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Abstract

Social interaction in an alternative context can be beneficial against drugs of abuse.

Stress is known to be a risk factor that can exacerbate the effects of addictive drugs.

In this study, we investigated whether the positive effects of social interaction are

mediated through a decrease in stress levels. For that purpose, rats were trained to

express cocaine or social interaction conditioned place preference (CPP). Behavioural,

hormonal, and molecular stress markers were evaluated. We found that social CPP

decreased the percentage of incorrect transitions of grooming and corticosterone to

the level of naïve untreated rats. In addition, corticotropin-releasing factor (CRF) was

increased in the bed nucleus of stria terminalis after cocaine CPP. In order to study

the modulation of social CPP by the CRF system, rats received intra-

cerebroventricular CRF or alpha-helical CRF, a nonselective antagonist of CRF recep-

tors. The subsequent effects on CPP to cocaine or social interaction were observed.

CRF injections increased cocaine CPP, whereas alpha-helical CRF injections

decreased cocaine CPP. However, alpha-helical CRF injections potentiated social

CPP. When social interaction was made available in an alternative context, CRF-

induced increase of cocaine preference was reversed completely to the level of rats

receiving cocaine paired with alpha-helical CRF. This reversal of cocaine preference

was also paralleled by a reversal in CRF-induced increase of p38 MAPK expression in

the nucleus accumbens shell. These findings suggest that social interaction could

contribute as a valuable component in treatment of substance use disorders by

reducing stress levels.
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1 | INTRODUCTION

Switching the preference of a substance-dependent individual

towards non–drug-related activities remains one of the great chal-

lenges that confront drug dependence therapy.1 Beneficial social

interaction can positively affect personal relationships and may serve

as an alternate natural reward to drug use.1 We1,2 and others3 have

shown that social interaction with a nonaggressive male in an alterna-

tive context blocked cocaine-induced reinstatement of cocaine condi-

tioned place preference (CPP). These findings suggest that social
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interaction during extinction, if offered in a context that is clearly dis-

tinct from the previously drug-associated one, may profoundly

decrease the incentive salience of drug-associated contextual stimuli.

It has been repeatedly reported that stress is considered a risk

factor that can render individuals more vulnerable to the effects of

drug abuse and to relapse after periods of abstinence.4,5 It is also well

shown that corticotropin-releasing factor (CRF), one of the major

effectors of stress,6 promotes drug addiction.6 Indeed, CRF increases

locomotor responsivity,7-9 mediates the response to drug-associated

stimuli,10 and facilitates stress-induced relapse to drug seeking.11-13

This peptide and its receptors CRF1R and CRF2R are expressed in the

hypothalamus, as well as in limbic brain areas including amygdala and

bed nucleus of stria terminalis (BNST).14,15

Several studies also showed that p38 MAPK (MAPK14) is

involved in stress and anxiety. Indeed, p38 MAPK was reported to be

activated after stress16-18 in many different regions of the brain

including the prefrontal cortex, nucleus accumbens, and the hippo-

campus. Other studies reported that p38 MAPK activation is involved

in the effects of drug of abuse. It has been shown that morphine CPP

induced p38 MAPK activation in the nucleus accumbens microglia.19

In addition, injections of the p38 kinase inhibitor SB203580 in the

nucleus accumbens impaired amphetamine CPP20 and morphine

CPP.19 Previously, we investigated whether cocaine CPP increases

p38 MAPK activation in the nucleus accumbens as compared with

social interaction CPP. Indeed, control saline rats receiving saline in

both compartments of the CPP apparatus and cocaine CPP rats

showed similarly enhanced p38 MAPK activation in the nucleus

accumbens shell as compared with naïve and social interaction CPP

rats.21 These results suggest that cocaine per se does not increase

p38 MAPK activation in the nucleus accumbens shell and that social

interaction reward decreases p38 MAPK activation to the level of

naïve rats.21

An important question that needs to be addressed is whether the

beneficial effects of social interaction reward are mediated through a

reverse of stress levels. For that, we analysed stress markers specifi-

cally altered behavioural transitions of grooming, urine corticosterone

levels, and CRF expression, after cocaine or social CPP expression in

rats. With the purpose of examining whether social interaction CPP

could also be modulated by the CRF system, we investigated the mod-

ulation of CPP to cocaine and social interaction by intra-

cerebroventricular (icv) injections of CRF or alpha-helical CRF, a

nonselective antagonist of CRF receptors. In order to check for poten-

tial beneficial protective effects of social interaction against drug

abuse and stress, we investigated the availability of social interaction

as mutual choice in an alternative context on CRF-induced effects on

cocaine preference and on the subsequent p38 MAPK activation in

the nucleus accumbens shell.21 Finally, we assessed the effects of icv

injections of p38 MAPK inhibitor, SB203580, on the acquisition of

concurrent CPP in which rats receive cocaine conditionings in one

compartment and social interaction conditionings in the other com-

partment of CPP to explore whether p38 MAPK inhibitor could shift

the preference towards social interaction and promote social interac-

tion reward.

