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A B S T R A C T

Childhood and adolescent adversity are associated with a wide range of psychiatric disorders, including an
increased risk for substance abuse. Despite this, the mechanisms underlying the ability of chronic stress during
adolescence to alter reward signaling remains largely unexplored. Understanding how adolescent stress increases
addiction-like phenotypes could inform the development of targeted interventions both before and after drug
use. The current study examined how prolonged isolation stress, beginning during adolescence, affected beha-
vioral and neuronal underpinnings to the response to cocaine in male and female mice. Adolescent-onset social
isolation did not alter the ability of mice to learn an operant response for food, nor influence food self-admin-
istration or motivation for food on a progressive ratio schedule. However, male and female social isolation mice
exhibited an increase in motivation for cocaine and cocaine seeking during a cue-induced reinstatement session.
Additionally, we demonstrated that adolescent-onset social isolation increased cocaine-induced neuronal acti-
vation, as assessed by c-Fos expression, within the nucleus accumbens core and shell, ventral pallidum, dorsal
bed nucleus of the stria terminalis, lateral septum and basolateral amygdala. Taken together, the present studies
demonstrate that social isolation stress during adolescence augments the behavioral responses to cocaine during
adulthood and alters the responsiveness of reward-related brain circuitry.

1. Introduction

Quality social interactions are fundamental to the mental health and
well-being of an individual. A lack of social support during adolescence,
either due to parental neglect, excessive bullying, or social exclusion,
can increase the possibility of developing a psychiatric illness. These
negative social experiences during adolescence increase the likelihood
of alcohol and substance use during adolescence [1–5]. Along with
increased use and abuse during adolescence, adolescent stress also in-
creases the likelihood of substance use and addiction in adulthood
[6–11]. However, it is difficult to determine the causal role of social
stress in humans, as adolescent stress is often comorbid with other risk
factors.

Preclinical models have shown that adolescent stress exposure can
directly strengthen the effects of stimulants in adulthood. In rats, ado-
lescent stress exposure leads to sensitized responses to acute adminis-
tration of drugs, strengthened contextual drug associations, increased
escalation of cocaine taking on an extended access schedule, and in-
creased motivation for cocaine on a progressive ratio schedule [12–18].

All of these studies utilized chronic physical stressors such as social
defeat, restraint, and/or forced swim. However, there is also evidence
that emotional stress during adolescence can lead to alterations in co-
caine addiction phenotypes. Social isolation rearing in rats leads to
increased rates of acquisition of cocaine self-administration and in-
creased motivation for cocaine [19–21]. Additionally, reintroduction of
conspecific rats, in conjunction with cocaine exposure, results in greater
cocaine conditioned reward [22]. That said, reintroduction to group
housing after social isolation rearing could provide an additional
stressor that may influence the rewarding effects of cocaine self-ad-
ministration. Therefore, the aim of the current study was to examine the
influence of social isolation during adolescence on cocaine taking and
seeking behavior without the reintroduction of peers during adulthood.

In these studies we first established that social isolation rearing
increases motivation for cocaine and reinstatement of cocaine seeking
in both male and female mice. Additional studies examined how ado-
lescent stress interacts with chronic cocaine self-administration to alter
neural responses to cocaine. To achieve this, we examined neural ac-
tivation patterns within the mesocorticolimbic system following an
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acute cocaine injection in mice that had a history of cocaine self-ad-
ministration and adolescent stress exposure. Our results indicate stress-
dependent alterations in drug-taking behavior, as well as associated
changes in neural activation.

2. Materials and methods

2.1. Animals

This study used male and female c57/BL6 mice, exposed to social
isolation beginning PND 21 through adulthood. Mice were randomly
assigned isolation or group housing (2–5 animals per cage) at weaning
(PND 21), then were all individually housed at the start of operant
training (PND 60–80). All animals were housed in a temperature and
humidity controlled animal care facility with a 12 h light/dark cycle
(lights on at 7:00 A.M.) and provided with cotton nestlets for enrich-
ment. The Temple University Animal Care and Use Committee ap-
proved all procedures.

2.2. Drugs

Cocaine was obtained from the National Institutes of Drug Abuse
Drug Supply Program (Bethesda, MD) and dissolved in sterile 0.9%
saline.

