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Abstract 

 

Using the social defeat (SD) model, numerous studies have shown that stressed mice display an 

enhanced response to the motivational effects of cocaine in the self-administration (SA) and 

conditioned-place preference (CPP) paradigms. However, not all subjects exposed to stress 

express its harmful effects. Some are particularly susceptible to the deleterious effects of 

repeated SD, while resilient mice successfully cope with stressful experiences and display 

adjusted psychological functioning after stress. Vulnerability to develop stress-related disorders, 

such as depression, has been linked to coping strategies and more recently to individual 

differences in the immune system. However, no studies have evaluated if coping strategies and 

immune system reactivity to social stress experiences can also predict susceptibility to stress-

induced enhancement of the cocaine response. We evaluated cocaine response in socially 

defeated mice in the CPP and SA paradigms. To evaluate neuroimmune reactivity to stress the 

pro-inflammatory cytokine IL-6 and the chemokine CX3CL1 were measured in the striatum and 

hippocampus. Behavioral phenotype during and after SD episodes was also evaluated. Our 

results showed that susceptible mice to the depressive-like behaviors effects of stress showed 

increased conditioned rewarding effects of cocaine in the CPP. In addition, susceptible mice 

displayed passive-reactive coping behavior during social stress episodes and more pronounced 

changes in neuroinflammatory markers after the last SD episode, which lasted for one month. 

Although the complex mechanisms underlying susceptibility or resilience to social stress are still 

unclear, our results point to multiple adaptive stress responses expressed at different 

phenotypic levels. 
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Abbreviations 

CPP: conditioned place preference 

CRF: corticotropin-releasing factor 

CX3CL1: C-X3-C motif ligand 1 (fractalkine) 

HPA: hypothalamic-pituitary-adrenal 

HPC: hippocampus 

IL-6: interleukin 6 

PFC: prefrontal cortex 

PND: postnatal day 

Post-C: postconditioning 

Pre-C: preconditioning 

R: resilient mice 

RSD: repeated social defeat 

S: susceptible mice 

SA: self-administration 

SD: social defeat  

STR: striatum 

SWR: social withdrawal ratio 

 

  



1. Introduction 

In today’s society, psychosocial stress is an inescapable part of our daily routine. We face 

demanding situations on a daily basis, such as conflicts between work and family life, arguments 

with children and partner, or constant deadlines that can have a negative impact on our global 

welfare (Almeida, 2005). Numerous studies link this chronic exposure to stress to some epidemic 

diseases, such as obesity, depression (Ouakinin et al., 2018) and drug addiction (Koob and 

Schulkin, 2019; Ruisoto and Contador, 2019). In fact, social stress is considered to be a risk factor 

that influences all stages of the addictive process, from initiation, maintenance and escalation 

of intake to relapse into drug taking (Koob, 2008; Koob and Schulkin, 2019). 

Animal models are useful to characterize the impact of stress on drug response and to 

understand the underlying neurobiological mechanisms (Lynch et al., 2010). The most common 

animal model for studying social stress in rodents is the resident-intruder paradigm, or social 

defeat (SD) model, which encourages the expression of natural offensive and defensive 

behaviors. In this model, an experimental animal (intruder) is confronted with an aggressive 

opponent (resident) in its home cage in a repeated, intermittent manner (Miczek et al., 2008). 

Exposure to different procedures of SD has been shown to enhance a rodent’s response to the 

unconditioned and conditioned rewarding effects of psychostimulant drugs. For instance, 

stressed mice display an enhanced response to rewarding and reinstating effects of cocaine in 

the self-administration (SA) and conditioned-place preference (CPP) paradigms (Ferrer-Pérez et 

al., 2018; Han et al., 2017; Montagud-Romero et al., 2018; Neisewander et al., 2012; Reguilón 

et al., 2017; Shimamoto, 2018). Similarly, stress experiences increase sensitivity to cocaine-

induced hyperactivity and dopaminergic cross-sensitization (Covington et al., 2008). 

However, not all subjects exposed to stress will display unhealthy behaviors and develop 

addiction (Krishnan et al., 2007). There are subjects particularly susceptible to the effects of 

repeated social defeat that exhibit social avoidance, decreased sucrose preference, decreased 

circadian amplitude of body temperature, social hyperthermia, and weight loss (Krishnan et al., 

2007). In contrast to susceptible mice, their resilient counterparts successfully cope with 

stressful experiences and display an adjusted psychological functioning after stress (Brockhurst 

et al., 2015; Charney, 2004; Dantzer et al., 2018). It is important to note that resilient mice also 

show stress-related symptoms, like susceptible animals, such as anxiety-like behavior, and 

higher corticosterone levels (Krishnan et al., 2007). With regard to this, a considerable body of 

clinical and pre-clinical research has addressed a series of factors involved in susceptibility or 

resilience to the deleterious consequences of stress (Cathomas et al., 2019; Dutcher and 



Creswell, 2018). The studies in question suggest that a correct reaction of the body to acute 

stress challenges is crucial for an adaptive response to the environment and to avoid stress-

related deficits (Cathomas et al., 2019). 

Clinical and preclinical studies have highlighted that passive rather than active coping strategies 

are linked to stress-induced maladaptive behaviors (Hawley et al., 2010; Russo et al., 2012; 

Wood and Bhatnagar, 2015). For instance, in the context of SD, two different phenotypes of 

behaviors can be observed among rodents submitted to episodes of stress (Wood et al., 2010). 

Some animals exhibit passive-reactive coping strategies, such as submissive and immobile 

behavior. On the other hand, others display an active coping phenotype with higher latency to 

display the defeat posture, fight-back or active escape rather than immobility (Koolhaas et al., 

2007; Wood et al., 2010). These two behavioral patterns during stress episodes produce 

different consequences, with animals that display passive coping proving more susceptible to 

physiological effects and psychopathology (Hawley et al., 2010; Russo et al., 2012; Wood and 

Bhatnagar, 2015). 

