & Russo,
2016). However, our results do not confirm this lower inflammatory response in resilient animals. Il-6 levels were
not higher in defeated animals compared to controls, and
no differences were observed between resilient and susceptible mice. The discrepancy in the results may be mainly
due to the fact that in the study by Hodes et al. (2016),
the measurement of IL-6 was carried out 24 hours after the
final SD, while in our study it was done at the end of the
entire procedure, when more than a month had passed
since the final repeated SD. Similarly, we had previously demonstrated that after CPP, increases in striatal levels of IL-6
in defeated animals were no longer observed (Ferrer-Pérez et al., 2018a). Since the characterization of animals as
resilient or susceptible requires the development of CPP,
our experimental design involves making measurements at
least four weeks after the final SD. Our results therefore
indicate that one month after the final SD there are no
differences in the neuroinflammatory response.
Animal models are a very powerful tool, but we must
be cautious when transferring the results to human behavior. We can extrapolate from the SD model to situations
of psychological or social stress to which we are exposed
for much of our lives. Our results allow the identification
of some behavioral characteristics which appear in animals
resistant to this SD and which can act as a protective factor against the development of drug addiction. Active but
flexible coping stands out as the most relevant behavioral
characteristic of resilient subjects. The study of behavioral
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