2.3. Operant food training

At 8 weeks of age, mice were single-housed, food restricted to ap-
proximately 90% of their free feeding weight, and began operant food
training. The animals were first trained to exhibit an operant response
for sucrose pellets. They were placed in operant chambers (Med-
Associates) and learned to spin a wheel manipulandum to receive a
sucrose pellet. A white light, located over the active wheel, and 10 s
tone cue simultaneously occurred with administration of a pellet, fol-
lowed by an 8 s time-out with the house light off and no programmed
consequences to wheel spins. Mice were food trained for 5 days on a
fixed ratio schedule, where one wheel spin received a sucrose reward
(FR1). After meeting criteria, they underwent 5 days of food training on
a fixed ratio schedule where 5 wheel spins received a sucrose reward
(FR5). During the first two sessions, the inactive wheel was im-
mobilized. After that time, spinning on the inactive wheel has no pro-
grammed consequence. The mice were limited to a maximum of 50
pellets during the 60min operant session. Following 10 days of food
training, mice were tested for 1 day on a progressive ratio (PR) sche-
dule, where the response requirement for each sucrose pellet increased
until the subject did not fulfill the requirement. The response require-
ment was defined as R(i)=[5e0.2i-5] and the session ended if the animal
took longer than 30min to meet the requirement. The breakpoint is
defined as the total number of responses or the final ratio completed.

2.4. Jugular catheterization surgery

Before surgery, mice were anesthetized with 80mg/kg ketamine
and 12mg/kg xylazine. An indwelling silastic catheter was inserted into
the right jugular vein and sutured in place. The catheter was threaded
subcutaneously over the shoulder blade and routed to a mesh back
mount platform (Strategic Applications, Inc) to secure the placement.
Following surgery, catheters were flushed daily with 0.1 ml of antibiotic
(Timentin, 0.93mg/ml) dissolved in heparinized saline and sealed with
plastic obturators while not in use.

2.5. Cocaine self-administration

Mice were given 3–4 d to recover from surgery before the initiation
of behavioral testing. The cocaine self-administration behavior was
tested in 2-hour sessions (6 d per week) in the same chamber used for

sucrose pellet self-administration. However, wheel responding now
delivered an intravenous cocaine infusion (0.6 mg/kg/infusion), paired
with the same compound cue, under the same fixed ratio (FR1) sche-
dule as food training. After 10 days of a fixed ratio reward schedule, the
mice were tested for 1 day on a progressive ratio (PR) schedule, where
the response requirement for each infusion increased until the subject
did not fulfill the requirement. The response requirement was defined
as R(i)=[5e0.2i-5] and the session ended if the animal took longer than
30min to meet the requirement. The breakpoint is defined as the total
number of responses or the final ratio completed. Following PR, co-
caine-seeking behavior was extinguished by replacing cocaine with
0.9% saline and removing the light and tone cues, previously paired
with cocaine delivery. Daily 2 h extinction sessions occurred until ani-
mals performed<25% of their self-administration responding (average
of last 3 days). Twenty-four hours after meeting this extinction cri-
terion, animals underwent a cue-induced reinstatement session. The
light and tone cues were presented non-contingently for 20 s, every
2min during the first 10min of the session. For the remainder of the
session, the cues were presented contingent with operant responding, as
they were during the cocaine self-administration phase. During the
reinstatement session however, animals received saline infusions fol-
lowing responses on the active wheel. Catheter patency was tested once
a week and animals were removed from the study if found to have lost
patency.

2.6. Tissue extraction

In order to examine the effect of isolation stress on the cocaine re-
sponse in the brain, a separate group was exposed to the adolescent
isolation, along with group-housed controls, and at 8 weeks of age
underwent operant food training, jugular catheterization, and 10 days
of cocaine self-administration as described above. The cocaine self-ad-
ministration data from these animals was included in the analysis of the
behavioral data. Twenty-four hours after their last self-administration
session, mice were either given an acute injection of cocaine (15mg/
kg) or taken from their home cage. 30min following the cocaine in-
jection, the mice received 100mg/kg pentobarbital (i.p.) before per-
fusion with 60ml ice-cold PBS followed by 60ml 4% PFA dissolved in
ice-cold PBS. Brains were extracted and put in 4% PFA for 24 h before
storage in 30% sucrose dissolved in PBS with 1% sodium azide. Coronal
sections (40 μm) were taken using a cryostat and used for im-
munohistochemical staining. A separate cohort of animals that were
either group housed or socially isolated at weaning were injected with
saline in adulthood and underwent tissue extraction 30min following
the injection. Immunohistochemistry, cell counting and analysis oc-
curred as described above.

