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A B S T R A C T   

Adverse social experiences during adolescence are associated with the appearance of mental illness in adulthood. 
Social defeat (SD) is an ethologically valid murine model to study the consequences of social stress. In adolescent 
mice, SD induces depressive-like behaviors, increased anxiety and potentiates the reinforcing effects of cocaine 
and alcohol. However, not all mice exposed to SD will be susceptible to these effects. Adult mice resilient to the 
effects of SD show a consistent phenotype being resilient to depressive-like behaviors and to the increase in 
cocaine and alcohol consumption. The aim of the present study was to characterize the resilient phenotype to 
depressive-like behaviors and increase cocaine and ethanol rewarding effects of mice socially defeated during 
adolescence. To that end, adolescent mice were exposed to repeated SD, and 24 h after the last encounter, they 
underwent a social interaction test (SIT) in order to evaluate depressive-like behaviors. Cocaine-induced reward 
conditioning and ethanol intake was evaluated in two different sets of mice 3 weeks after the last SD using 
cocaine-induced conditioned place preference (CPP) and oral ethanol self-administration (SA). The neuro
inflammation response was measured at the end of the experimental procedure by measuring striatal and cortical 
levels of IL-6 and CX3CL1. The results confirmed that a comparable percentage of adolescent mice develop 
resilience to depressive-like behaviors to that observed in adult mice. However, increased anxiety was more 
severe in resilient mice. Likewise, an increased preference for an ineffective dose of cocaine and an increased 
ethanol consumption was observed in resilient mice compared to controls. The increase in IL-6 and CX3CL1 was 
mainly observed in the striatum of susceptible mice compared to that of control mice. Our results confirm that, 
contrary to prior assumptions in adults, responses to SD stress are more complex and singular in adolescents, and 
caution should be taken for the correct interpretation and translation of those phenotypes.   

1. Introduction 

Adolescence is a critical period of development characterized, 
among other behaviors, by an increase in the time spent with peers, a 
change in the quality of social interaction and frequent appearance of 
feelings of rejection (Platt et al., 2013; Somerville et al., 2010). Adverse 
social experiences during adolescence have been strongly associated 
with the appearance of mental illness in adulthood. Many subjects who 
have suffered from abuse or have been abandoned by their parents 
during developmental periods are diagnosed in adulthood with a mental 
illness such as depression, anxiety or drug addiction (Ho and King, 
2021). A recent meta-analysis reported that adverse childhood or 
adolescent experiences are highly associated with anxiety and 

depression, costing upwards of billions of dollars annually (Bellis et al., 
2019). But the strongest association is found with problematic drug use 
and interpersonal and self-directed violence (Hughes et al., 2017). 
Specifically, clinical studies indicate that stressful adolescent experi
ences increase the risk for substance abuse (Tharp-Taylor et al., 2009; 
Topper et al., 2011). Due to the close relationship between the brain 
systems involved in the response to drugs and stress, environmental 
stressors can produce long-term changes in the brain reinforcement 
system, inducing the individual to use drugs (Rodríguez-Arias et al., 
2013). 

Animal models enable the study of the mechanisms through which 
environmental and psychosocial stressors induce later neuropsychiatric 
disorders. Social defeat (SD) is considered the most representative 
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animal model to study the consequences of social stress (Hammels et al., 
2015). SD is an ethologically valid murine model that induces long-term 
physiological and behavioral changes similar to those seen in depression 
and anxiety and can mimic the individual differences in the stress 
response observed in humans (Wang et al., 2021). 

SD in adult mice potentiates the reinforcing effects of different drugs, 
producing an increased intake of cocaine and other psychostimulants on 
the self-administration (SA) and conditioning of place preference (CPP) 
paradigms (Ballestín et al., 2021; Covington 3rd et al., 2008; Ferrer- 
Pérez et al., 2019; Giménez-Gómez et al., 2021; Quadros and Miczek, 
2009; Montagud-Romero et al., 2016, 2020; Montagud-Romero et al., 
2021; Reguilón et al., 2017; Rodríguez-Arias et al., 2017). A significant 
increase in alcohol consumption after exposure to SD has also been re
ported (Montagud-Romero et al., 2021; Reguilón et al., 2020, 2021a; 
Reguilón et al., 2021b; Rodríguez-Arias et al., 2016). However, the ef
fects of SD during adolescence on subsequent drug abuse or mental 
health have not been widely investigated. 

Neural and behavioral development of rodents is thought to mirror 
stages of human development (Adriani and Laviola, 2004; Burke and 
Miczek, 2014). Like adolescent humans, adolescent rodents are highly 
social, to a greater extent than adult rodents (Do Couto et al., 2009; 
Yates et al., 2013). Defeated adolescent rats or mice show reduced social 
behavior, depressive-like behaviors, or increased anxiety similar to what 
is observed in defeated rodents in adulthood (Huang et al., 2013; Iñiguez 
et al., 2014; Shimizu et al., 2020). Similar to adults, increases in cocaine 
SA (Burke and Miczek, 2015), amphetamine-, cocaine-, and alcohol- 
induced conditioned reinforcement (Burke et al., 2011; Montagud- 
Romero et al., 2017; Rodríguez-Arias et al., 2017), and oral ethanol SA 
(Burke and Miczek, 2015; Rodríguez-Arias et al., 2016: Thompson et al., 
2020) are observed in socially defeated adolescent rodents. 

Nevertheless, not all subjects exposed to stress will develop depres
sive, anxiety or addictive behaviors. But as in humans, a subset of mice 
exposed to SD will be susceptible to these effects, developing important 
disorders such as social inhibition, anhedonia or depressive-like be
haviors (Krishnan et al., 2007). However, some rodents will be resilient 
to these consequences, being able to adaptively cope with stress (Cath
omas et al., 2019). We have recently reported that mice resilient to the 
effects of SD during adulthood show a consistent phenotype; that is, 
these mice are resilient to the depressive-like behaviors produced by SD, 
and are also resilient to the reinforcing effects of cocaine and alcohol 
(Ballestín et al., 2021; Giménez-Gómez et al., 2021; Reguilón et al., 
2021b). The response to SD seems to be much more complex in 
adolescent mice, and this also appears to be the case in the development 
of an adaptive response to stress. To date, only two studies have eval
uated their resilience profile. Both studies reported that only a small 
proportion of the defeated adolescent mice (between 20 and 30%) were 
totally susceptible or totally resilient to certain effects of SD. However, 
these studies did not address the increased susceptibility to drug abuse 
(Alves-dos-Santos et al., 2020; Vassilev et al., 2021). 

The aim of the present study was to characterize the resilient 
phenotype to depressive-like behaviors and the increased rewarding 
effects of cocaine and ethanol SA in socially defeated mice during 
adolescence. To that end, adolescent mice were exposed to repeated SD 
and, 24 h after the last encounter, underwent a social interaction test 
(SIT) in order to evaluate depressive-like behavior. Cocaine-induced 
reward conditioning and ethanol intake was evaluated in two different 
sets of mice 3 weeks after the last social defeat using cocaine-induced 
CPP and oral ethanol SA. 