As the stress response is multidimensional and multisystem, it encompasses not only the 

behavioral response during stress, but also its physiological processes (Murrough and Russo, 

2019). In fact, vulnerability to stress-related disorders such as depression has recently been 

linked to individual differences in the immune system (Hodes et al., 2014, Wood et al., 2015). 

Pre-clinical research into depression has revealed that differences in the reactivity of the 

inflammatory response after stress can predict if a mouse will display depressive-like 

consequences of stress, such as social avoidance or, on the other hand, a resilient phenotype. 

In this regard, Hodes and collaborators (2014) reported a less reactive immune system with 

lower levels of pro-inflammatory cytokines in resilient mice after acute stress, while susceptible 

mice displayed an exaggerated pro-inflammatory response. Some authors have also evaluated 

the link between the stress coping phenotype and its immune consequences, using it to predict 

resilience or susceptibility. These studies suggest that animals displaying active coping strategies 

undergo decreased inflammatory processes, whereas animals displaying passive-reactive coping 

strategies tend to display pro-inflammatory processes (Wood et al., 2015). Moreover, the 

negative consequences of passive coping during stress can be buffered by reducing stress-

induced inflammation (Dantzer et al., 2018). 

Considering the devastating consequences of addiction, it is necessary to study which factors 

can predict an increased susceptibility to develop drug-related disorders after stress. There is a 

close association between the brain systems that regulate stress and those responsible for 



responses to drugs of abuse, suggesting that social stressors modify the brain’s reward system 

function (Rodríguez-Arias et al., 2013). Although there is vast literature evaluating the factors 

that predict susceptibility and resilience to depression-like stress consequences, no study to 

date has evaluated if coping strategies and immune system reactivity to social stress experiences 

can also predict susceptibility to a stress-induced enhancement of the cocaine response. In the 

present study, we have evaluated if the phenotype in resilient or susceptible subjects after SD 

episodes based on the development of social avoidance can also predict susceptibility to 

modulate cocaine response by using the CPP and SA paradigms. Additionally, we have 

characterized the reactivity of these mice to stress by measuring IL-6, a pro-inflammatory 

cytokine, and CX3CL1, a poorly characterized chemokine, both of which are reported to be 

altered by social stress experiences and to mediate stress impact on cocaine response (Ferrer-

Pérez et al., 2018; Hodes et al., 2014; Montagud-Romero et al., 2020). The study of which factors 

determine stress susceptibility, and which promote resilience to the impact of stress on cocaine 

response will certainly lead to new and improved therapeutic opportunities. 

 

2. Methodology 

2.1. Animals 

A total number of 142 adult male C57BL/6 mice (Charles River, France) were used in this study. 

Experimental mice 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 initiation of the experiments in order to heighten aggression (Rodríguez-Arias et 

al., 1998). All mice were housed in controlled laboratory conditions: constant temperature and 

humidity, and a reversed light schedule (white light from 8:00 to 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 and the UPF/PRBB, respectively. 

 

2.2. Drugs 

To establish CPP, animals were injected i.p. with a dose of 1.5 mg/kg of cocaine hydrochloride 

(Alcaliber laboratory, Spain) in a volume of 0.01 ml/g of weight. This dose of cocaine was 



selected on the basis of previous CPP studies showing that doses below 3 mg/kg are sub-

threshold (Arenas et al., 2014; Montagud-Romero et al., 2017; Vidal-Infer et al., 2012). For self-

administration studies, a dose of 0.5 mg/kg/infusion of cocaine (Alcaliber laboratory, Spain) was 

available during the acquisition phase. All i.p. administrations were adjusted in a volume of 

0.01 ml/g of body weight. Physiological saline (NaCl 0.9%) was used to dissolve cocaine. 

 

2.3. Experimental design 

In this study, three different cohorts of mice were employed, all of which were exposed to the 

SD procedure or exploration from PND 54 to 63. 24 h after the last SD episode, all the animals 

performed the social withdrawal test to evaluate depressive-like behaviors and were 

characterized as resilient (R) or susceptible (S) depending on their social withdrawal ratio (SWR). 

In the 1st cohort of mice, brain and blood samples were taken 3 days after the social withdrawal 

test (PND 67) (Control n=15; R n=15; and S n=14). In the 2nd cohort of mice, after 3 weeks being 

undisturbed in their home cages, mice underwent the CPP procedure (PND 83) with 1.5 mg/kg 

of cocaine (Control n=9; R n=12; and S n=17). Brain and blood samples were taken at the end of 

this procedure (PND 93). The 3rd cohort of mice initiated the SA procedure on PND 83 to 100 

(Control n=11; R n=19; and S n=12). 

The experimental design is depicted in Figure 1. 

 

Figure 1. Experimental design. 
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2.4.1. Procedure of social defeat (SD) 

Animals in the stress/defeated groups were exposed to 4 episodes of SD during adulthood, each 

lasting 25 min and consisting of three phases. The initial phase began by introducing the 

“intruder” (the experimental animal) 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 (Covington and Miczek, 2001). In the second phase, the wire mesh was removed 

from the cage to allow confrontation between the two animals over a 5-minute period. Finally, 

the wire mesh was returned to the cage to separate the two animals once again for another 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 a clean cage. Intruder 

mice were exposed to a different aggressor mouse during each SD episode. The criterion used 

to define an animal as defeated was the adoption of a specific posture signifying defeat, 

characterized by an upright submissive position, limp forepaws, upwardly angled head, and 

retracted ears (Miczek et al., 1982; Rodríguez-Arias et al., 1998). All agonistic encounters of each 

SD protocol were videotaped to confirm social defeat of the intruder mice and to analyze 

ethologically the attack behaviors (duration and latency) of the resident mice. These behaviors 

were scored in resident mice and avoidance/flee, and defensive/submissive behaviors were 

evaluated in intruder mice. A detailed description of these behaviors can be found in Rodriguez-

Arias et al., 1998. 