2 | MATERIALS AND METHODS

2.1 | Animals

Male Sprague Dawley rats (6 to 8 weeks old; Janvier Labs, France)

were housed at controlled environmental conditions (12-hour light/-

dark schedule) with food and water supplied ad libitum. Experiments

were performed during the light phase of the circadian cycle. All ani-

mals were group-housed until 10 days before the start of the behav-

ioural experiments, from which time on they were single housed.

The Austrian National Animal Experiment Ethics Committee

approved all experiments in the present study (BMWF-

66.011/0112-WF/V/3b/2015).

2.2 | Conditioned place preference

The CPP apparatus (64 cm wide × 32 cm deep × 31 cm high) is made

of unplasticized polyvinyl chloride and consists of a three-

compartment chamber with a middle (neutral) compartment

(10 × 30 × 30 cm) connected to the two outer/conditioning compart-

ments (25 × 30 × 30 cm each). The compartments differ in floor

(white floor in the middle compartment/stainless steel floor with

either holes or stripes in the two conditioning compartments) and in

wall (white wall in the middle compartments/vertical or horizontal

black and white stripes in the two conditioning compartments).

The acquisition protocol1 started with a preconditioning prefer-

ence test on day 1 (pretest). During the pretest, the animals were

allowed to freely explore the three compartments of the apparatus for

15 minutes (no difference was found in the time spent between in the

horizontal vs vertical compartment of the CPP during the pretest -

Figure S2). The conditioning procedure was performed on eight con-

secutive training days (days 2 to 9) following an alternate-day-design

with one training session per day (15 minutes) for a total of four

training sessions for each condition: cocaine (hydrochloride salt,

corresponding to 15 mg/kg pure cocaine base in a volume of 1 mL/kg

saline) or social interaction. Social interaction conditioning consisted

of a 15-minute period in one of the CPP compartments with a

weight- and gender-matched conspecific immediately after an intra-

peritoneal (i.p.) injection of 1 mL/kg saline to control for possible han-

dling and i.p. injection effects. The conspecific remained the same

social partner for a total of four periods. Cocaine or social stimulus

was paired with the less preferred chamber during pretest. The other

chamber was paired with saline. The saline control group received

saline in both compartments of the CPP. The CPP test was carried out

on day 10, ie, 24 hours after the last conditioning session, in which

the rats were placed in the middle neutral compartment and allowed

to explore the apparatus for 15 minutes.

In the concurrent CPP paradigm, the protocol started with a pre-

test session on day 1 followed by eight consecutive training days in

an alternate-day-design, one 15-minute training session per day, a

total of four training sessions each for social interaction in one com-

partment or cocaine in th7e other compartment of the CPP, then a

CPP test on day 10.
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Time that animals spent in each compartment in the pretest and

test was recorded and evaluated using Any-Maze Software.

Preference for a stimulus was defined by the time spent in the

stimulus-associated compartment during the test minus the time

spent in the stimulus-associated compartment during the pretest

(preference score). For the saline control group, the preference score

was calculated as the time spent in the less preferred compartment

during the test minus the time spent in the less preferred compart-

ment during the pretest.

2.3 | Incorrect transitions of cephalocaudal
grooming progression

Grooming is an important element of rodent behaviour with a general

pattern of cephalocaudal progression (paw licking!nose/face

wash!body wash!tail/genitals wash). Incorrect transitions of

cephalocaudal progression between different grooming patterns can

be used as a stress marker in rats.22 The grooming stages are defined

as no grooming (0), paw licking (1), nose/face/head wash (2), body

grooming (3), leg licking (4), and tail/genitals grooming (5). The per-

centage of incorrect transitions were analysed between patterns. Cor-

rect transitions between grooming stages include the following

progressive transitions: 0-1, 1-2, 2-3, 3-4, 4-5, and 5-0. According to

Kalueff et al,23 four main types of incorrect transitions include

aborted, prematurely terminated (eg, 3-0 and 4-0), skipped (eg, 1-5

and 2-5), reversed (eg, 3-2, 4-1, and 5-2) and incorrectly initiated (eg,

0-4 and 0-5). Analyses were done during the test session of CPP for

each treatment condition. Naïve values were evaluated during the

pretest session of the CPP before the animals underwent

conditionings.

2.4 | Urine corticosterone measurements

Twenty-four hours after the CPP test,21 urine from rats was collected

and quantitative corticosterone/creatinine measurements were per-

formed using the corticosterone ELISA Kit (Abcam) according to the

protocol provided with the kit. For naïve values, urine from naïve

group-housed nontreated rats served as baseline level.

2.5 | Quantitative real-time polymerase chain
reaction

Twenty-four hours after the CPP test, rats were sacrificed by an over-

dose of isoflurane. This time point was chosen according to our previ-

ous findings21 in which social interaction reward decreased p38

MAPK activation to the level of naïve rats in the nucleus accumbens

shell, only 24 hours after the CPP test.