Recent studies suggest that the neuroinflammatory response may 
play an important role in the development of mental illness (Liu et al., 
2020a; Soria et al., 2018), as the immune system also regulates the 
hypothalamic-pituitary-adrenal axis (HPA), thereby modulating the 
response to a stressful situation (Haroon et al., 2012). It is well known 
that social stress induces an activation of the immune system with short- 
and long-term increases in the levels of cytokines and chemokines (Ferle 
et al., 2020; Ferrer-Pérez et al., 2018; Jiang et al., 2020; Nozaki et al., 

2020; Montagud-Romero et al., 2020; Reguilón et al., 2020; Reguilón 
et al., 2021a). These results have also been confirmed with SD in 
adolescent mice, which also showed an impairment of integrity in the 
blood-brain barrier and activation of the microglia (Rodríguez-Arias 
et al., 2017; Rodríguez-Arias et al., 2018; Zhu et al., 2019). We observed 
that this neuroinflammatory response is absent in socially defeated mice 
during adulthood that showed a resilient phenotype to depressive-like 
behaviors and increased cocaine or ethanol intake (Ballestín et al., 
2021; Reguilón et al., 2021b). Therefore, we will also characterize the 
neuroinflammatory response in defeated adolescent mice after cocaine 
or ethanol exposure, measuring the IL-6 and CX3CL1 level in the stria
tum and the prefrontal cortex (PFC). 

In summary, we aim to characterize the behavioral response to the 
conditioned rewarding effects of cocaine and ethanol intake, as well as 
the neuroinflammatory response in mice with a resilient phenotype to 
the depressive-like effects induced by social defeat during adolescence. 

2. Material and methods 

2.1. Subjects 

A total number of 77 adolescent male C57BL/6 J mice (Charles River, 
France) were used in this study. The experimental mice (PND 21) were 
housed in groups of five in plastic cages (27 × 27 × 14 cm) during the 
entire experimental procedure. OF1 adult mice (Charles River, France) 
were used as aggressive opponents (N = 20) and were individually 
housed in plastic cages (21 × 32 × 20 cm) for at least a month prior to 
the initiation of the experiments in order to heighten aggression 
(Rodríguez-Arias et al., 1998). All mice were housed in controlled lab
oratory conditions: constant temperature and humidity, and a reversed 
light schedule (lights off at 08:00 and on at 20:00). Food and water were 
available ad libitum to all the mice used in this study, except during 
behavioral tests. All procedures were conducted in compliance with the 
guidelines of the European Council Directive 2010/63/UE regulating 
animal research and were approved by the local ethics committees of the 
University of Valencia (2019/VSC/PEA/0059 y 2019-VSC-PEA-122). 

2.2. Drugs 

For CPP, a dose of 1.5 mg/kg of cocaine hydrochloride (Alcaliber 
laboratory, Spain) was employed and injected intraperitoneally (i.p.). 
This dose of cocaine was selected based on previous CPP studies showing 
that doses below 3 mg/kg are sub-threshold (Arenas et al., 2014; Mon
tagud-Romero et al., 2017; Vidal-Infer et al., 2012). Control groups were 
injected with physiological saline (NaCl 0.9%), which was also used to 
dissolve the drug. For the oral SA procedure, absolute ethanol (Merck, 
Madrid, Spain) was dissolved in water using a w/v percentage, i.e. a 6% 
(w/v) ethanol solution equivalent to a 7.6% (v/v) ethanol solution. 
Saccharin sodium salt (Sigma, Madrid, Spain) was diluted in water. 

2.3. Experimental groups and experimental design 

In this study, two different sets of mice were employed, all of which 
were exposed to the SD procedure or exploration from PND 27 to 36. 24 
h after the last SD episode, on PND 37, all the mice performed the 
elevated plus maze (EPM) and the SIT to evaluate depressive-like be
haviors. Subsequently, the first set of mice underwent the CPP procedure 
with 1.5 mg/kg of cocaine on PND 57, after 3 weeks of being undis
turbed in their home cages. Mice were characterized as resilient or 
susceptible depending on their ratios in the SIT. Brain samples were 
taken at the end of the procedure (PND 65). 

Likewise, after performing the SDs, EPM and SIT, the second set of 
mice initiated the 6% oral ethanol SA protocol on PND 57, 3 weeks after 
the last defeat, lasting approximately 28 days. During this paradigm, the 
mice proceeded through the phases of training (7 days), substitution of 
saccharin for ethanol (10 days), the FR1 (5 days), FR3 (5 days) and PR 
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(1 day) schedules. At the end of this test, all the mice were sacrificed to 
obtain the brain samples for further analysis (PND 85). 

The experimental design is depicted in Fig. 1. 

2.4. Apparatus and procedures 

2.4.1. Procedure of social defeat (SD) 
Mice in the stress/defeated groups were exposed to 4 episodes of SD 

during adolescence, each lasting 25 min and consisting of three phases. 
The initial phase began by introducing the “intruder” (the experimental 
mice) into the home cage of the “resident” (the aggressive opponent) for 
10 min (Tornatzky and Miczek, 1993). During this initial phase, the 
intruder was protected from attack, but the wire mesh walls of the cage 
allowed for social interactions and species-typical threats from the male 
aggressive resident, thus facilitating instigation and provocation (Cov
ington 3rd and Miczek, 2001). In the second phase, the wire mesh was 
removed from the cage to allow confrontation between the two mice 
over a 5-min period. Finally, the wire mesh was put back in the cage to 
separate the two mice once again for a further 10 min to allow for social 
threats by the resident. The non-stressed exploration groups underwent 
the same protocol, but without the presence of a “resident” mouse in the 
cage. The intruder mice were exposed to a different aggressor mouse 
during each SD episode. The criterion used to define a mouse 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 (Miczek et al., 1982; Rodríguez-Arias et al., 1998). All 
agonistic encounters of each SD protocol were videotaped to confirm SD 
of the intruder mice and to ethologically analyze the threat and attack 
behaviors (duration and latency) of the resident mice. These behaviors 
were scored in resident mice and avoidance/flee and defensive/sub
missive behaviors were evaluated in intruder mice. 

2.4.2. Elevated plus maze (EPM) 
The EPM test was carried out essentially following the procedure 

described by Daza-Losada et al. (2009). The maze consisted of two open 
arms (30 × 5 × 0.25 cm) and two enclosed arms (30 × 5 × 15 cm), and a 
central platform (5 × 5 cm) elevated 45 cm above floor level. In order to 
decrease experimental stress, mice were habituated to the experimental 
room for 1 h prior to testing. At the beginning of each trial, the exper
imental mice were placed on the central platform facing an open arm 
and were allowed to explore for 5 min. The behavior displayed by the 
mice during the test was recorded by an automated tracking system 
(EthoVision XT 11, Noldus) that tracks the number of entries and time 
spent in each section of the maze (open arms, closed arms, central 
platform). The time and percentage of time spent in the open arms were 
measured to characterize the anxiolytic effects of the SD (Ferrer-Pérez 
et al., 2018; Rodríguez-Arias et al., 2016). 