 

2.4.2. Social withdrawal ratio (SWR) 

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 social defeat during 

daylight and in a different environment of the confrontation sessions. First, animals were 

transferred to a quiet, dimly lit room 1 h before the test was initiated. After habituation, each 

animal was placed in the center of a square arena (white Plexiglas open field, 30 cm on each side 

and 35 cm high) and its behavior was monitored by video (EthoVision XT 11, 50 fps; camera 

placed above the arena). Animals were allowed to explore the arena twice, for 600 s in each 

session, during two different experimental sessions. In the first (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 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 solution to minimize odor cues. Between sessions, the 

experimental mouse was removed from the arena and returned to its home cage for 2 min. 

Locomotion and arena occupancy during object and social sessions were determined using the 

animals’ horizontal position, determined by commercial video tracking software (EthoVision XT 

11, Noldus). Conventional measures of arena occupancy, like 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 

restraining cage. Corners were defined as two squares of similar areas on the opposite wall of 

the arena.  

2.4.3. Conditioned place preference (CPP) 

For place conditioning, we employed eight identical Plexiglas boxes with two equally sized 

compartments (30.7 cm long × 31.5 cm wide × 34.5 cm high) separated by a gray central area 

(13.8 cm long × 31.5 cm wide × 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 animals and their crossings from one compartment to the other 

to be recorded. The equipment was controlled by three computers using MONPRE 2Z software 

(CIBERTEC, SA, Spain). 

Place conditioning, consisting of three phases, was carried out during the dark cycle following a 

procedure that was unbiased in terms of initial spontaneous preference (Manzanedo et al., 

2001). During the first phase - or preconditioning (Pre-C) - mice were allowed access to both 

compartments of the apparatus for 900 s per day on 3 consecutive days. On day 3, the time 

spent in each compartment was recorded. Animals 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. In this study, 4 mice were discarded. 

During the conditioning phase, half of the animals in each group received the drug or vehicle in 

one compartment, while the other half received it in the other compartment. In the second 

phase (conditioning), which lasted 4 days, animals were conditioned with 1.5 mg/kg cocaine or 

saline. 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 animals received cocaine 

immediately prior to confinement to the drug-paired compartment for a further 30 min. The 

central area was made inaccessible by guillotine doors during conditioning. The dose of cocaine 

used during conditioning phase was a subthreshold dose (1.5 mg/kg, proven not to be effective 

in controls) in order to evaluate increased sensitivity to the conditioned rewarding effects of 

cocaine. In the third phase - or postconditioning (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 the third Pre-C tests is a measure of the degree of conditioning induced by the drug 

(conditioning score). 

 

2.4.4. Operant cocaine self-administration (SA) 

Apparatus 

Operant self-administration chambers 

For SA procedures, we used ten mouse operant chambers (Model ENV-307A-CT, Med 

Associates, Inc. CIBERTEC SA, Madrid, Spain) equipped with two holes; one was selected as the 

active hole for delivering the reinforcer and the other as the inactive hole. Active and inactive 

nose-pokes holes were assigned randomly. Nose-poking in the active hole resulted in a 

reinforcer (cocaine 0.5 mg/kg/infusion), while nose-poking in the inactive hole had no 

consequences. Cocaine was delivered over 2 s in the form of a 20 µL injection via a syringe 

mounted on a microinfusion pump (PHM-100A, Med-Associates, Georgia, VT, USA) connected 

via Tygon tubing (0.96 mm outer diameter, Portex Fine Bore Polythene Tubing, Portex Limited, 

UK) to a single-channel liquid swivel (375/25, Instech Laboratories, Plymouth Meeting, PA, USA) 

and the mouse’s intravenous catheter. A light located above the active hole was paired 

contingently with the delivery of the reinforcer. The chambers were housed in sound- and light-

attenuated boxes equipped with fans to provide ventilation and white noise. 

Procedures 

Surgery 

Surgical implantation of the catheter into the jugular vein was performed under isoflurane 

anaesthesia (1.5-2.0 %). Meloxicam (0.5 mg/kg s.c.; Metacam®, Barcelona, Spain) and 



enrofloxacin (7.5 mg/kg i.p.; Baytril® 2.5 %; Barcelona, Spain) were injected after the surgery. 

The home cages were placed on thermal blankets to avoid post-anaesthesia hypothermia. Mice 

were weighed daily and treated with meloxicam for 48 h. The animals were allowed to recover 

for at least three days before the acquisition phase began. 

Acquisition of operant cocaine SA 

SA experiments were conducted as described in Soria et al. (2008). Mice were trained for 2 h 

per day to nose-poke in order to receive a 0.5 mg/kg/infusion of cocaine on 10 consecutive days, 

under a fixed ratio of 1 (FR1). Sessions began with a cocaine priming infusion. When mice 

responded at the active hole, the stimulus light lit up for 4 s and a cocaine infusion was delivered 

automatically. Each infusion was followed by a 15-second time-out period in which a nose-poke 

through the active hole had no consequences. Mice were considered to have acquired stable 

self-administration behavior when the following criteria were met in 2 consecutive FR1 sessions: 

(i) 80% stability in reinforcements (the number of reinforcers in each day deviated by <20% from 

the mean number of reinforcers on the 2 consecutive days); (ii) ≥ 65% of responses were 

received at the active hole; and (iii) a minimum of 5 infusions per session. The acquisition phase 

lasted 10 days for all animals, regardless of the day of acquisition. Mice underwent the PR test 

24 hours after the last day of acquisition. The PR test consisted of a single-session test that lasted 

2 hours. In this session, the response requirement to earn an infusion escalated according to the 

following series: 1-2-3-5-12-18-27-40-60-90-135-200-300-450-675-1000. The breaking point is 

the last ratio reached by each animal, which is considered the highest effort the mouse is willing 

to make in order to obtain an infusion. In this study, one mouse was discarded because it failed 

to achieve acquisition criteria. 