Brains were removed and immediately frozen in −40�C iso-

pentane. The amygdala, BNST, the hypothalamic paraventricular

nucleus, and the nucleus accumbens shell were punched out using a

sample corer (Fine science tools, 11G-17G) while viewing sections

using magnifying goggles from thaw-mounted coronal 200-μm sec-

tions at −15�C in a cryostat.1

Total RNA was isolated from the dissected brain regions using

Trizol (Invitrogen) according to the manufacturer's recommenda-

tions. To avoid contamination with genomic DNA, total RNA was

treated with DNase (2 U/μL) using the TURBO DNA-free Kit

(Ambion). RNA was reverse transcribed in the presence of random

hexamer primers and MultiScribe Reverse Transcriptase (50 U/μL)

in a total volume of 20 μL employing the high-capacity

cDNA reverse transcription kit with RNase Inhibitor (Applied

Biosystems).

After dilution with 80 μL of water, 3 μL of the diluted cDNA was

used as a template for amplification (duplicates) with AB Fast SYBR

Green mastermix (Applied Biosystems). Real-time polymerase chain

reaction (RT-PCR) quantification was performed on a 7500 Fast Real-

Time PCR system (Applied Biosystems) using the following cycle set-

tings: 20 seconds 95�C, 40 cycles of 95�C for 3 seconds, and 60�C for

30 seconds. All PCR primers were designed using PrimerSelect 5.05

software (DNASTAR). Ct and ΔCt values were calculated by using the

7500 software v2.0.1 and GAPDH as a reference gene.

The primers used in this study are detailed inTable S2.

2.6 | Surgery and icv injections

Rats were anesthetized with isoflurane. Then, each rat was implanted

with a 22-gauge guide cannula above one of the lateral ventricles. The

stereotaxic coordinates used were −0.9 mm from bregma, 1.4 mm lat-

eral from the midline, and −3.0 mm from the skull surface. The incisor

bar was set at −3.5 mm. The cannulae were secured by dental cement

and anchored to stainless steel screws fixed to the skull. Postopera-

tive analgesia was provided to the animals during the recovery period.

The animals were allowed to recover for 6 days from surgery.

Human/rat CRF, alpha-helical CRF (9-41), and SB203580 were

purchased fromTocris.

CRF (1 μg/rat) was dissolved in physiological saline; alpha-helical

CRF (10 μg/rat) was dissolved in distilled water24 with the pH

adjusted to 6.7; and SB203580 (1 μg/rat) was dissolved in 100 %

DMSO and then diluted in saline so the final concentration of DMSO

reached 2%. Vehicle (VEH) injections consisted of physiological saline

solution. The drugs were injected icv at a volume of 5 μL.

icv injections of CRF and alpha-helical CRF were administered

1 hour prior to conditioning. icv injections of SB203580 were admin-

istered 30 minutes prior to conditioning.

For cocaine CPP and social CPP, injections were given before

cocaine or social interaction conditioning. In control rats, injections

were given before conditionings in the less preferred compartment. In

concurrent CPP, injections were given prior to both cocaine and social

interaction conditionings.

A general time line for the experiments performed in the study is

represented in Figure 1.
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2.7 | Statistical analyses

All data were expressed as mean ± SEM (standard error of the mean).

According to the number of effects implicated, one- or two-way anal-

ysis of variance (ANOVA) or two-tailed unpaired t test using Gra-

phpad Prism and Statview programs were used. Results showing

significant overall changes were subjected toTukey's multiple compar-

ison post hoc test. Effect sizes were calculated as Cohen's d. The level

of statistical significance was predefined at a P < .05.

3 | RESULTS

3.1 | Social interaction reward decreases stress
markers to the level of naïve rats

Rats conditioned to cocaine or social interaction expressed a signifi-

cant preference to cocaine or social interaction, respectively, as com-

pared with the saline control group receiving saline injections in both

compartments of the CPP (one-way ANOVA, treatment effect,

F(2,24) = 8.504; P = .0016; control [n = 8] vs cocaine CPP [n = 11],

P = .0021, Cohen's d = 4.86; control vs social CPP [n = 8], P = .008,

Cohen's d = 4.84). Cocaine and social interaction had the same reward

value as the preference score after cocaine or social interaction condi-

tioning was not different (cocaine CPP vs social CPP, P = .9534, ns)

(Figure 2A).

After expression of CPP, altered behavioural transitions of

grooming, used as a stress marker in rats, were evaluated. The per-

centage of incorrect transitions in saline control and cocaine CPP

groups was increased in comparison to that of naïve rats (one-way

ANOVA, treatment effect, F(3,32) = 14.73; P < .0001; naïve [n = 10] vs

control [n = 7], P = .0002, Cohen's d = 3.08; naïve vs cocaine CPP

[n = 11], P < .0001, Cohen's d = 2.38). However, the percentage of

incorrect transitions in the social interaction CPP group was signifi-

cantly decreased to the level of naïve rats (control vs social CPP

[n = 8], P = .0022, Cohen's d = 2.04; cocaine CPP vs social CPP,

P = .0007, Cohen's d = 1.72; naïve vs social CPP, P = .9163, n.s.)