2.4.3. Social interaction test (SIT) 
The social withdrawal ratio used was based on the social approach- 

avoidance test previously described by Berton et al. (2006). The test took 
place 24 h after the last SD during the dark cycle and in a different 
environment from the confrontation sessions. First, mice were trans
ferred to a quiet, dimly lit room 1 h before the test was initiated. After 
habituation, each mouse was placed in the center of a square arena 
(white Plexiglas open field, 30 cm each side and 35 cm high) and its 
behavior was monitored by video (EthoVision XT 11, 50 fps; camera 
placed above the arena). Mice were allowed to explore the arena twice, 
for 600 s in each session, during two different experimental sessions. In 
the first session (object session), an empty perforated Plexiglas cage (10 
× 6.5 × 35 cm) was placed in the middle of one wall of the arena. In the 
second session (social session), an unfamiliar C57BL/6 male mouse was 
introduced into the cage as a social stimulus. Although it can be argued 

Fig. 1. Experimental design. Experimental protocol of the (a) first and (b) second sets of mice. (c) Diagram of the areas selected for immunoassay analysis. PFC =
prefrontal cortex; STR = striatum. 
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that the probe mouse used in the social interaction test resembles the 
aggressor, and that this could foster social aversion, this is unlikely, 
since previous experiments demonstrate similar amounts of social 
investigation, irrespective of the strain used (i.e., C57BL/6; Berton et al., 
2006). Before each session, the arena was cleaned with 5% alcohol so
lution to minimize odor cues. Between sessions, the experimental mouse 
was removed from the arena and returned to its home cage for 2 min. 

Arena occupancy during object and social sessions was determined 
using the mice’s horizontal position, controlled by commercial video 
tracking software (EthoVision XT 11, Noldus). Conventional measures of 
arena occupancy, such as time spent in the interaction zone and corners, 
were quantified. The former is commonly used as social preference- 
avoidance score and is calculated by measuring the time spent in a 
6.5 cm wide corridor surrounding the restrain cage. Corners were 
defined as two squares of similar areas on the opposite wall of the arena. 
Social withdrawal ratio is calculated by considering the time spent by an 
experimental mouse in the interaction zone when a social target is 
present divided by the time it spends in the interaction zone when the 
target is absent. A ratio equal to 1 means that equal time has been spent 
in the presence versus absence of a social target. Based on the regular 
behavior of control C57BL/6 mice, mice with a ratio under 1 are clas
sified as susceptible, while those with a ratio equal to or higher than 1 
are classified as resilient (Golden et al., 2011). 

2.4.4. Conditioned place preference (CPP) 
For place conditioning, we employed eight identical Plexiglas boxes 

with two compartments of equal size (30.7 × 31.5 × 34.5 cm high) 
separated by a gray central area (13.8 × 31.5 × 34.5 cm high). The 
compartments had different colored walls (black vs white) and distinct 
floor textures (fine grid in the black compartment and wide grid in the 
white one). Four infrared light beams in each compartment of the box 
and six in the central area allowed the position of the mice and their 
crossings from one compartment to the other to be recorded. The 
equipment was controlled by three computers using MONPRE 2Z soft
ware (CIBERTEC, SA, Spain). 

Place conditioning, consisting of three phases, was carried out during 
the dark cycle following a procedure that is unbiased in terms of initial 
spontaneous preference (Manzanedo et al., 2001). During the first phase 
-preconditioning (Pre-C)- mice were allowed access to both compart
ments of the apparatus for 900 s per day on 3 consecutive days. On day 
3, the time spent in each compartment was recorded. Mice showing a 
strong unconditioned aversion (<33% of session time; i.e. 250 s) or 
preference (>67% of the session time; i.e. 650 s) for any compartment 
were discarded from the rest of the study. The ANOVA showed no sig
nificant differences between the time spent in the drug-paired and 
vehicle-paired compartments during the Pre-C phase. In the second 
phase (conditioning), which lasted 4 days, mice were conditioned with 
1.5 mg/kg cocaine or saline. During this phase, half of the mice in each 
group received the drug or vehicle in one compartment, while the other 
half received it in the other compartment. An injection of physiological 
saline was administered before confining the mice to the vehicle-paired 
compartment for 30 min. After an interval of 4 h, the mice received 
cocaine immediately prior to confinement in the drug-paired compart
ment for a further 30 min. The central area was made inaccessible by 
guillotine doors during conditioning. The dose of cocaine used during 
the conditioning phase was a subthreshold dose (1.5 mg/kg, proven to 
be ineffective in controls) in order to evaluate increased sensitivity to 
the conditioned rewarding effects of cocaine. In the third phase -post
conditioning (Post-C)-, which took place on day 8, the guillotine doors 
separating the two compartments were removed, and the time spent in 
each compartment by the untreated mice during a 900 s observation 
period was recorded. The difference in seconds between the time spent 
in the drug-paired compartment during the Post-C and Pre-C tests 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 pref
erence for the drug-paired compartment, while the opposite indicates an 

aversion. 

2.4.5. Oral ethanol self-administration 
This procedure is based on that employed by Navarrete et al. (2014). 

Oral ethanol SA administration was carried out in 8 modular operant 
chambers (MED Associated Inc., Georgia, VT, USA). Software package 
(Cibertec, SA, Spain) controlled stimulus and fluid delivery and recorded 
operant responses. The chambers were placed inside noise isolation 
boxes equipped with a chamber light, two nose-poke holes, one recep
tacle to drop a liquid solution, one syringe pump, one stimulus light and 
one buzzer. Active nose-pokes delivered 36 μl of fluid combined with a 
0.5 s stimulus light and a 0.5 s buzzer beep, which was followed by a 6 s 
time-out period. Inactive nose-pokes did not produce any consequence. 

To evaluate the consequences of SD on the acquisition of oral ethanol 
SA, mice underwent an experiment carried out in three phases: training, 
saccharin substitution and 6% ethanol consumption. 

2.4.5.1. Training phase (7 days). Two days before the initiation of the 
experiment, access to the standard diet was restricted to 1 h per day. 
Before the first training session, water was withdrawn for 24 h, and the 
food allotment was provided 1 h before the session to increase the 
motivation for active nose-poking. During the subsequent three days, 
water was provided ad libitum, except during the 1 h period of food 
access before beginning each session, in which the water bottle was 
removed from the cages (postprandial). For the following four days, and 
for the remainder of the experiment, food access was provided for 1 h 
after the end of each daily session and water was available ad libitum to 
avoid ethanol consumption due to thirst (preprandial). The food re
striction schedule produced weight loss in the mice of around 15% of 
their free-feeding weight (Navarrete et al., 2012). Mice were trained to 
respond to the active nose-poke to receive 36 μl of 0.2% (w/v) saccharin 
reinforcement. 

2.4.5.2. Saccharin substitution (10 days). The saccharin concentration 
was gradually decreased as the ethanol concentration was gradually 
increased (Roberts et al., 2001; Samson, 1986). Each solution combi
nation was set up to three consecutive sessions per combination (0.15% 
Sac − 2% ethanol; 0.10% Sac − 4% ethanol; 0.05% Sac − 6% ethanol). 