2.7. Immunohistochemistry

We rinsed sections in 0.5 M TBS 3 times for 5min each then quen-
ched with 0.30% hydrogen peroxide for 15min. Next, tissue was
blocked in 10% DS-TBS for 1 h before incubation in c-Fos primary an-
tibody (1:1000, Santa Cruz H-125) for 2 nights. On day 3, sections were
rinsed again in 0.1%TBS-TX 3 times before a 2 h incubation in biotin
donkey anti-rabbit (1:200, Jackson ImmunoResearch). Following an-
other rinse in TBS-TX, the sections were incubated in S-HRP
(Vectastain; 1:600) for 1 h then rinsed in TBS-TX 3 times. Finally, the
tissue was incubated in DAB-Nickel for 5–10minutes before the final
rise in TBS until slide mounting.

2.8. Cell counting

c-Fos-immunolabeling was bilaterally quantified from at least 3–4
sections per mouse and averaged to determine the profile of each brain
region. The experimenter quantifying was blind to group assignments.
Anatomical regions were determined by the stereotaxic atlas of Franklin
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and Paxinos [23]. c-Fos images were quantified using automated Im-
ageJ software.

2.9. Statistical analysis

All self-administration experiments were analyzed with two-way
ANOVAs and post hoc comparisons as noted. The number of c-Fos
immuno-labeled cells in the brain regions of interest was determined for
each animal. Group differences in c-Fos immunoreactivity were ana-
lyzed using two-way ANOVAs with condition (isolation or group
housing) and cocaine experience as the independent variables and
number of cells as the dependent variable. Sidak’s post hoc comparisons
were made when main effects or interactions were detected
(p < 0.05).

3. Results

3.1. Adolescent-onset social isolation does not alter the acquisition of an
operant response, responding for sucrose, or the motivation for sucrose on a
progressive ratio schedule

Both male and female control and adolescent-onset social isolation
mice were able to acquire an operant response for sucrose, exhibiting an
increase in pellets earned and responses over the course of the 10 ses-
sions (Fig. 1; males: effect of session, pellets= F(9396)= 2.035,
p=0.034; responses= F(9396)= 6.0, p < 0.0001; females: effect of
session, pellets= F(9297)= 3.02, p=0.0018; responses= F
(9297)= 5.2, p < 0.0001). However, there was no influence of ado-
lescent social isolation on sucrose intake or responding during the fixed
ratio self-administration phase (males: effect of stress, pellets= F
(144)= 0.23, p= 0.63; responses= F(144)= 0.42, p= 0.52; females:
effect of stress, pellets= F(133)= 1.02, p= 0.32; responses= F
(133)= 0.97, p= .33). Furthermore, adolescent social isolation did not
alter the breakpoint for sucrose on a progressive ratio schedule in either
males [t(17)= 0.22, p= .83] or females [t(16)= 0.82, p= .43;
Fig. 1g,h]. Of note, there was a nonsignificant trend towards of an
overall decrease in responding on PR in females (main effect of sex, F
(133)= 3.72, p= .063).

3.2. Adolescent-onset social isolation in male mice increases responding for
cocaine on an FR1 schedule of reinforcement

Similar to what was seen for the sucrose self-administration phase,
adolescent-onset social isolation did not alter cocaine intake, or number
of infusions, in male or female mice during the FR1 cocaine self-ad-
ministration phase (Fig. 2a,b; males: effect of stress, F(9288)= 1.0,
p=0.33; females: effect of stress, F(9189)= 0.99, p= 0.33). As a re-
sult of adolescent-onset social isolation, male mice exhibited an in-
crease in responding on the active wheel for cocaine on an FR1 sche-
dule, but female mice did not (Fig. 2c,d; males: effect of stress, F
(9297)= 4.21, p=0.048; females: effect of stress, F(9189)= 0.63,
p=0.44).