 

2.4.5. Tissue sampling for biochemical analyses 

A total number of 90 mice, 46 from the 1st cohort after Post-C and 44 from the 2nd cohort after 

the social withdrawal test, were sacrificed by cervical dislocation in order to collect biological 

samples. For corticosterone analyses blood samples were collected from tail vein into heparin 

tubes (Microvette CB 300, Sarstedt ) 30 min after social defeat and the plasma was stored at 

‑80°C. Brains were immediately removed from the skull and placed in an ice-cold plaque. 

Cerebellum and olfactory bulbs were eliminated, and the brain areas of interest - the striatum 

(STR) and hippocampus (HPC) - were dissected following the procedure described by Heffner et 

al. (1980). Brain tissue samples were then frozen on dry ice and stored immediately at -80°C 

until the CX3CL1 and IL-6 assays were performed. 



 

2.4.6. Immunoassay analysis (ELISA) 

Blood and brain samples from mice belonging to the 1st (PND 93) and 2nd (PND 67) cohorts of 

mice were analyzed. Neuroinflammatory markers were not analyzed in animals experiencing SA, 

since an increase of these markers could have been due to the surgical procedure.  Frozen mouse 

samples of STR and HPC were homogenized (0.5 mg tissue/μL) in cold lysis buffer (1 % Nonidet 

P-40, 20 mM Tris-HCl pH 8, 130 mM NaCl, 10 mM NaF, 10 g/mL aprotinin, 10 g/mL leupeptin, 

10 mM DTT, 1 mM Na3VO4 and 1 mM PMSF). 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). We determined CX3CL1 

concentration in STR and HPC, and IL-6 concentration in STR, HPC and plasma samples. All 

reagents and standard dilutions were prepared following the manufacturer’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 final 

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. 

 

2.5. Statistical analysis 

Mice were previously classified into R and S groups based on the SWR and these data were 

analyzed by one-way ANOVA with a between-subjects variable - Stress, with three levels 

(Control, S and R). SWR 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, animals with a ratio under 1 are classified as S, while those with a ratio equal to 

or higher than 1 are classified as R (Golden et al., 2011). 

The data of the time that experimental mice and their aggressive opponents 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 (R and S); 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 conditioning scores were analyzed with one-way ANOVA with a 

between-subjects variable - Stress, with three levels (Control, S and R). For the cocaine self-

administration curve, we used a three-way ANOVA analysis with day of training and hole (active 

vs inactive) as within-subject variables and Stress (Control, S and R) as a between-subject 

variable. For the analysis of day of acquisition, total intake and breaking point, we used a one-

way ANOVA, with a between-subjects variable - Stress, with three levels. For the analysis of total 

nose-pokes of the progressive ratio test, we used a two-way ANOVA, with a within-subject 

variable hole (active vs inactive) and Stress (Control, S and R) as a between-subject variable. 

The data of the CX3CL1 and IL-6 levels in STR and HPC from mice in the 1st and 3rd cohorts were 

analyzed using a one-way ANOVA with one between-subjects variable - Stress, with three levels 

(Control, S and R). When necessary, a two-way ANOVA with the variables Stress and Cohort (1st 

and 2nd) was also employed. 

In all the studies, following the ANOVA, Bonferroni post-hoc tests were calculated whenever 

required. All statistical analyses were performed using SPSS Statistics v.26. Data were expressed 

as mean ± SEM and a value of p<0.05 was considered statistically significant. 

 

3. Results 

3.1. Susceptible mice have lower social withdrawal ratio than their resilient counterparts 

The ANOVA of the SWR performed after the last SD (see Figure 2) in the three cohorts of mice 

showed an effect of the variable Stress [F(2,44) = 13.489; p <0.001], [F(2,38) = 7.796; p <0.002], 

and [F(2,40) = 13.381; p <0.001] respectively. The post-hoc comparison revealed lower social 

scores among S mice in comparison with R (p <0.001 in all cases) and control animals (p <0.001 

for the 1st cohort of mice and p <0.01 for the 3rd cohort of mice). 



 

Figure 2. Effect of repeated SD on SWR in C57BL/6 male mice. The bars represent the mean of 

the time spent in the social session/object session in the interaction zone and the vertical lines 

± SEM. Values >1 indicate preference for social interaction and <1 indicates social avoidance 

(Golden et al., 2011). Mice were divided into Control (n=15), R (n=15) and S (n=14) in the first 

cohort; Control (n=9), R (n=12) and S (n=17) in the second cohort; and Control (n=11), R (n=19) 

and S (n=12) in the third cohort. Bonferroni post-hoc test *** p <0.001 ** p <0.01, significant 

difference compared to the Control group; +++ p <0.001, significant difference compared to the 

R group. 