(Figure 2B). The stress hormone, corticosterone, levels in urine were

increased in saline control rats and in rats that expressed cocaine CPP

as compared with naïve rats and rats that expressed social CPP (one-

F IGURE 1 Time line of the experiments performed in the study. A, Animals without surgery. Upon arrival, rats were single housed and got a
period of habituation before the start of the experiment. Conditioned place preference (CPP) started with a pretest, followed by eight
conditioning days in alternation between coc/sal for cocaine CPP or SI/sal for social interaction CPP and sal/sal for the saline CTR group. During
the test, the grooming of each rat was analysed in order to assess the percentage of cephalocaudal progression. Then, 24 hours after, samples of
urine were collected from each rat in order to evaluate the corticosterone levels before being sacrificed. Brains were removed, frozen, and then
dissected on a cryostat where punches from the bed nucleus of stria terminalis (BNST), amygdala, and hypothalamus were collected for
quantitative polymerase chain reaction (qPCR) analysis. B, Animals with surgery. Upon arrival, rats were single housed and got a period of
habituation before the start of the experiment. Each rat was implanted with a guide cannula above one of the lateral ventricles and was then
allowed to recover. CPP started with a pretest, followed by eight conditioning days in alternation between coc/sal for cocaine CPP or SI/sal for
social interaction CPP and sal/sal for the saline CTR group. Before each coc or SI conditioning and saline pairing in the less preferred
compartment of CPP, rats received an icv injection of VEH, CRF, or alpha-helical CRF. In the case of concurrent CPP, in which rats were
conditioned with coc in one compartment and with SI in the other compartment, rats received icv injection of VEH or SB203580 before each coc
and SI conditioning. During the test, the grooming of each rat was analysed in order to assess the percentage of cephalocaudal progression. Then,
24 hours after, brains were removed, frozen, and then dissected on a cryostat where punches from the nucleus accumbens shell were collected
for qPCR analysis. coc, cocaine; icv, intracerebroventricular; Sal, saline; SI, social interaction. The number of animals may sometimes differ across
the flow of the experiments because of technical problems such as problem in the dissection of the region of interest for RNA extraction given
that the regions of interest are relatively small
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way ANOVA, treatment effect, F(3,24) = 11.91; P < .0001; naïve [n = 7]

vs control [n = 6], P = .0003, Cohen's d = 2.07; naïve vs cocaine CPP

[n = 9], P = .0037, Cohen's d = 2.95). However, corticosterone levels in

urine after social CPP were not different from naïve rats (control vs

social CPP [n = 6], P = .0009, Cohen's d = 1.61; cocaine CPP vs social

CPP, P = .0131, Cohen's d = 1.78; naïve vs social CPP, P = .9864, n.s.)

(Figure 2C). Relative mRNA expression of CRF in the BNST is

increased after cocaine CPP as compared with naïve, saline control,

and social CPP rats (two-way ANOVA, treatment effect,

F(3,45) = 10.12, P < .0001; marker effect, F(2,45) = 3.735, P = .0313;

treatment × marker interaction, F(6,45) = 2.996, P = .0151; naïve [n = 4]

vs cocaine CPP [n = 5], P < .0001, Cohen's d = 1.84; control [n = 4] vs

cocaine CPP, P < .0001, Cohen's d = 1.81; cocaine CPP vs social CPP

[n = 5], P < .0001, Cohen's d = 1.65). Expression of CRFR1 and CRFR2

in the BNST region did not differ among the groups (Figure 2D). CRF,

CRFR1, and CRFR2 expression in the amygdala and the hypothalamus

was not different among the investigated groups (Table S1).

3.2 | Social interaction reward is modulated by the
CRF system

To investigate how the CRF system would modulate cocaine and

social CPP, we performed CRF and alpha-helical CRF icv injections in

rats before conditioning to cocaine and social interaction as well as in

saline control rats. Injections of CRF and alpha-helical CRF impacted

on the CPP expression of cocaine, social interaction, and saline control

(two-way ANOVA, CPP treatment effect, F(2,40) = 42.92, P < .0001;

icv treatment effect, F(2,40) = 4.474, P = .0176; CPP treatment × icv

treatment interaction, F(4,40) = 24.54, P < .0001) (Figure 3A-C).