3.3. Adolescent-onset social isolation increases motivation for cocaine and
potentiates cue-induced reinstatement of drug seeking in both male and
female mice

However, isolation stress led to an increase in responding on a
progressive ratio schedule for cocaine in both male and female mice
(Fig. 3a; effect of stress, F(150)= 11.62, p=0.0013; effect of sex, F
(150)= 0.29, p=0.59). Isolation stress did not alter extinction
learning, as male and female stressed and control mice exhibited similar
rates of extinction (Fig. 3b; effect of stress, F(137)= 0.086, p= 0.77;
effect of sex, F(137)= 0.054, p= 0.82) and similar levels of re-
sponding on the final day of extinction (Fig. 3c; effect of stress, F
(137)= 2.47, p=0.13; effect of sex, F(137)= 2.5, p= 0.12).

Additionally there were no effects of adolescent isolation on responding
on day 1 of extinction (F(137)= 1.2, p=0.28; effect of sex, F
(137)= 0.35, p=0.56) During the cue-induced reinstatement test,
both stress and control groups showed significant reinstatement (main
effect of test, extinction vs. R1, when collapsed across sex, F
(137)= 13.7, p= .0007), however, the exposure of isolation stress
during adolescence caused a potentiated reinstatement of drug seeking
in both male and female mice (Fig. 3d; effect of stress, F(137)= 5.46,
p=0.025; effect of sex, F(137)= 1.52, p=0.23).

Fig. 1. Adolescent isolation stress does not affect operant learning in food
self-administration. Male and female control and stress exposed mice showed
consistent levels of pellets earned (a,b), a gradual increase in active responses
(c,d), equal levels of percent active responding over 10 days of food training
(e,f), and no differences in the responding for food on a progressive ratio
schedule (g,h). *p < .05, **p < .01, **p < .001 main effect of session,
n=14–20/group.
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3.4. Cocaine-induced c-Fos expression is increased following adolescent-
onset social isolation stress and chronic cocaine self-administration

To better understand the neurobiological mechanisms underlying
the behavioral differences observed following adolescent-onset social
isolation, we looked at cocaine-evoked c-Fos expression in several brain
regions following chronic cocaine exposure and adolescent stress. Due
to the similar trends seen in the motivation for cocaine and the re-
instatement of cocaine seeking along with the similar levels of Fos ac-
tivation between isolated males and females in the cocaine group
(Table 1), male and female mice were grouped together for these stu-
dies. Adolescent-onset isolation coupled with chronic cocaine exposure
causes a significant increase in cocaine-induced c-Fos expression in the
nucleus accumbens core and shell, dorsal bed nucleus of the stria ter-
minalis (BNST), lateral septum, basolateral amygdala and a trend to-
wards an increase in the ventral pallidum (Fig. 4). Additionally, we saw
a main effect of acute cocaine injection without any interaction with
adolescent stress exposure in the prelimbic cortex, infralimbic cortex,
dorsomedial and dorsolateral striatum, and ventral BNST (Table 2).

3.5. Saline-induced c-Fos expression is not altered by adolescent-onset
social isolation stress

As the stress of the injection itself may have contributed to our
findings above, a separate cohort of male and female mice that were
either group housed or socially isolated at weaning were injected with
saline and c-Fos expression was examined. We focused on the brain

regions where we saw differences following cocaine and there was no
effect of adolescent social isolation on saline-induced c-Fos expression
within the NAc Core, NAc shell, ventral pallidum, dBNST, Lateral
Septum, or BLA (Table 3).

4. Discussion

Here we present evidence that social isolation beginning in ado-
lescence leads to increased seeking and motivation for cocaine in
adulthood. Additionally, we present a novel observation of an increase
in cocaine-induced c-Fos expression within regions implicated in re-
ward processing as well as regions that mediate stress responsivity. We
suggest that this increased behavioral responsivity to cocaine may be
mediated by heightened glutamate activity within reward and stress
related circuitry.