2.4.5.3. 6% ethanol consumption (11 days). The aim of the last phase 
was to evaluate the number of active nose-poke responses, the 6% 
ethanol (w/v) intake and the motivation to drink. This phase began 38 
days after the last SD. After each session, the alcohol that remained in 
the receptacle was collected and measured with a micropipette. To 
achieve this goal, during the last phase, the number of active responses 
and ethanol consumption (μl) were measured under a fixed ratio 1 (FR1) 
for 5 daily consecutive sessions, a fixed ratio 3 (FR3) (mice had to 
respond three times on the active nose-poke to achieve one reinforce
ment) for 5 consecutive daily sessions, and finally, on the day after FR3, 
a progressive ratio (PR) session was completed to establish the breaking 
point (BP) for each mouse (the maximum number of nose-pokes each 
mouse is able to perform to earn one reinforcement). The response 
requirement to achieve reinforcements escalated according to the 
following series: 1–2–3-5-12-18-27-40-60-90-135-200-300-450-675- 
1000. To evaluate motivation toward ethanol consumption, the BP was 
calculated for each mouse as the maximum number of consecutive re
sponses performed to achieve one reinforcement according to the pre
vious scale. For example, if a mouse activated the nose-poke a total of 
108 times, this meant that it was able to respond a maximum of 40 times 
consecutively for one reinforcement. Therefore, the BP value for this 
mouse would be 40. All the sessions lasted one hour, except the PR 
session, which lasted two hours. 

2.4.6. Immunoassay analysis (ELISA) 
Samples from the striatum and the PFC were obtained 24 h after 
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cocaine CPP and oral ethanol SA. To obtain tissue samples, mice were 
sacrificed by cervical dislocation and then decapitated. Brains were 
rapidly removed, and the striatum and PFC dissected with a brain slicer 
matrix with 1 mm coronal section slice intervals using mouse brain atlas 
coordinates (Heffner et al., 1980; Franklin and Paxinos, 2008, see 
Fig. 1c). The striatum and PFC were then kept in dry ice until storage at 
− 80 ◦C. Before IL-6 and CX3CL1 determination, brains were homoge
nized and prepared following the procedure described by Alfonso- 
Loeches et al. (2010). Frozen brain cortices were homogenized in 250 
mg of tissue/0.5 ml of cold lysis buffer (1% NP-40, 20 mM Tris-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 min and centrifuged at the maximum speed for 15 min; 
the supernatant was collected, and protein levels were determined by 
the Bradford assay from ThermoFisher (Ref: 23227). 

The concentrations of CX3CL1 and IL-6 in homogenized extracts 
were measured with commercial enzyme-linked immunosorbent assay 
(ELISA) kits in 96-well strip plates (Abcam, ab100683, ab100712). All 
reagents and standard dilutions were prepared following the manufac
turer’s instructions. To determine absorbance, we employed an iMark 
microplate reader (Bio-RAD) controlled by Microplate Manager 6.2 
software. Optical density of plates was read at 450 nm and the results 
were calculated using a standard curve following the manufacturer’s 
instructions. Total protein concentrations were determined using the 
Pierce BCA Protein Assay Kit (ThermoFisher Scientific) to determine the 
number of nanograms of CX3CL1 and picograms of IL-6. Data are 
expressed as ng/mg or pg/mg of protein for tissue samples. 

Some mice were discarded after measuring concentrations by ELISA 
due to a lack of signaling, and a few others were considered outliers. 

2.5. Statistical analysis 

Mice had been previously classified into resilient and susceptible 
groups based on their social withdrawal ratios. The social withdrawal 
ratio is calculated by considering the time spent by an experimental 
mouse in the interaction zone when a social target is present divided by 
the time it spends on the interaction zone when the target is absent. A 
ratio equal to 1 means that equal time has been spent in the presence 
versus absence of a social target. Based on the regular behavior of 
control C57BL/6 mice, mice with a ratio under 1 are classified as sus
ceptible, while those with a ratio equal to or higher than 1 are classified 
as resilient (Golden et al., 2011). No statistics were needed to identify 
separate groups of defeated mice and the criteria described in the sta
tistical analysis section were sufficient to establish separate groups. The 
data of the time that the experimental mice and their aggressive oppo
nents spent engaged in different behavioral categories during the SD 
episodes were compared by means of a mixed two-way ANOVA with one 
between-subject variable Stress, with two levels (Resilient and Suscep
tible); and one within subject variable Days, with two levels (1st and 4th 
SD). To evaluate the CPP induced by 1.5 mg/kg of cocaine, the condi
tioning scores were analyzed with a one-way ANOVA with a between- 
subjects variable –Stress, with three levels (Control, SD-R and SD-S). 
To analyze the acquisition of ethanol SA, a two-way ANOVA was per
formed with one between-subjects variable –Stress with three levels 
(Control, SD-R and SD-S)– and a within-subjects variable –Days, with 
five levels of FR1 or FR3. The effects of SD and treatment on BP values 
and ethanol consumption during PR was analyzed by a two-way 
ANOVA, with one between-subjects variable –Stress. The data of the 
CX3CL1 and IL-6 levels, as well as the EPM, were analyzed using a one- 
way ANOVA with one between-subjects variable –Stress, with three 
levels (Control, Resilient and Susceptible). For the data of the etholog
ical analyses of SD and the EPM, all mice were analyzed together (1st 
and 2nd set) as the encounter, or the test occurred before the initiation of 
the cocaine CPP or the oral ethanol SA. 

In all the studies, following the ANOVA, Bonferroni post-hoc tests 
were calculated whenever required. Statistical analyses were performed 

using SPSS Statistics (v.26; IBM, NY, USA) for behavioral data and 
GraphPad Prism (v8; GraphPad Software Inc., CA, USA) for graph 
design. Data were expressed as mean ± SEM and a value of p < 0.05 was 
considered statistically significant. 

3. Results 

3.1. Classification between susceptible and resilient mice according to 
their social withdrawal ratios 

In the first set of experimental mice (Fig. 2a), the Control group (n =
11) showed a mean social interaction ratio >1. Of 24 SD mice, 54% had 
interaction ratio <1 and 46% showed a ratio equal to or higher than 1. 
We classified mice with an interaction ratio <1 as SD-S mice (n = 13) 
and those with an interaction ratio greater than or equal to one as SD-R 
mice (n = 11). 

In the second set of experimental mice (Fig. 2b), the Control group (n 
= 12) showed a mean ratio higher than 1. In the SD group of mice (n =
30), 40% showed a ratio under 1, which classifies them as susceptible 
(SD-S) mice (n = 12), and the remaining 60% showed a ratio equal to or 
higher than 1, which classifies them as resilient (SD-R) mice (n = 18). 

3.2. All defeated adolescent mice increased passive-reactive coping during 
the 4th social defeat 

The ANOVA for the time employed in Avoidance/Flee or Submis
sive/Defensive behaviors (Table 1) by defeated mice divided into resil
ient or susceptible according to their SIT scores showed an effect of the 
variable Days [F (1,52) = 16.5; p < 0.001] and [F (1,52) = 9.1; p <
0.001]. Likewise, the ANOVA for the latency to show Avoidance/Flee or 
Submissive/Defensive behaviors for the first time revealed an effect of 
the variable Days [F (1,52) = 16.2; p < 0.001] and [F (1,52) = 25.9; p <
0.001]. Defeated adolescent mice, classified as either resilient or sus
ceptible, increased the time spent in these behaviors and were quicker to 
show them during the 4th social defeat (p < 0.01 for time spent in 
Submissive/Defensive behaviors and p < 0.001 for the rest of compar
isons). The lack of differences depending on the SIT means that sus
ceptible and resilient mice cope similarly with social defeat stress. 