 

3.2. Susceptible mice showed passive-reactive coping during social defeat 

The ANOVA for the time employed in Avoidance/Flee behaviors (Figure 3a) by defeated mice 

divided into R or S according to their SWR showed an effect of the interaction Days X Stress for 

the first [F(1,27) = 5.276; p <0.03] and second cohorts [F(1,27) = 4.406; p <0.04]. During the first 

social defeat, S mice spent more time engaged in these behaviors than their R counterparts 

(p<0.05 in both cases). Moreover, R mice significantly increased the time spent in these 

behaviors, an effect that was not observed in S animals (p<0.01 fourth SD with respect first SD).  

In the third cohort of mice, there was an effect of the variable Stress [F(1,27) = 14.023; p <0.001], 

with S mice spending more time in these behaviors than R animals (p<0.01). 
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The ANOVA for the time employed in Submissive/Defensive behaviors (Figure 3b) by defeated 

mice divided into R or S according to their SWR showed an effect of Stress for the first [F(1,27) 

= 10.976; p <0.003] and second cohorts [F(1,27) = 7.223; p <0.01]. S mice spent more time 

engaged in these behaviors than their R counterparts (p <0.01 in both cases). Moreover, in the 

third cohort there was a significant effect of the interaction Days X Stress [F(1,27) = 23.213; p 

<0.001). S mice spent more time in these behaviors than R mice only during the first SD 

(p<0.001). Moreover, only R mice in the third cohort increased the time spent in 

defensive/submissive behavior (p<0.01 in the 4th SD with respect the 1st). 
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Figure 3. Coping behavior during SD. Bars represent the mean of the time spent in Avoidance 

/Flee (a) and Submissive /defensive (b) behaviors during the 1st and 4th SD /light gray for 

Susceptible and dark grey for Resilient) and the vertical lines ± SEM. Mice were divided into R 

(n=15) and S (n=14) in the 1st cohort; into R (n=12) and S (n=17) in the 2nd cohort; and into R 

(n=19) and S (n=12) in the 3rd cohort. Bonferroni post-hoc test * p <0.05, ** p<0.01, *** p<0.001 

significant difference compared to R group; ++ p<0.01, +++ p<0.001 with respect 1st SD. 

3.3. Susceptible mice showed higher conditioning score than resilient animals 

The ANOVA showed no significant differences between the time spent in the drug-paired and 

vehicle-paired compartments during the Pre-C phase (F(1, 37) =1,720, p = 0.198). Once the 

animals had been divided into R and S groups depending on their SWR (Figure 4), the ANOVA of 

the Conditioning Score showed an effect of the variable Stress [F(2,38) = 6.016; p <0.006], with 

S animals showing a significantly higher conditioning score than R (p <0.01). 
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Figure 4. Effect of repeated SD on the conditioning score induced by 1.5 mg/kg of cocaine in 

C57BL/6 male mice. Bars represent the mean of the difference in time (s) spent in the 

compartment associated with the drug before and after conditioning sessions (conditioning 

score) and the vertical lines ± SEM. Mice were divided into Control (n=15); R (n=15) and S (n=14) 

in the 1st cohort. Mice were characterized as R or S depending on their SWR. Bonferroni post-

hoc test ++ p <0.01, significant difference compared to R, Bonferroni test. 

 

3.4. Susceptible mice took more cocaine infusions in self-administration 

Defeated animals were divided into R and S groups according to the score obtained in SWR in 

order to undergo the cocaine SA (Figure 5). A three-way ANOVA for the acquisition curve showed 

a main effect of Day of training [F(9,39) = 14.05; p <0.001], Stress [F(1,44) = 118.689; p <0.001] 

and Hole [F(1,44) = 118.689; p <0.001], with interaction between Day of training and Hole 

[F(9,36) = 7.849; p <0.001], and with a tendency in the interaction between Stress and Hole 

[F(2,78) = 2.905; p =0.061]. Post-hoc analysis for Stress and Hole interaction showed that 

resilient and susceptible groups of mice behaved differently over the days for the active (p< 

0.01), but not for the inactive hole. 

A one-way ANOVA for Day of acquisition revealed no significant differences among the groups. 

One-way ANOVA for total intake revealed a main effect of Stress [F(2,39) = 3,57; p <0.05], 

revealing that the three groups of animals (control, R and S) behaved differently, and particularly 

R versus S as indicated the post-hoc analysis (p < 0.05). These data show that R mice self-

administered less cocaine as compared to S mice. 
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Regarding the progressive ratio schedule of reinforcement, a two-way ANOVA for total nose-

pokes showed a main effect for Hole [F(1,78) = 52.12; p<0.001], but none for Group or 

Interaction between groups. A one-way ANOVA calculated for the breaking point revealed no 

significant differences due to the variable Group (p = 0,0633). 

 

  

  

 



Figure 5. Effect of repeated SD on the cocaine self-administration in C57BL/6 male mice. The 

bars represent the mean and the vertical lines ± SEM. (A) Mean of active and inactive - during 

the 10-day acquisition phase in control (n=11), susceptible (n=12) and resilient (n=19) groups, 

(B) day of acquisition for each group, (C) total cocaine intake (mg/kg) during the acquisition 

phase, (D) active and inactive nose-pokes and (E) breaking point achieved during progressive 

ratio schedule. Only animals who acquired SA are shown. Data are expressed as mean + SEM. 

 

3.5. Susceptible mice showed higher levels of the pro-inflammatory cytokine IL-6 

The ANOVA for the striatal IL-6 levels showed an effect of the variable Stress for the 1st cohort 

of mice [F(2,42) = 4.214; p <0.022] (see Figure 6a). Susceptible mice displayed higher IL-6 levels 

than the control animals (p <0.05), without differences with R animals. Although S mice showed 

higher IL-6 levels, no significant differences were observed in the striatal IL-6 levels in the 2nd 

cohort of mice, probably due to the elevated variance of the results.  