4.1. Adolescent social isolation promotes vulnerability to drug-associated
behaviors in adulthood in both male and female mice

Early life stress is a risk factor for the development of addiction in
humans [5–7]. Social stressors are highly prevalent and among the most
powerful stressful stimuli experienced by humans [24]. Modeling this
increased risk in animals can provide us with a means to identify neural
mechanisms that underlie increased vulnerability in humans. Rodents
who are socially isolated at weaning exhibit enhanced alcohol con-
sumption [25,26], enhanced cocaine intake [27], enhanced locomotor
response to amphetamine [28], and enhanced cocaine-evoked dopa-
mine release [29]. In the present study, social isolation at weaning led
to an increase in cocaine responding during self-administration. No-
tably, the number of cocaine infusions did not increase, supporting the
idea that adolescent stress exposure is modulating motivation for the
drug (Fig. 2). Further, this increased motivation is seen on a progressive
ratio schedule as well as increased drug seeking during cue-induced
reinstatement (Fig. 3). This effect of adolescent-onset social isolation
was not observed in food responding, which suggests a unique effect on
drug-related behavior.

While the pathologically relevant time period for isolation is ado-
lescence, the socially isolated animals in the present study were not
reintroduced to group housing conditions before beginning the operant
training paradigm. Instead, animals in the control group were isolated
at this time due to issues with group housing animals with indwelling
catheters. While it is possible that the duration of the social isolation
influenced the current findings, the control animals had been socially
isolated for 3 weeks at start of the cocaine self-administration phase,
the enhanced drug-associated behaviors were unique to animals iso-
lated during adolescence. Moreover, the effects of adolescent social
isolation were specific to cocaine as no differences in food intake or
motivation for food were seen.

These effects are consistent with what has been seen following other
forms of adolescent stress. In particular, numerous studies have de-
monstrated that adolescent social defeat increases drug-associated be-
haviors in male rodents. Specifically, increased conditioned place pre-
ference to cocaine and MDMA is seen following adolescent social defeat
stress [30,31]. Similarly, both adolescent social defeat and social iso-
lation increase cocaine self-administration in male rats [12,32]. How-
ever, post-weaning social isolation served to protect rats from this in-
crease in cocaine taking seen following social defeat in pair-housed
animals [12]. In contrast to the increase in addictive phenotypes seen
following adolescent social stress, stress earlier in life may be protec-
tive. Maternal separation stress leads to decreased cocaine self-admin-
istration, particularly in males [33–35]. This suggests that perhaps
adolescence is a critical period for stress exposure to predispose in-
dividuals to develop addiction.

Fig. 2. Adolescent isolation stress increases responding for cocaine on an
FR1 schedule in males but not females. Male and female control and stress
exposed mice earned equal numbers of infusions over the course of 10 days of
cocaine self-administration (a,b; n= 16–19/group). However, male mice ex-
posed to adolescent-onset social isolation exhibit higher rates of responding for
cocaine compared to male controls (c). Female mice isolated during adoles-
cence do not exhibit any differences in responding compared to controls (d;
n= 11–13/group). **p < .01 main effect of session; *p < .05 main effect of
stress.
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4.2. The influence of sex on the effects of adolescent social isolation on
drug-associated behaviors in adulthood

The majority of models examining social stress have utilized only
male animals due to male’s innate territorial aggression toward other
males, a behavior that is absent in females under normal conditions
[36,37]. The current study is the first to demonstrate that adolescent
social stress can increase drug-associated behaviors in adult females. As
human females are more likely to develop stress-related psychiatric
disorders [38], developing a model to examine the influence of ado-
lescent social stress on drug-associated behaviors in females is critical.

Although we did not see sex differences in the ability of adolescent
social isolation to increase the motivation for cocaine or cue-induced
cocaine seeking during reinstatement, we did find that male mice ex-
posed to social isolation during adolescence exhibit higher rates of re-
sponding during cocaine self-administration (Fig. 2). This increase in
responding was not accompanied by an increase in cocaine intake, in-
dicating that these mice exhibited more responses during the time out
period. This may suggest that male mice have increased habitual re-
sponding or an increase in impulsivity and future studies could tease
apart what is responsible for this pattern of responding. Of note, the

mice were trained on an operant response for sucrose prior to the co-
caine self-administration phase so it is impossible to rule out the in-
fluence of sucrose extinction on the responding during the beginning of
cocaine self-administration phase. However, the specific effect of ado-
lescent social isolation on motivation for cocaine vs. sucrose supports
our hypothesis that the effects on seeking are specific.