The ANOVAs for the time employed in Attack or Threat behaviors 
(Table 1) by resident mice showed an effect of the variable Days [F 
(1,52) = 16.9; p < 0.001] and [F (1,52) = 8.1; p < 0.01]. Resident mice 
decreased the time spent in these behaviors during the 4th SD compared 
to the 1st SD (p < 0.001 for time spent in Attack behavior and p < 0.01 
for the time spent in Threat behavior). The ANOVAs for the latency to 
perform the first Attack revealed an effect of the interaction Days x 
Group [F (1,52) = 4.9; p < 0.05] and an effect of the variable Days [F 
(1,52) = 6.7; p < 0.05] for the latency to perform the first Threat 
behavior. Resident mice threatened faster in the 4th SD in comparison to 
the 1st SD in all groups (p < 0.05). However, resident mice attacked 
faster during the 4th SD only when attacking the SD-S group (p < 0.001). 

3.3. Social defeat during adolescence induced anxiogenic effects in 
resilient mice 

One outlier in time spent in the closed arms was removed from the 
Control group, along with two outliers in time spent in the open arms 
and in percentage of time in the open arms, and one outlier in the 
number of entries to the open arms, in total entries and in percentage of 
entries to the open arms in the SD-S group. 

The data of the EPM test are presented in Fig. 3. The ANOVA of the 
time spent in closed arms [F (2,72) = 4.5; p = 0.014]; time spent in the 
open arms [F (2,72) = 3.9; p = 0.023]; percentage of time spent in the 
open arms [F (2,72) = 3.5; p = 0.034]; number of entries into the open 
arms [(2,73) = 3.6; p = 0.031], and percentage of entries into the open 
arms [(2,73) = 4.4; p = 0.015] revealed a significant effect of the var
iable Stress. Post-hoc analyses showed that resilient defeated mice 
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according to their SIT scores spent more time in the closed arms, and less 
time and a lower percentage of time in the open arms than control non- 
stressed mice (p < 0.05 in all cases). Moreover, a lower number and 
percentage of entries into the open arms was registered in resilient 
defeated mice (p < 0.05 in all cases) with respect to the control group. 

3.4. Mice considered resilient according to their SIT scores developed a 
preference for cocaine-induced CPP 

The ANOVA for the time spent in the drug-paired compartment 
(Fig. 4a) showed a significant effect of the variable Days [F(1, 37) =5.2, 
p = 0.030], and the interaction Days x Stress [F(1,31) =3.3, p = 0.05]. 
Likewise, the ANOVA of the Conditioning Score (Fig. 4b) showed an 
effect of the variable Stress [F(2,31) = 4.7; p < 0.016]. Only resilient 
mice according to their SIT scores developed a preference for this 
cocaine dose and a significant increase in the time spent in the drug- 
paired compartment during the Post-C test was observed (p 〈0,01). 
Consequently, higher conditioning scores were observed in the resilient 
mice than control mice (p < 0.01). 

In addition, the analysis of the differences between the drug-paired 
and vehicle-paired compartments during the Pre-C and Post-C phases 
can be found in Table A of the supplementary material. 

3.5. Increased neuroinflammatory response observed following cocaine- 
induced CPP in susceptible mice compared to control mice 

The number of samples in each group was 10 for IL-6 and between 11 

and 13 for CX3CL1. For IL6 determination, we lost 2 samples in the 
striatum of the control group (outliers), and another 2 in the striatum of 
the SD-R group (one outlier and one due to lack of signaling). 

The ANOVA for the Il-6 levels in the striatum (Fig. 5a) showed a 
significant effect of the variable Stress [F(2,26) = 3.9; p < 0.034]. A 
higher concentration of Il-6 was observed in the striatum of susceptible 
mice according to their SIT scores compared to non-stressed control 
mice (p < 0.05). No differences were observed in the cortex (Fig. 5b). 

With respect to fractalkine or CX3CL1 levels, although there were no 
differences in the striatum (Fig. 5c), a higher concentration was 
observed in the PFC of both susceptible and resistant mice [F(2,35) =
4.5; p < 0.019] compared to non-stressed controls (p < 0.05 in both 
cases) (Fig. 5d). 

3.6. Resilient mice showed higher ethanol intake than control mice 

No differences were found in the active responses or between the 
different groups during the training or substitution phases, demon
strating that SD did not induce any learning deficits. No differences were 
found in the body weight of the mice during the FR1, FR3 and PR 
schedules. Analyses of the acquisition and substitution phases of SA and 
body weights during the FR1, FR3 and PR schedules can be found on the 
supplementary material. 

The ANOVA for the number of active responses during FR1 schedule 
(Fig. 6a) did not reveal any significant effects, although there was a 
tendency toward a Stress effect [F(2,39) = 3.1; p = 0.058). Resilient 
mice tended to perform more active responses than controls (p < 0.058). 
With respect to ethanol consumption, the ANOVA revealed a significant 
effect of the variable Stress [F(2,39) = 4.5; p = 0.018) (Fig. 6b). The 
post-hoc comparison showed that the resilient mice consumed ethanol 
at higher rates than the control (p < 0.05) and susceptible mice (p <
0.01). 

During the FR3 schedule, the ANOVA of the number of active re
sponses (Fig. 6a), the ANOVA revealed a significant effect of the variable 
Days [F(4,156) = 4.4; p < 0.002] and Stress [F(2,39) = 6.3; p < 0.004]. 
All mice made significantly more active responses on days 9 and 10 than 
on day 6 (p < 0.01 for day 9, and p < 0,05 for day 10). Moreover, 
resilient mice performed more active responses during the FR3 than 
non-stressed controls (p < 0.01). With respect to the ethanol con
sumption, the ANOVA revealed a significant effect of the variable Days 
[F(4,156) = 16.4; p < 0.001] and Stress [F(2,39) = 6.3; p < 0.004] 
(Fig. 6b). All mice consumed significantly more ethanol on days 7, 8, 9 
and 10 than on day 6 (p < 0.001 in all cases). Moreover, resilient mice 
consumed more ethanol during the FR3 than non-stressed controls (p <
0.01). 

During the PR, the ANOVA for the BP values of ethanol SA revealed a 
significant effect of the variable Stress [F(2,39) = 4.9; p < 0.012] 
(Fig. 6c). The post-hoc comparison showed that resilient mice achieved 
higher BP values than the control group (p < 0.01). The ANOVA for 
ethanol consumption during PR did not reveal a significant effect of the 
variable Stress (Fig. 6d). 

Fig. 2. Percentages of resilient and susceptible mice among groups of mice defeated during adolescence in the two experimental sets. The pie chart represents the 
percentage of resilient vs susceptible mice after social withdrawal ratio evaluation in the SIT in a) defeated mice that performed cocaine-CPP and b) defeated mice 
that performed ethanol SA paradigm. 

Table 1 
Coping behavior of the intruder mice during SD.   