The ANOVA for the hippocampal IL-6 levels showed an effect of the variable Stress for the 1st 

[F(2,44) = 3.389; p <0.045] and the 2nd cohort of mice [F(2,38) = 4.000; p <0.027] (see Figure 6b). 

Susceptible mice displayed higher IL-6 levels than the control animals (p <0.05 in both cases), 

without differences with R animals. 
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Figure 6. Effect of repeated SD on striatal and hippocampal levels of IL-6. Bars represent the 

mean of the striatal (a) and hippocampal (b) levels (in pg/mg) of the pro-inflammatory cytokine 

IL-6 and the vertical lines ± SEM. Mice were divided in the 1st cohort into Control (n=15), R (n=15) 

and S (n=14); and in the 2nd cohort into Control (n=9), R (n=12) and S (n=17). Bonferroni post-

hoc test * p <0.05, significant difference compared to Control group. 

 

The ANOVA of striatal CX3CL1 levels revealed a significant effect of the variable Stress [F(2,44) 

= 8.556; p <0.001] (see Figure 7a) in the 1st cohort of mice. Striatal CX3CL1 levels were lower 

among all defeated animals (either R or S) in comparison with controls (p <0.01 for R and p 

<0.001 for S). No differences were observed in striatal CX3CL1 levels in the 2nd cohort of mice. 

However, CX3CL1 levels were lower in this cohort of mice, maybe due to the cocaine exposure. 

An ANOVA of the data from both cohorts of mice showed an effect of the interaction Stress x 

Cohort [F(2,82) = 8.080; p <0.001]. Control animals that experienced cocaine-induced CPP 

showed lower CX3CL1 levels than controls of the 1st cohort of mice (p<0.001). 

The ANOVA of hippocampal CX3CL1 levels revealed a significant effect of the variable Stress 

[F(2,41) = 5.751; p <0.007] (see Figure 7b). Hippocampal CX3CL1 levels were lower among all 
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defeated animals (either R or S) in comparison with controls (p <0.01 for R and p <0.05 for S). 

No differences were observed in striatal CX3CL1 levels in the second cohort of mice. However, 

CX3CL1 levels were lower in this cohort of mice, again possibly due to the cocaine exposure. An 

ANOVA of the data from both cohorts of mice showed an effect of the interaction Stress x Cohort 

[F(2,79) = 4.310; p <0.017]. Control animal that experienced cocaine-induced CPP showed lower 

CX3CL1 levels than controls in the 1st cohort of mice (p <0.01). 
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Figure 7. Effect of repeated SD on striatal and hippocampal levels of CX3CL1. Bars represent 

the mean of the striatal (a) and hippocampal (b) levels (in pg/mg) of the chemokine CX3CL1 and 

the vertical lines ± SEM. Mice were divided in the 1st cohort into Control (n=15), R (n=15) and S 

(n=14); and in the 2nd cohort into Control (n=9), R (n=12) and S (n=17). Mice were characterized 

as R or S depending on their SWR. Bonferroni post-hoc test * p <0.05, ** p <0.01, *** p <0.001 

significant difference compared to the Control group (SWR); ++ p<0.01, +++ p <0.001, significant 

difference compared to 1st cohort control group. 

 

3.6. Social defeat increased plasmatic corticosterone in R and S mice 

Plasmatic corticosterone levels (Figure 8) were determined in animals 30 min after the 1st and 

4th social defeat episodes. R and S mice were characterized according to their SWR. The ANOVA 

revealed an effect of the variable Stress [F(2,33) = 12.115; p <0.001]. R and S defeated mice 

showed higher corticosterone levels than Control rodents after the 1st and 4th social defeat 

(p<0.001 in all cases). 
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Figure 8. Social defeat increased plasmatic corticosterone levels in R and S mice. Bars represent 

the mean of the plasmatic corticosterone levels (in pg/ml) 30 minutes after the 1st and 4th social 

defeat in Control (n=10), R (n=12) and S (n=15) and the vertical lines ± SEM.  Mice were 

characterized as R or S depending on their SWR. Bonferroni post-hoc test *** p <0.001 

significant difference compared to their corresponding Control group. 

4. Discussion 

It is well known that exposure to repeated SD encounters induces a long-lasting increase in the 

motivational effects of cocaine. By means of several variations of the SD procedure, numerous 

studies carried out in our laboratory and by other groups have consistently demonstrated an 

increase in the rewarding effects of cocaine using the CPP paradigm (Montagud-Romero et al., 

2015; Rodriguez-Arias et al., 2016; 2017), as well as an increase of cocaine seeking in the SA 

paradigm in socially defeated animals (for example Boyson et al., 2014; Ferrer-Pérez et al., 2019; 

Quadros and Miczek, 2009; Yap et al., 2015). However, the behavioral and neurobiological 

effects of social stress are not manifested in all individuals equally. After being exposed to social 

stress, only some individuals show intense deficits, while others continue to function normally. 

Individuals that adapt and maintain their normal physiology and behavior after exposure to 

social stress are classified as resilient (Pfau and Russo, 2015). 

To date, most studies have evaluated resilience to depressive- or anxiety-like behaviors, but few 

have explored factors mediating susceptibility or resilience to the increase in cocaine-induced 
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reward brought on by social stress. In the present study, we have shown for the first time that 

the behavioral and neuroinflammatory phenotypic profile of stressed mice that allows 

susceptibility or resilience to depressive-like behavior is also a predictor of vulnerability to the 

increased cocaine reward. Our most important result is that animals that are resilient to 

depressive-like behaviors are also resistant to cocaine reward. Susceptible mice showed higher 

conditioning score in the CPP and more cocaine infusions in the SA procedures than resilient 

animals. Moreover, susceptible mice displayed greater changes in neuroinflammatory markers 

not only immediately after social defeat, but we have shown for the first time that this response 

remained even one month after the last SD, when the CPP procedure ended. We also confirmed 

that susceptible mice showed passive-reactive coping during social defeats. 