4.3. Adolescent social isolation increases the neuronal response to cocaine
in adulthood

As the brain is still developing throughout childhood and adoles-
cence, stress during this period of life may alter the development of
reward circuitry. Human functional imaging studies indicate that
childhood trauma leads to dysfunction in reward processing in adult-
hood [39,40]. Furthermore, PET binding studies suggest that adults
with a history of childhood trauma exhibit increased dopamine re-
sponse to stimulants [41]. However, it is not clear from these studies
whether these alterations in reward processing are a consequence of
stress exposure or represent some common vulnerability to stress and
addiction that precedes trauma. The current study determined that
adolescent social isolation increases cocaine-induced activation of
several brain regions previously implicated in stress and reward-related
behavior in mice [Fig. 4; 42, 43,44,45,46]. In group-housed, male and
female mice with a history of cocaine self-administration, acute cocaine
exposure led to an increase in c-Fos expression in the nucleus ac-
cumbens core and shell and dorsal bed nucleus of the stria terminalis.
However, in socially isolated mice with a history of cocaine self-ad-
ministration, acute cocaine increased c-Fos to a greater extent in these
three regions as well as engaging additional brain regions: ventral
pallidum (VP), lateral septum (LS), and the basolateral amygdala (BLA).

The ventral pallidum receives input from the nucleus accumbens
and serves to integrate information from multiple cell populations.
Chronic cocaine exposure leads to potentiated output in accumbal
MSNs [47]. Therefore, the increase in c-Fos activation within the ac-
cumbens and VP could represent a further potentiation of this response
by adolescent stress exposure. Future work could examine the ability of

Fig. 3. Isolation stress during adolescence increases mo-
tivation for cocaine and cue-induced cocaine seeking in
adulthood. Male and female adolescent stress exposed mice
respond more on a progressive ratio schedule of reinforce-
ment, exhibiting a higher breakpoint (a; n= 10–18/group).
No differences were seen between the groups in the rate of
extinction (b) or the responding on the final day of extinction
(c). Twenty-four hours after the final extinction session, during
the cue-induced reinstatement session, male and female mice
exposed to adolescent social isolation exhibited higher rates of
responding compared to controls (d; n=8–12/group).
*p < .05 main effect of stress.

Table 1
Statistical analysis of sex differences in c-Fos profiles following cocaine. This
table summarizes the number of c-Fos positive cells in male and female mice
that underwent adolescent social stress. As no statistically significant differ-
ences were found between males and females, these data were grouped together
for future analyses.

Brain Region Fos+Cells
Stressed Males

Fos+Cells
Stressed Females

Effect of Sex
t(6), p

NAc Core 930 1038 t = 0.26, p= .81
NAc Shell 687 577 t = 0.43, p= .68
Ventral Pallidum 243 238 t = 0.03, p= .98
dBNST 464 512 t = 0.26, p= .80
Lateral Septum 381 353 t = 0.33, p= .76
BLA 525 640 t = 1.1, p= .32
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stress to influence plasticity within this circuit. Cocaine also led to ac-
tivation of stress-related brain circuits in animals that received ado-
lescent social stress. The BLA projections to both the nucleus accumbens
and the orbitofrontal cortex play key roles in cue-induced cocaine
seeking [48–50]. Furthermore, early life stress leads to increased spine
density and synaptic excitability within the BLA [51]. Coupled with our
findings, this supports that increased activation within the BLA could
mediate the increase in cue-induced cocaine seeking seen following

adolescent social isolation. Recently, the LS has also been implicated in
cocaine seeking behavior. Inputs from the LS to the ventral tegmental
area are activated during cue-induced reinstatement [52] and projec-
tions from the dorsal hippocampus to the LS are activated during
context-induced reinstatement [53]. Further examination of the influ-
ence of adolescent stress on inputs both to and from the LS could pro-
vide insight into the behavioral differences seen in reinstatement be-
havior in the current study.

Fig. 4. Chronic cocaine exposure after adolescent stress causes an increased c-Fos response in the nucleus accumbens core and shell, basolateral
amygdala, and lateral septum. Stress exposed mice show greater c-Fos activation (relative to the naïve group housed control group which is at 100%) in the nucleus
accumbens core (a) and shell (b), ventral pallidum (c), dorsal BNST (d), lateral septum (e), and basolateral amygdala (f) after chronic cocaine compared to group
housed controls. #p= .05, *p < .05, **p < .01 post-hoc control cocaine vs. isolation cocaine; n=5–9/group.