SD-R SD-S 

1st 
SD 

4th SD 1st 
SD 

4th SD 

Intruder 
mice 

Submissive/ 
Deffensive 

Time (s) 35 
± 4 

50 ± 4 
** 

39 
± 4 

52 ± 5 
** 

Latency 
(s) 

30 
± 6 

11 ± 2 
*** 

40 
± 8 

5 ± 1 
*** 

Avoidance/ Flee Time (s) 74 
± 7 

116 ±
12 *** 

72 
± 8 

101 ±
15 *** 

Latency 
(s) 

17 
± 3 

7 ± 2 
*** 

26 
± 7 

4 ± 1 
*** 

Resident 
mice 

Attack Time (s) 61 
± 5 

38 ± 4 
*** 

60 
± 6 

44 ± 4 
*** 

Latency 
(s) 

21 
± 3 

19 ± 5 29 
± 6 

9 ± 2 # 

# # 

Threat Time (s) 31 
± 5 

17 ± 2 
** 

30 
± 5 

26 ± 3 
** 

Latency 
(s) 

23 
± 5 

17 ± 5 
* 

33 
± 10 

10 ± 2 
* 

Results are presented as mean values ±SEM. Mice were divided into resilient (n 
= 29) and susceptible (n = 25) depending on their SIT scores. Bonferroni post- 
hoc test *p < 0.05, **p < 0.01, ***p < 0.001 significant difference compared to 
the 1st SD. ###p < 0.001 significant difference compared to the 1st SD in SD-S 
group. 
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3.7. Increased neuroinflammatory response observed in susceptible mice 
compared to control mice following oral ethanol self-administration 

The number of samples in each group was between 11 and 13 for IL-6 
and between 12 and 14 for CX3CL1. For CX3CL1 determination, we lost 
3 samples in the SD-R group (three outliers). 

The ANOVA for the Il-6 levels in the striatum (Fig. 7a) showed a 

significant effect of the variable Stress [F(2,36) = 3.9; p < 0.023]. A 
higher concentration of Il-6 was observed in the striatum of susceptible 
mice according to their SIT scores compared to the non-stressed control 
group (p < 0.05). No differences were observed in the PFC (Fig. 7b). 

With respect to fractalkine or CX3CL1 levels in the striatum (Fig. 7c) 
the ANOVA showed a significant effect of the variable Stress [F(2,33) =
3.8; p < 0.03], as significantly elevated levels were observed in the 

Fig. 3. Long term effects of SD on anxiety-like behavior. Bars represent the mean (± SEM) of (a) time in closed arms in seconds, (b) time in open arms in seconds, (c) 
percentage of time in open arms, (d) number of open entries, (e) percentage of open entries and (f) number of total entries. Bonferroni post-hoc test * p < 0.05, 
significant difference compared to the control group. 

Fig. 4. Resilient mice showed higher preference in cocaine-induced CPP than susceptible mice. Effect of adolescent SD on cocaine-induced CPP. Mice were divided 
into Control (n = 11); Resilient (n = 11) and Susceptible (n = 13). Defeated mice were characterized as resilient or susceptible depending on their SIT scores. a) The 
bars represent the time (in seconds) spent in the drug-paired compartment before conditioning sessions in the pre-conditioning test (Pre–C) (white bars) and after 
conditioning sessions in the post-conditioning test (Post-C) (gray bars), during which CPP was induced with 1 mg/kg of cocaine. b) The bars represent the condi
tioning score (difference in seconds between the time spent in the drug-paired compartment after the conditioning sessions and that spent in the same compartment 
during Pre–C). **p < 0.01 significant difference in the time spent in the drug-paired compartment vs Pre-C session or with respect to the control group. 
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susceptible mice compared to the control group (p < 0.03). No differ
ences were observed in the PFC (Fig. 7d). 

4. Discussion 

A recent meta-analysis reported that 62.5% of individuals start to 
show signs of mental disorders by the age of 25, with a peak at 14.5 years 
of age (Solmi et al., 2021). Although there is strong evidence linking 
bullying and later mental illness (McKay et al., 2021), only few ado
lescents suffering from these traumatic events will develop psychiatric 
disorders (Dumont and Provost, 1999; Aarestad et al., 2021). Studies 
suggest that a correct reaction of the body is crucial for an adaptive 
response to the environment and to avoid stress-related deficits (Cath
omas et al., 2019; Dutcher and Creswell, 2018). We already know that a 
percentage of adult rodents exposed to SD will show a resilient pheno
type to social avoidance and to the increase in the rewarding effects of 
cocaine and ethanol intake (Ballestín et al., 2021; Giménez-Gómez et al., 
2021; Reguilón et al., 2021b). However, few studies have been per
formed to know whether stressed adolescent mice will show a consistent 
resilient phenotype, as adult mice do. The fact that the developmental 
process of resilience seems to strengthen over time, together with the 
increased salient value of social interactions in adolescent mice, in
dicates that the study of the resilient phenotype in adolescent defeated 
rodents is highly needed (Sheth et al., 2017; Malhi et al., 2019). 

Our results showed that mice defeated during adolescence showed 
marked differences in their resilient response in comparison with the 
experience of SD during adulthood. Resilience to the detrimental effects 
of experiencing SD during adolescence did not develop as a unique 
phenotype. Mice resilient to depressive-like behavior showed an 

increased anxiogenic behavior, a higher response to cocaine and higher 
ethanol intake compared to the control group. However, the increased 
neuroinflammatory response was present mainly in the mice susceptible 
to depressive-like behaviors compared to the control group, despite 
showing a normal response to cocaine and ethanol. 

4.1. Adolescent defeated mice showed behavioral flexibility coping with 
stress 

We know that passive coping strategies in response to social stress 
are associated with more pronounced physiological effects and psy
chopathology (Hawley et al., 2010; Russo et al., 2012; Wood and 
Bhatnagar, 2015). Submissive and immobile behavior are considered 
passive-reactive coping strategies. Meanwhile, active coping is charac
terized by longer latency to display the defeat posture, fight-back or 
active escape (Koolhaas et al., 2007; Wood et al., 2010). 

We have previously reported that adult mice resilient to the increase 
in cocaine reward display fewer flee/avoidance and submissive/defen
sive behaviors during SD than those categorized as susceptible according 
to their SIT scores (Ballestín et al., 2021; Ródenas-González et al., 2021). 
In contrast with these results, there were no differences between resil
ient and susceptible adolescent mice in the way of coping with SD. All 
defeated adolescent mice showed an increase in the time spent in 
defensive or flee behaviors in the fourth SD and presented shorter la
tencies to show these behaviors. The increased time in these behaviors 
indicates behavioral flexibility to the inescapable SD experience and is 
characteristically observed only in resilient adult mice. Behavioral 
flexibility has been associated with emotional resilience, less reactivity 
of the HPA axis, and increased neuroplasticity (Hawley et al., 2010; 

Fig. 5. Susceptible mice showed higher neuroinflammatory markers after cocaine-induced CPP than resilient mice. Effect of repeated SD on striatal and cortical 
levels of IL-6 and CX3CL1. Bars represent the mean (± SEM) of the striatal (a) and cortical (c) levels (in pg/mg) of the pro-inflammatory cytokine IL-6. Similarly, bars 
represent the mean (± SEM) of the striatal (b) and cortical (d) levels (in ng/mg) of the pro-inflammatory chemokine CX3CL1 and the vertical lines ± SEM. Bonferroni 
post-hoc test * p < 0.05, significant difference compared to the control group. 
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Lambert et al., 2014). Therefore, the adolescent response to SD indicates 
an adequate adaptation to stress. 