In saline control rats, icv CRF injections induced a place aversion

to the chamber associated with CRF (vehicle [n = 6] vs CRF [n = 4],

P < .0001, Cohen's d = 3.08; CRF vs alpha-helical CRF [n = 5],

P < .0001, Cohen's d = 5.00). Alpha-helical CRF injections did not

affect the CPP in the saline control group of rats (vehicle vs alpha-

helical CRF, P = .6139, n.s.) (Figure 3A). In cocaine CPP rats, icv CRF

injections increased cocaine CPP (vehicle [n = 6] vs CRF [n = 6],

P = .0032, Cohen's d = 1.54), whereas icv alpha-helical CRF injections

decreased cocaine CPP significantly (vehicle vs alpha-helical CRF

[n = 5], P = .0182, Cohen's d = 1.71; CRF vs alpha-helical CRF,

P < .0001, Cohen's d = 2.73) (Figure 3B). In social CPP rats, icv CRF

injections did not affect social CPP (vehicle [n = 6] vs CRF [n = 6],

P = .3281, n.s.), but icv alpha-helical CRF injections increased social

CPP (vehicle vs alpha-helical CRF [n = 5], P = .0173, Cohen's d = 2.64;

CRF vs alpha-helical CRF, P = .0004, Cohen's d = 9.43) (Figure 3C).

These modulations of CPP were paralleled by changes in the per-

centage of incorrect transitions of cephalocaudal grooming (two-way

ANOVA, CPP treatment effect, F(2,40) = 16.04, P < .0001; icv

F IGURE 2 A, Conditioned place preference (CPP) to cocaine or social interaction (n = 8-11). Saline control rats received saline injections in
both compartments of the CPP. Preference score is the time that the rat spent in the stimulus-associated compartment during the test-pretest.
**P < .01, different from Sal CTR. Sal CTR (n = 8); COC (n = 11); SI (n = 8). B, Percentage of incorrect transitions of cephalocaudal grooming
progression (n = 7-11). Naïve values are calculated during the pretest session; Sal CTR–, COC-, or SI-associated percentage of incorrect
transitions is calculated during the test session following each treatment, respectively. +++P < .001, different from naïve; **P < .01, different from
Sal CTR; ###P < .001, different from COC. Naïve (n = 10); Sal CTR (n = 7); COC (n = 11); SI (n = 8). C, Corticosterone/creatinine levels in urine of
rats 24 hours after the CPP test (n = 6-9). Naïve rats are untreated group-housed rats. ++P < .01, +++P < .001, different from naïve; ***P < .001,

different from Sal CTR; #P < .05, different from COC. Naïve (n = 7); Sal CTR (n = 6); COC (n = 9); SI (n = 6). D, Corticotropin-releasing factor (CRF),
CRFR1, and CRFR2 expression in the bed nucleus of stria terminalis (BNST) 24 hours after the CPP test (n = 4-6). Naïve rats are untreated group-
housed rats. +++P < .001, different from naïve; ***P < .001, different from Sal CTR; ###P < .001, different from COC. BNST CRF: Naïve (n = 4); Sal
CTR (n = 4); COC (n = 5); SI (n = 5); BNST CRFR1: Naïve (n = 4); Sal CTR (n = 4); COC (n = 5); SI (n = 6); BNST CRFR2: Naïve (n = 4); Sal CTR
(n = 4); COC (n = 4); SI (n = 4). Statistical test: two-way analysis of variance (ANOVA) followed by Tukey's post hoc test. Control, Sal CTR; COC,
cocaine CPP; SI, social CPP
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treatment effect, F(2,40) = 15.75, P < .0001; CPP treatment × icv treat-

ment interaction, F(4,40) = 3.970, P = .0083) (Figure 3D-F). In the saline

control group, icv CRF injections could not increase further the per-

centage of cephalocaudal incorrect transitions as compared with vehi-

cle injected rats (vehicle [n = 6] vs CRF [n = 4], P = .9315, n.s.).

However, icv alpha-helical CRF injections decreased significantly the

percentage of incorrect transitions (vehicle vs alpha-helical CRF

[n = 5], P = .0021, Cohen's d = 1.63; CRF vs alpha-helical CRF,

P = .0021, Cohen's d = 2.07) (Figure 3D). In the cocaine CPP group,

the percentage of incorrect transitions were increased by icv CRF

injections (vehicle [n = 6] vs CRF [n = 6], P = .0232, Cohen's d = 2.25)

and decreased by icv alpha-helical CRF injections (vehicle vs alpha-

helical CRF [n = 5], P = .0212, Cohen's d = 2.07; CRF vs alpha-helical

CRF, P < .0001, Cohen's d = 3.44) (Figure 3E). In the social interaction

CPP group, no change was observed in the percentage of incorrect

cephalocaudal grooming (vehicle [n = 6] vs CRF [n = 6], P = .7593, n.s.;

vehicle vs alpha-helical CRF [n = 5], P = .9835, n.s.; CRF vs alpha-

helical CRF, P = .8704, n.s.) (Figure 3F).

3.3 | Social CPP in an alternative context reverses
the CRF-induced increases of cocaine preference

When social interaction was made available in an alternative context,

CRF-induced increases of cocaine preference were reversed

completely to the level of rats receiving cocaine paired with icv injec-

tions of alpha-helical CRF (one-way ANOVA, treatment effect,

F(3,21) = 8.551, P = .0007; CRF vs CRF + [social] [n = 8], P = .0005,

Cohen's d = 3.83; alpha-helical CRF vs CRF+ [social], P = .8829, n.s.)