Susceptibility or resilience to depressive-like behaviors and increase in cocaine reward induced 

by social defeat 

Numerous reports show that a depressive-like phenotype in rodents can be induced by repeated 

exposures to SD stress. Among other behaviors, defeated animals show anhedonia, anxiety and 

social avoidance (Berton et al., 2006; Kudryavtseva et al., 1991; Rygula et al., 2005). The 

response to the social interaction test performed 24 h after the last SD has been associated with 

resilience or susceptibility to stress-induced depressive-like behavior. Within this perspective, 

socially stressed mice that display social avoidance are considered susceptible. Healthy animals 

naturally engage in investigation of a social target, whereas the avoidance of social contact is 

considered to be a depressive-like behavior. Based on the behavior of control C57BL/6 mice, 

animals with a ratio under 1 are classified as susceptible, while those with a ratio equal to or 

higher than 1 are classified as resilient (Golden et al., 2011). According to this criterion, 

susceptible mice also show reduced sucrose preference, weight fluctuation and metabolic 

disturbances (Chuang et al., 2010). Interestingly, anxiety-like behavior, measured by the 

elevated plus maze or increased corticosterone release in response to stress, is observed in both 

resilient and susceptible animals (Krishnan et al., 2007). 

We have previously shown that depending on their response to cocaine-conditioned effects, 

there are two different populations among the defeated mice (Ródenas-Gonzalez et al., 2020). 

In that study, we showed that three weeks after the last episode of social stress, a susceptible 

group of mice showed a place preference for a sub-threshold dose of cocaine as a result of an 

increased response to cocaine. However, other defeated mice, the resilient group, did not 

develop preference for this dose of cocaine. In the present study, we have shown that 

susceptible mice that have increased response to cocaine also have greater depressive-like 



behaviors. Therefore, the susceptible or resilient response is present in several behavioral 

domains. It has to be taken into consideration that in all of these studies only one dose of cocaine 

was used. It is possible that, with effective doses, differences in the time needed to reach 

extinction and in the vulnerability to reinstate the preference were also observed between 

resilient and susceptible animals. 

In agreement with our results, Krishnan and co-workers (2007) also observed an increase in the 

conditioned rewarding effects of cocaine in susceptible animals (according to their SWR) 24 h 

after the last SD. We have extended these results, showing that this susceptibility lasted for at 

least 3 weeks after the last SD, and it is also observed in cocaine SA. Clinical reports have also 

confirmed the correlation of depressive symptoms with reward dysfunction responses. Studies 

in adult or adolescent humans affected by depression showed reward system dysfunction with 

reduced striatal activation during the execution of rewarding tasks (Drevets et al., 2008; Forbes 

et al., 2009; Pizzagalli et al., 2009). A resilient phenotype to social stress involves coordinated 

biological mechanisms in numerous systems, both peripheral and central, and can occur in some 

domains, such as depression-like behaviors or increased cocaine reward, but not in others, such 

as anxiety or corticosterone response to stress (Krishnan et al., 2007). The present study also 

corroborates that the corticosterone response to SD does no differ between resilient and 

susceptible mice, in agreement with previous reports (Schwendt et al., 2018). 

Susceptible mice although also showed higher cocaine intake in the SA procedure than resilient, 

did not present differences with respect control animals. Equally susceptible mice reached 

higher ratio and number of active nosepoke in the progressive ratio than control and resilient 

animals although without reaching statistical significance. A recent study of Schwendt and co-

workers (2018) did not find differences between resilient and susceptible rats in the number of 

cocaine self-administration infusions. Similar results were found by Hadad and co-workers 

(2016) after 1 daily hour exposure to cocaine self-administration, although an increase in 

infusions was observed in susceptible rats on the first day of long exposure to cocaine (6h/day). 

In these studies, the model of stress is different, based on the predator scent stress model, and 

the classification of the rats into resilient and susceptible is based on the anxiety profile. 

However, both analyzed the relationship between resilience to stress effects and cocaine 

reward. While the CPP evaluates the role of the environmental cues that modulate a drug’s 

rewarding effects, the SA procedure assesses the animals’ motivation to obtain the drug (Aguilar 

et al., 2009). The CPP and SA paradigms evaluate different aspects of reward, and thus, different 

characteristics of addictive behavior. 



Our protocol of social stress, which consists of four social defeat episodes at intervals of 48 h 

during which the intruder animals are undisturbed in their home cages, is less intense than the 

chronic stress models that are usually employed to study resilience to social stress. With our less 

intense protocol, the OF1 strain of mice showed a profound increase in the rewarding effects of 

cocaine, measured with the CPP and SA procedures (Montagud-Romero et al., 2016, 2017, 2018; 

Ferrer-Perez et al., 2018), as well as a clear increase in inflammatory parameters (Ferrer-Pérez 

et al., 2019; Rodríguez-Arias et al., 2018; Montagud-Romero et al., 2020). Several reports have 

suggested that the C57BL/6 strain is less susceptible to stress than other strains (Dadomo et al., 

2011; Razzoli et al., 2011a and b). In line with these studies and following our protocol of social 

stress, C57BL/6 animals did not show the profound effects we have traditionally observed in our 

former experiments using OF1 mice. Therefore, the model we have employed would appear to 

be a mild stress applied to a non-susceptible population. This model allows us to unravel subtle 

mechanisms of resilience that could be overwhelmed by a higher level of stress. At the same 

time, it enables us to characterize animals that are highly susceptible to social stress. 