Despite this adaptive response to SD, the percentage of resilient and 
susceptible adolescent mice classified according to the SIT, which 
evaluates depressive-like behaviors, is similar to that observed in adult 
defeated mice (Giménez-Gómez et al., 2021), with 53% of adolescent 
defeated mice showing a resilient phenotype to depressive-like behav
iors. Albeit with slightly methodological differences, this percentage 
was also observed in the study of Alves-dos-Santos et al. (2020) and 
Vassilev et al. (2021) with adolescent defeated mice. 

One limitation of the present study is the fact that resilient and 
susceptible mice were housed together in the same cage throughout the 
entire procedure. Mice were housed in groups of 4 when they arrived at 
the laboratory on PND 21 and resilient or susceptible phenotypes to 
depressive-like behaviors were evaluated 24 h after the last SD on PND 
37. Housing resilient and susceptible mice together at that moment 
would have implied a deeply stressful hierarchical reorganization in 
each cage, which could affect the behavioral and biochemical results. 
Therefore, housing resilient and susceptible mice in the same cage must 
be taken into consideration as a potential variable that could affect the 
results obtained. Another variable to take into account is the fact that 
injuries derived from confrontations within the home cage could affect 
neuroinflammatory markers. However, we find this possibility very 
unlikely, as the condition of the mice was monitored daily and injuries 
among adolescent C57BL/6 J strain mice were not observed. 

4.2. Anxiogenic response in resilient mice 

It has been extensively established that SD induces an acute anxio
genic response (Albrechet-Souza et al., 2017; Ferrer-Pérez et al., 2019; 
Macedo et al., 2018), an effect that is lacking in resilient mice. We have 
previously observed that adult mice defeated during adulthood that 
present a resilient phenotype to depressive-like behaviors and the 
rewarding effects of cocaine did not present this anxiety increase. In 
addition, all the environmental or pharmacological treatments that in
crease the percentage of resilient mice to SD also increase the percentage 
of mice that did not experience an anxiogenic response (Giménez-Gómez 
et al., 2021). However, when the SD took place during adolescence, the 
results are controversial and the experimental protocol used to induce 
social stress and the time proximity between behavioral tests and stress 
play a key role in the response observed. Several reports confirmed that 
after 3 weeks of the last SD there were no observable effects in the EPM 
in defeated adolescent mice (Rodríguez-Arias et al., 2016; Watt et al., 
2009). Alves-dos-Santos et al. (2020) did not observe anxiety-like be
haviors in the EPM test when compared to control mice. In that case, the 
EPM took place in the last days of 10 sessions of chronic social defeat 
stress and mice were isolated during the entire procedure, which could 
affect the response. However, in agreement with Iñiguez et al. (2014), 
we observed that all defeated mice showed an increase in anxiogenic 
behaviors 24 h after the last encounter, but only resilient mice to 
depressive-like behavior spent less time and percentage of time in the 
open arms. Different results were observed by Vassilev et al. (2021) with 

Fig. 6. Resilient mice showed higher ethanol intake than susceptible mice. Mice were divided into Control (n = 12); Resilient (n = 18) and Susceptible (n = 12). 
Defeated mice were characterized as resilient or susceptible depending on their SIT. The dots represent means and the vertical lines ± SEM of (a) the number of active 
responses; (b) the volume of 6% ethanol consumption during FR1 and FR3; (c) the BP values; and (d) the volume of 6% ethanol consumption during PR. *p < 0.05, 
**p < 0.01 significant difference with respect to controls; #p < 0.05 significant difference with respect to day 6. 

M.D. Reguilón et al.                                                                                                                                                                                                                            



Progress in Neuropsychopharmacology & Biological Psychiatry 119 (2022) 110591

10

no increased anxiety observed in susceptible mice, but surprisingly, in 
resistant mice an anxiolytic response was observed with an increase in 
the time spent in the open arms, which the authors suggest may be due 
to higher propensity for risk-taking-like behaviors in resilient adolescent 
mice. 

Therefore, our results indicate that, differently from the adult 
response to SD, adolescent mice developed a partial resilient response to 
anxiety and this was not associated with depressive-like behaviors. 

4.3. Increased response to cocaine and ethanol in resilient mice compared 
to the control group 

As we have previously reported for adult mice, a subset of defeated 
adolescent mice developed a preference for cocaine (Ballestín et al., 
2021; Giménez-Gómez et al., 2021). However, different from adult 
defeated mice, adolescent mice resilient to depressive-like behaviors 
according to their SIT scores showed a preference for this dose of 
cocaine. On the other hand, susceptible mice showing social avoidance 
did not develop a preference for cocaine. However, we should note that a 
significant preference for the drug-paired compartment compared to the 
vehicle-paired compartment was observed during the post-conditioning 
phase in all defeated mice (see Table A in the Supplementary Material). 
Although SD-S mice did not develop a preference or an increase in the 
conditioning score, social defeat seems to exert some effect on cocaine 
preference compared to vehicle administration. 

In line with the results observed with cocaine, resilient adolescent 
mice according to their SIT scores showed higher ethanol intake than 
control mice. Once again, defeated adolescent mice behave differently 
from adults. Resilient adult mice according to their SIT scores showed a 
complete phenotype with no social avoidance and drinking a similar 

amount of ethanol as non-stressed control mice. On the other hand, 
defeated adult mice susceptible to social avoidance presented a signifi
cantly higher ethanol intake (Reguilón et al., 2021b). 

In our defeated adolescent mice, the analysis of the two phenotypes 
(depressive-like behaviors and response to cocaine or ethanol) showed 
that, among mice resilient to depressive-like behaviors (with SIT scores 
superior to 1), 45% did not develop a preference for cocaine (see 
Table 2). Based on previous studies with this strain of mice, we 
considered that an increase similar or superior to 60 s was the minimum 
increase necessary to develop a preference (Ballestín et al., 2021; 
Giménez-Gómez et al., 2021). Therefore, only 21% of the defeated mice 
showed resilience to both phenotypes. Similar results were also obtained 
in the 2nd experiment, with only 33% of resilient mice depending on the 
SIT drinking ethanol similarly to control mice. In that case, mice that 
drank ethanol more than two standard deviations from the control mean 
were considered susceptible. As in the 1st experiment, 20% of the 
defeated mice showed a complete resilient phenotype. Therefore, there 
is an inconsistent development of resilience between depressive-like 

Fig. 7. Susceptible mice showed higher neuroinflammatory markers after oral ethanol self-administration than resilient mice. Bars represent the mean (± SEM) of 
the striatal (a) and cortical (c) levels (in pg/mg) of the pro-inflammatory cytokine IL-6. Similarly, bars represent the mean (± SEM) of the striatal (b) and cortical (d) 
levels (in ng/mg) of the pro-inflammatory chemokine CX3CL1 and the vertical lines ± SEM. Bonferroni post-hoc test * p < 0.05, significant difference compared to 
the control group. 