(Figure 3B). This reverse of cocaine preference was paralleled by a

reverse in the percentage of incorrect transitions of cephalocaudal

grooming (one-way ANOVA, treatment effect, F(3,21) = 22.66,

P < .0001; CRF vs CRF + [social] [n = 8], P < .0001, Cohen's d = 3.83;

alpha-helical CRF vs CRF + [social], P = .9950, n.s.) (Figure 3E). Fur-

thermore, social interaction as an alternative to cocaine also reversed

CRF-induced increase of p38 MAPK expression in the nucleus

accumbens shell region to the level of rats receiving cocaine paired

with icv injections of alpha-helical CRF (one-way ANOVA, treatment

effect, F(3,15) = 39.35, P < .0001; vehicle [n = 4] vs CRF [n = 5],

P = .0004, Cohen's d = 3.33; vehicle vs alpha-helical CRF, P = .0101,

Cohen's d = 3.13; CRF vs alpha-helical CRF [n = 5], P < .0001, Cohen's

d = 4.89; CRF vs CRF + [social] [n = 5], P < .0001, Cohen's d = 5.09;

alpha-helical CRF vs CRF + [social], P = .9418, n.s.) (Figure 4).

3.4 | P38 inhibitor in a concurrent CPP paradigm
does not affect cocaine preference

To investigate whether p38 MAPK inhibitor could shift the prefer-

ence towards social interaction and promote social interaction

reward, icv injections of p38 MAPK inhibitor (SB203580) in a con-

current CPP paradigm, in which rats received cocaine conditionings

in one compartment and social conditionings in the other compart-

ment of the CPP, were performed. SB203580 did not induce a

shift in preference to any of the compartment associated with

either cocaine or social interaction (two-tailed unpaired t test, vehi-

cle [n = 7] vs SB203580 [n = 11], P = .6482, t = 0.4649, df = 16,

n.s.) (Figure S1).

F IGURE 3 Effects of intracerebroventricular (icv) injections of vehicle, corticotropin-releasing factor (CRF), and alpha-helical CRF on saline
control, cocaine, and social preference (A-C) and on associated percentage of incorrect transitions (D-F) (n = 4-8). Preference score is the time

that the rat spent in the stimulus-associated compartment during the test-pretest. CRF+ [social] is a group of rats conditioned with cocaine that
received icv injections of CRF prior to cocaine conditioning but also had the opportunity to social interaction in the alternative compartment of
the conditioned place preference (CPP). *P < .05, **P < .01, different from VEH; ##P < .01, ###P < .001, different from CRF. Panel A: VEH (n = 6),
CRF (n = 4), alpha-helical CRF (n = 5); Panel B: VEH (n = 6), CRF (n = 6), alpha-helical CRF (n = 5), CRF + [Social] (n = 8); Panel C: VEH (n = 6), CRF
(n = 6), alpha-helical CRF (n = 5); Panel D: VEH (n = 6), CRF (n = 4), alpha- helical CRF (n = 5); Panel E: VEH (n = 6), CRF (n = 6), alpha-helical CRF
(n = 5), CRF + [Social] (n = 8); Panel F: VEH (n = 6), CRF (n = 6), alpha-helical CRF (n = 5). Statistical test: two-way analysis of variance followed by
Tukey's post hoc test. α CRF, alpha-helical CRF; COC, cocaine CPP; Control, Sal CTR; SI, Social CPP; VEH, vehicle

6 of 10 LEMOS ET AL.



4 | DISCUSSION

The main finding of the present study is that social interaction reward

decreased stress markers at the behavioural, hormonal, and molecular

levels. In addition, social interaction CPP was promoted by CRFR

antagonist and alpha-helical CRF but not affected by CRF. Further-

more, social interaction, when available as an alternative choice to

cocaine and CRF, was able to reverse not only cocaine preference but

also CRF-induced increased levels of stress.

The percentage of incorrect transitions can be used as a behav-

ioural stress marker in rats behaviour.22 The findings of the present

study with control rats and cocaine CPP rats performing significantly

more incorrect transitions as compared with “naïve” and social CPP

rats are in line with our previous findings showing that p38 MAPK

activation in the nucleus accumbens shell is increased in control rats

and cocaine CPP rats as compared with that in naïve and social CPP

rats.21 As stress increases the percentage of incorrect transitions in

rats,23 these results show that social interaction reward decreases a

behavioural marker of stress to the level of naïve untreated rats.

Several studies have shown that social stress strongly increases

basal corticosterone levels25,26 as well as plasma corticosterone

response to acute27 and chronic stress.28,29 We measured plasma cor-

ticosterone levels after expression of CPP to social interaction, to

cocaine and control rats to check if the anti-stress effects of social

interaction are evident at the stress hormonal level. We found that

corticosterone levels are increased in control rats and cocaine CPP

rats. This increase was blunted in social CPP rats, supporting the idea

that a decrease in stress levels contributes to the positive effects of

social interaction.