Proactive coping promotes resilience while passive-reactive coping characterizes susceptible 

animals 

Active coping is one of the psychosocial factors traditionally associated with resilience (Feder et 

al., 2009). Recent studies have shown that strategies for coping with social stress are associated 

with resilience to the increased social avoidance or anxiety-like behavior exhibited after social 

stress procedures (Finnell and Wood, 2016; Krishnan, 2014; Russo et al., 2012). Moreover, mice 

that are resilient to develop anxiety when exposed to odor of a depredator exhibit changes in 

their dopaminergic system, suggesting a particular response of these animals to cocaine 

(Brodnik et al., 2017). In a previous study, we report that mice resilient to stress-induced 

increases in cocaine reward display less flee and avoidance behaviors during the intruder-

resident encounter (Ródenas-Gonzalez et al., 2020). The results of the present study confirm 

once again that susceptible mice adopt a passive-reactive coping profile during social defeat 

encounters, employing more time in flee/avoidance and submissive/defensive behaviors during 

the social defeat than those categorized as resilient. Differently to resilient, susceptible mice did 

not increased time in avoidance and flee in the fourth encounter, which indicates lack of 

behavioral flexibility to the inescapable social defeat experience. Behavioral flexibility in coping 

strategies that has been associated with emotional resilience, less reactivity of the HPA axis, and 

increased neuroplasticity (Hawley et al., 2010; Lambert et al., 2014). In this way, our results 

indicate that active coping and adequate adaptation reduce the enhanced cocaine-seeking 

behavior induced by exposure to stress. 



Susceptible mice showed increased levels of IL-6 

Among the many mechanisms involved in SD effects, neuroinflammatory processes are one of 

the most widely studied (for review see Montagud-Romero et al., 2018). Neuroinflammation is 

not only activated by harmful stimuli, but also by psychological stress (Xanthos and Sandkühler, 

2014); indeed, numerous studies have shown that SD induces neuroinflammation. Cytokine 

production is initiated through activation of the inflammasome - stimulated by toll-like receptor 

4 (TLR4), among other factors - which in turn activates the release of CRF and the initiation of 

the stress response (Iwata et al., 2013). As a result of the blood brain barrier’s increased 

permeability due to SD, immune cells can easily penetrate the CNS (Rodríguez-Arias et al., 2017). 

A long-term increase in the number of macrophages, activation of microglia (Rodríguez-Arias et 

al., 2018; Stankiewicz et al., 2015), increase in pro-inflammatory cytokines such as IL-1β or IL-6 

(Ferrer-Pérez et al., 2018; Wohleb et al., 2011, 2012, 2014), and decreases in chemokines such 

as CX3CL1 (Montagud-Romero et al., 2019) have been described in rodents after exposure to SD 

stress. 

In the present study, we further compared susceptible and resilient mice to identify individual 

differences in the neuroinflammatory mechanisms underlying the social stress-induced increase 

in cocaine reward. Previous studies based on resilience to depressive-like behavior induced by 

SD have reported that susceptible mice exhibit increased levels of cytokines such as IL-6, 

monocyte chemoattractant protein (MCP-1), or IL-1β (Hodes et al., 2014; Stewart et al., 2015; 

Wood et al., 2015). In addition, resilient animals exhibit enhanced expression of anti-

inflammatory cytokines IL-4 and IL-10 (Hodes et al., 2014; Stewart et al., 2015). Our results 

showed for the first time that the increase in IL-6 in susceptible animals is maintained even one 

month after the last SD experience. Susceptible mice showed an increase of the striatal and 

hippocampal levels of the pro-inflammatory cytokine IL-6 when measured 4 days after the last 

defeat and also after the end of the CPP procedure. 

We also studied CX3CL1 levels, which can act as pro- or anti-inflammatory chemokine depending 

on the type of neuroinflammatory event (Sheridan and Murphy, 2013). We have previously 

reported a decrease in striatal CX3CL1 levels after the 4th SD, which was maintained after 

cocaine-induced CPP (Montagud-Romero et al., 2019), while no changes were observed in the 

HPC. In the present work, we observed a decrease in striatal and hippocampal CX3CL1 levels in 

all defeated mice after the last SD (1st cohort of mice). After the CPP (2nd cohort of mice), 

probably due to the doses of cocaine administered during the procedure, all mice showed lower 

striatal and hippocampal CX3CL1 levels in comparison with control animals of the 1st cohort of 



mice, non-stressed and non-exposed to cocaine. Thus, striatal and hippocampal levels of CX3CL1  

were affected by social defeat and also by cocaine administration. For many authors, an increase 

in endogenous CX3CL1 maintains microglia in a repressed state (Harrison et al., 1998; Ransohoff 

et al., 2007; Biber et al., 2007; Ransohoff and Perry, 2009). Thus, CX3CL1 signaling mediates a 

neuroprotective role. In this line, we have previously reported that social defeat induces a 

decrease of this chemokine and, moreover, that the increase in conditioned cocaine reward was 

independent of CX3Cl1 presence (Montagud-Romero et al., 2020). Therefore, these results 

suggest that CX3CL1 is a sensitive marker for social defeat and cocaine-induced 

neuroinflammation but it cannot discriminate between susceptible and resilient animals. 

To summarize, our results confirm that susceptible animals exhibit depressive-like behavior 

immediately after social stress and also show a long-term increased response to the rewarding 

effects of cocaine, as compared to resilient mice. Therefore, SWR predicts further increases in 

the rewarding effects of cocaine. These susceptible animals present an increased 

neuroinflammatory response to SD that lasted one month after the end of social stress. Although 

the complex mechanisms that account for susceptibility or resilience to social stress remain 

unclear, our results point to multiple adaptive stress responses expressed at different 

phenotypic levels. 
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