Table 2 
Percentage of resilient and susceptible mice.   

SWR Cocaine preference Fully Resilient /Susceptible 

Resilient 46% >60 s (susceptible) 55% 21% 
<60 s (resilient) 45% 

Susceptible 54% >60 s (susceptible) 38% 21% 
<60 s (resilient) 62%  

SWR Ethanol intake (ml/g) Fully Resilient /Susceptible 
Resilient 60% >7 (susceptible) 67% 20% 

<7 (resilient) 33% 
Susceptible 40% >7 (susceptible) 58% 23% 

<7 (resilient) 42%  
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behaviors and response to drug reward. 

4.4. Increased neuroinflammatory response in susceptible mice compared 
to the control group 

Psychological stress induces a series of neuroimmune reactions 
involving a bidirectional brain-immune signaling that affects mood and 
behavior (Wohleb et al., 2015). Long-term increments in proin
flammatory cytokines such as IL-6 levels after repeated SD have been 
described in several mice brain areas (Ferrer-Pérez et al., 2018; Mon
tagud-Romero et al., 2020; Montagud-Romero et al., 2021; Reguilón 
et al., 2021b). In adult mice, resilience to depressive-like behaviors and 
the increase in cocaine or ethanol reward are associated with a minor 
neuroinflammatory response. In susceptible mice, an increase in IL-6 
levels was observed compared to those of controls or resistant mice 
shortly after SD or after cocaine or oral ethanol SA (Ballestín et al., 2021; 
Giménez-Gómez et al., 2021; Reguilón et al., 2021b). These results have 
also been confirmed in adolescent defeated mice. Although no increased 
response to cocaine or ethanol was observed in the susceptible mice, an 
increase in IL-6 levels was observed in the striatum after cocaine- 
induced CPP and oral ethanol SA, compared to the control group. 

With respect to the chemokines response, SD induced changes in 
CX3CL1 or fractalkine, which seems to depend on the mouse strain used, 
probably due to their different sensitivity to social stress. Although SD 
induces increases of striatal CX3CL1 levels in OF1 mice (which are 
highly territorial) (Reguilón et al., 2020; Reguilón et al., 2021a), in 
C57BL/6 mice the opposite result was found. Both resilient and sus
ceptible mice, decreases in striatal fractalkine levels were observed 
immediately after the last SD and even after cocaine-induced CPP 
(Ballestín et al., 2021). Moreover, after oral ethanol SA, decreases were 
only observed in susceptible mice (Reguilón et al., 2021b). Surprisingly, 
compared with the control group, increased levels of CX3CL1 were 
observed in the striatum of adolescent susceptible C57BL/6 mice 
following exposure to cocaine or ethanol, and cortical levels were 
increased in all adolescent defeated mice only following exposure to 
cocaine. Only few studies have evaluated this chemokine in adolescent 
mice, but a recent study by Liu et al. (2020b) found increased CX3CL1 
expression in the hippocampus of adolescent mice exposed to nicotine 
during gestation and lactation. 

Exposure to social stress during early adolescence produced a per
manent alteration of microglia morphology and the induction of an in
flammatory episode in the ventral tegmental area (VTA) (Lo Iacono 
et al., 2018). This inflammatory episode altered the functionality of 
dopaminergic neurotransmission in the VTA following exposure to a 
cocaine-CPP in adulthood. The authors of this study concluded that 
social stress during early life sensitizes the reward pathway and the 
immune response. In line with this, the inflammatory responses 
observed in our study may be potentiated by the profound alteration of 
the immune system produced by social defeat in combination with 
subsequent exposure to substances of abuse. 

4.5. Characteristic development of resilience to SD in adolescent mice 

In these experiments, we demonstrated that experiencing SD during 
adolescence presents specific characteristics. In agreement with the few 
studies performed in this area, defeated adolescent mice did not develop 
a general resilient/susceptible phenotype. There is no correlation be
tween the resilience to social avoidance and the increased response to 
cocaine and ethanol or the neuroinflammatory response. Although, 
differently from adults, all adolescent mice presented an adaptive 
coping mechanism with stress, the percentage of resilient/susceptible 
mice after SD is comparable to that observed in adult mice. Increased 
anxiogenic behavior, preference for the cocaine-paired compartment or 
ethanol intake were observed in mice resilient to the development of 
social avoidance. However, resilience to social avoidance correlated 
with a minor neuroinflammatory response. These results indicate that 

the age of exposure to SD affects the development of resilience. 
In line with our results, Alves-dos-Santos et al. (2020) observed that 

defeated adolescents resilient to anhedonia or social avoidance were the 
most affected mice in terms of both endocrine/physiological outcomes 
(body weight gain and corticosterone response). Likewise, Vassilev et al. 
(2021) observed that, in adolescence, SD produces inhibitory control 
impairment independently from social avoidance. As with ours, all these 
studies have been performed only in males, which is an important lim
itation of the present investigation. Marked sex differences in stress re
sponses have been reported in adult rodents and humans (for reviews, 
see Hodes and Epperson, 2019; and Wellman et al., 2018), but limited 
data in female rodents during adolescence are available. 

Resilience should be considered an active process, which affects both 
passive and active strategies, in order to achieve the highest adaptation 
to stress (Russo et al., 2012). Responses on each particular system may 
develop differently after exposure to stress (Smith, 2019). Our results 
suggest that SD during adolescence leads to an addiction-prone pheno
type in some mice, which manifests itself as resilient during the SIT and 
presents a normalized neuroinflammatory response. 

The response to drugs of abuse is based on their rewarding proper
ties, which depend on the function of the mesocorticolimbic dopami
nergic system. Vassilev et al. (2021) observed that SD during 
adolescence, but not in adulthood, dysregulates the Netrin-1/DCC 
pathway in the VTA and the nucleus accumbens, which induced 
changes in dopamine (DA) connectivity in the PFC. These authors 
observed that, although a reduction in VTA DCC expression was 
observed in all defeated mice, ectopic growth of mesolimbic DA axons 
was observed into the medial PFC of resistant mice. This specific 
adaptation on the dopaminergic system could be related to the increased 
response to cocaine and ethanol observed in resilient mice. 

5. Conclusions 

Adolescence is a critical developmental period for later mental 
illness, and an important period in which to focus intervention strate
gies. More studies are needed in order to fully evaluate the relationship 
between bullying and substance use disorders. A recent study showed a 
bidirectional correlation indicating that individuals who engaged in 
substance use were more likely to perpetrate cyber aggression than those 
who did not, a result that suggests a strong relationship between sub
stance use and bullying (Crane et al., 2021). 

Our findings illustrate that, contrary to prior assumptions in adults, 
SD stress responses are more complex and singular in adolescents, and 
caution should be taken for the correct interpretation and translation of 
those phenotypes. The Social Interaction Test, considered a depressive- 
like phenotype, is currently used to classify mice into resilient or sus
ceptible in order to study the neurobiology and molecular aspects of 
social stress (e.g. Russo et al., 2012). In adolescents, we should not as
sume that resilience to one phenotype equally develops for others, 
highlighting the concept of resilience as an active process affected by the 
person’s age at the moment of the stress experience. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pnpbp.2022.110591. 
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