One of the most important neurotransmitters involved in behav-

ioural components of the stress response is the CRF.6 It has

previously been reported that social stress induces an increase of CRF

mRNA in the dorsal region of BNST and the central amygdala, but not

in the paraventricular hypothalamus in rats,30 and activates

CRFR2-positive neurons in the medial amygdale.31 We now wanted

to gain insight into a possible involvement of CRF in effects of social

CPP. Indeed, we found that in the BNST, CRF expression was signifi-

cantly reduced in social CPP as compared with cocaine CPP–

expressing rats. In order to elucidate a potential role of the BNST in

the protective effect of social interaction on stress, further studies

manipulating pharmacologically the BNST should be conducted. How-

ever, it appears that CRF expression in the BNST was only increased

after cocaine CPP as control rats expressed similar CRF expression in

the BNST as naïve rats. Along these lines, an increase in CRF mRNA

was found in the BNST of mice with a prior history of cocaine admin-

istration.32 As CRF expression in the BNST of control rats was signifi-

cantly lower than in cocaine CPP–expressing rats, the saline control

rats may have been subjected to stress that was not sufficient to

increase CRF expression in the BNST. However, other stress markers

were increased in saline control rats such as p38 MAPK activation in

the nucleus accumbens shell,21 the incorrect grooming transitions,

and corticosterone levels. Moreover, when saline control group

received icv CRF injections, rats expressed conditioned place aversion

to the context associated to CRF effects. Hence, it seems that endog-

enous CRF expression requires sufficiently high levels of stress system

activation, exacerbated by drugs of abuse,6 to be increased in the

BNST. However, exogenous CRF was able to induce aversion effi-

ciently in the saline control group.33 Cocaine-induced increase in

CRFR1 and CRFR2 did not reach significance in the BNST region.

CRF, CRFR1, and CRFR2 expression in the amygdala and the

hypothalamus was not different among the investigated groups. This

is in line with other studies showing changes in CRF mRNA only in

BNST but not in the amygdala. For example, environmental switch

from enriched to standard environment, which produces a negative

emotional state, is associated with increased levels in mRNA levels of

CRF only in the BNST but not in the amygdala.34 Moreover, in a study

by McReynolds et al, stress-induced cocaine reinstatement induced

an increase in CRF mRNA in the BNST region but not in the amyg-

dala.32 CRF injections in the BNST but not in the amygdala were suffi-

cient to reinstate cocaine seeking.35 The same group also reported

that injections of CRFR antagonist into the BNST but not into the

amygdala completely blocked footshock-induced reinstatement of

cocaine seeking.35

In order to investigate the effects of enhancing stress levels on

CPP, we investigated the effect of CRF icv injections on saline control,

cocaine CPP, and social CPP rats. We found that saline control rats

injected with vehicle did not express any preference for any of the

compartments of the CPP. However, saline control rats that received

icv CRF expressed conditioned place aversion to the compartment

associated with CRF injections as shown by Cador et al.33 Alpha-

helical CRF injections in saline control rats did not produce place pref-

erence or aversion as reported by Lu et al.36 Saline control rats

injected with vehicle performed 66% ± 12% of incorrect transitions of

cephalocaudal grooming, comparable with that of the saline control

F IGURE 4 p38 MAPK expression in the nucleus accumbens shell
(n = 4-5). Rats conditioned with cocaine CPP and injected with
vehicle, corticotropin-releasing factor (CRF), or alpha-helical CRF prior
to each cocaine conditioning. CRF + [social] is a group of rats
conditioned with cocaine that received intracerebroventricular (icv)
injections of CRF prior to cocaine conditioning but also had the
opportunity for social interaction in the alternative compartment of
the CPP. *P < .05, ***P < .001, different from VEH; ###P < .001,
different from CRF. VEH (n = 4), CRF (n = 5), alpha-helical CRF (n = 5),
CRF + [Social] (n = 5). Statistical test: one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test. α CRF, alpha-helical CRF;

COC, cocaine CPP; Control, Sal CTR; CPP, conditioned place
preference; SI, Social CPP; VEH, vehicle
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group in Figure 2B. However, CRF icv injections in saline control rats

could not further significantly increase the percentage of incorrect

transitions. It seems that stress levels in the CRF-injected group

reached a ceiling effect that can be completely reversed if rats

received icv alpha-helical CRF.