Table 2
Statistical analysis of c-Fos profiles following cocaine. This table summarizes the statistical analyses performed to examine the effect of adolescent isolation stress on
the Fos expression following acute cocaine exposure in mice with a history of cocaine self-administration.

Brain Region Fos+Cells
Group Control

Fos+Cells
Isolation Stress

Effect of Stress
F(122), p

Effect of Cocaine
F(122), p

Interaction
F(122), p

Sidak’s Post-hoc
Cocaine
Control vs. Iso

PrL 216.2 326.6 F=2.68, p= .11 F=6.59, *p= .018 F= .17, p= .68 _
IL 168.7 263 F=3.71, p= .068 F=9.21, **p= .006 F=0.89, p= .36 _
NAc Core 490.8 983.8 F=4.99, *p= .04 F=15.9, **p= .0006 F=1.53, p= .23 *p= .047
NAc Shell 253.5 632.3 F=5.80, *p= .02 F=13.4, *p= .002 F=3.65, p= .069 *p= .016
dmStr 478 1031 F=1.12, p= .30 F=5.69, *p= .028 F=0.97, p= .34 _
dlStr 532.6 888 F=0.52, p= .48 F=6.97, *p= .016 F=0.63, p= .44 _
Ventral Pallidum 62.4 240.9 F=3.46, p= .06 F=0.63, p= .43 F=2.27, *p= .149 #p= .05
dBNST 228.1 595.9 F=6.61, *p= .02 F=21.7, ***p= .0006 F=6.50, *p= .026 **p= .006
vBNST 250.8 397.1 F=1.11, p= .30 F=9.28, **p= .006 F=1.01, p= .33 _
Lateral Septum 102 367.2 F=14.0, **p= .001 F=11.0, **p= .004 F=10.6, *p= .004 ***p= .0004
BLA 219.4 594.4 F=33.0, *p< .0001 F=12.7, **p= .004 F=12.2, *p= .004 ***p= .0003
CeA 195.9 269.4 F=0.89, p= .35 F=3.43, p= .07 F=0.07, p= .79 _
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Our results are consistent with previous work demonstrating that
isolation rearing increases the ability of an acute cocaine injection to
induce c-Fos expression within the nucleus accumbens core and shell
[54]. The current study expands this to demonstrate cocaine-induced
changes in c-Fos expression in animals with a history of cocaine self-
administration. We see more widespread increases in regions im-
plicated in stress along with addiction. Previous studies have demon-
strated increases in c-Fos expression following acute cocaine in regions
where we did not see increases in the group-housed animals. This in-
cludes studies done in drug naïve mice demonstrating increased c-Fos
expression the lateral septum [55] and studies examining c-Fos ex-
pression immediately following self-administration that have seen in-
creased c-Fos in the BLA and VP [56]. There may be something unique
about the combination of self-administration and experimenter ad-
ministered cocaine or these differences may be due to across species
differences as all these studies were done in rats. Additionally, a large
body of work has examined c-Fos expression in cocaine-experienced
mice following periods of abstinence or extinction. These paradigms
lead to robust increases in c-Fos expression throughout brain regions
implicated in reward, including the nucleus accumbens and regions
implicated in stress reactivity, including the BLA [57–59]. These data,
coupled with the reinstatement data in the current study, suggest that
we might see a different pattern of c-Fos expression if we examined
animals after reinstatement.

4.4. Conclusion

Taken together, the current results indicate that adolescent-onset
social isolation leads to an increase in responding during fixed-ratio
cocaine self-administration, motivation for cocaine, and cocaine
seeking during cue-induced reinstatement. These increases are specific
to drug reward, as social isolation did not impact sucrose self-admin-
istration or motivation for sucrose. Accompanying these increases in
behavioral response to cocaine is an increase in the neuronal response
to cocaine as evidenced by increased c-Fos expression. These results
highlight the role of adolescent stress in addiction and suggest that
individual vulnerabilities to addiction may be mediated by alterations
in AMPA transmission in the nucleus accumbens.
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