The CRF system has been shown to have major roles in drug-

seeking behaviour.37 In addition, it has been shown to be critically

involved for the stress-induced increases in cocaine CPP.34,38 Interest-

ingly, long-term, postnatal CRF overexpression increases cocaine CPP

in mice with low behavioural reactivity to novelty associated with

heightened anxiety-like behaviour.39 Consistent with these findings,

our results show that cocaine CPP is increased after icv injections of

CRF before cocaine conditioning. As opposed to CRF effects on

behaviour, we found that CRF receptor antagonist prior to each

cocaine conditioning blocked cocaine CPP as previously reported by

Lu et al,36 possibly through a reduction in the extracellular dopamine

levels of nucleus accumbens and ventral tegmental area in response

to the injection of cocaine.36 In addition, icv injections of alpha-helical

CRF significantly attenuated the reactivation of CPP induced by

cocaine priming or footshock stress.10 The percentage of incorrect

transitions of grooming in the cocaine CPP rats injected with vehicle

was not significantly different from that of cocaine CPP–expressing

rats. Changes observed on the effects of icv injections on cocaine

preference were paralleled by alterations on stress levels as assessed

by altered behavioural sequencing of grooming. Indeed, levels of

stress were increased in rats receiving icv CRF but completely

abolished in rats receiving alpha-helical CRF injections prior to cocaine

conditioning.

On the other hand, pharmacological activation of the CRF system

has been shown to decrease social interaction.40,41 Unexpectedly, the

effects of icv CRF injections on the reduction of social interaction

CPP did not reach significance as if social CPP was resistant to the

effects of CRF. One possibility is that the antistress effects of social

interaction reward have antagonized the impact of CRF injections.

Indeed, stress levels did not increase after CRF icv injections prior to

each social interaction conditioning as assessed by the percentage of

incorrect transitions. At the opposite, data from the literature have

shown that CRF receptor antagonists increase social interaction.42-44

Similarly, we found that alpha-helical CRF icv injections potentiated

social CPP. Social CPP–expressing rats displayed a very low percent-

age of incorrect transitions reflecting low levels of stress that

remained unchanged with icv injections.

When drug and social interaction rewards were presented as a

series of mutually exclusive choices, it was reported that operant

social reward eliminated drug self-administration, even in rats that

met criteria for addiction.45 Also, using CPP paradigm, concurrent

conditioning for social interaction in one compartment and cocaine

in the other compartment, both stimuli produce equal CPP.1 These

findings suggest that social interaction and cocaine reward have

similar conditioned reward value. Recently, it was found that the

presence of social interaction during cocaine-induced CPP test was

able to reduce cocaine preference in mice.46 These findings pro-

pose that when a social interactive stimulus is present as a choice

to drugs, it is able to decrease the salience of drug-associated con-

textual stimuli.46 We found that when social interaction was made

available in an alternative context to cocaine, CRF-induced

increases of cocaine preference were reversed completely to the

level of rats receiving cocaine paired with icv injections of alpha-

helical CRF. This reversal of cocaine preference was also paralleled

by a reversal in altered behavioural sequencing of grooming and in

CRF-induced increase of p38 MAPK expression in the nucleus

accumbens shell. These results suggest that the availability of social

interaction as an alternative choice was able to abolish drug prefer-

ence even when it was enhanced by CRF, by lowering stress

markers and generating a more resilient phenotype against drugs

of abuse and stress. Not much data have been generated about

the effect of CRF system on p38 MAPK in the brain. Our results

show that the modulation of CRF system has a direct impact on

p38 MAPK expression in the nucleus accumbens shell. Indeed, p38

MAPK expression was increased after icv CRF injections prior to

each cocaine conditioning and was decreased after icv injections of

alpha-helical CRF prior to each social conditioning.

Previous studies have shown that p38 MAPK antagonists

impair the amphetamine-induced CPP20 and that microinjection of

p38 MAPK inhibitor SB203580 into the nucleus accumbens

prevented the acquisition of morphine CPP.19 Given the implication

of p38 MAPK activation by stress, we expected that the p38

inhibitor would shift the preference of rats towards the social

interaction–associated compartment in the concurrent CPP para-

digm. However, we found that icv injections of SB203580 had no

overall effects on concurrent CPP with half of the animals prefer-

ring the cocaine associated compartment and the other half prefer-

ring the social associated compartment. There are a number of

differences between the above-mentioned studies and ours, from

the differences in drugs used, in the paradigm used (concurrent

CPP vs normal CPP), and the injection site of SB203580 (icv vs

locally into the nucleus accumbens). Nevertheless, one study

reported that mice receiving SB203580 intraperitoneally before the

postconditioning test day exhibited significantly reduced CPP to

cocaine.47 Hence, it appears that general p38 MAPK inhibition

may affect the expression rather than the acquisition of

cocaine CPP.

Stress is a key risk factor in the development of addiction and in

addiction relapse, and hence treatment failure.48 While it may not be

possible to eliminate it, stress management through social network

strengthening seems to be a good option to prevent and overcome

addiction. Generally, positive social support can have a buffering

effect on stress responses,49 resulting in reduced effects of drugs of

abuse. Indeed, social support in all its facets (informational, material,

and emotional) is considered as a key external factor for resilience

against substance use.50 These facets of social support can be facili-

tated and maintained by different systems, including family, positive

peer connections, and community engagements.49 The findings of this

study give evidence that social interaction could contribute as a valu-

able component in treatment of substance use disorders by reducing

stress levels.
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