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Abstract
Rationale Early social experiences are of major importance
for behavioural development. In particular, social play behav-
iour during post-weaning development is thought to facilitate
the attainment of social, emotional and cognitive capacities.
Conversely, social insults during development can cause long-
lasting behavioural impairments and increase the vulnerability
for psychiatric disorders, such as drug addiction.
Objectives The aim of this study was to investigate whether a
lack of social experiences during the juvenile and early ado-
lescent stage, when social play behaviour is highly abundant,
alters cocaine self-administration in rats.
Methods Rats were socially isolated from postnatal days 21 to
42 followed by re-socialization until adulthood. Cocaine self-
administration was then assessed under a fixed ratio and
progressive ratio schedule of reinforcement. Next, cue, co-
caine and stress-induced reinstatement of cocaine seeking was
determined following extinction of self-administration.
Results Early social isolation resulted in an enhanced acqui-
sition of self-administration of a low dose (0.083 mg/infusion)
of cocaine, but the sensitivity to cocaine reinforcement,
assessed using a dose–response analysis, was not altered in

isolated rats. Moreover, isolated rats displayed an increased
motivation for cocaine under a progressive ratio schedule of
reinforcement. Extinction and reinstatement of cocaine seek-
ing was not affected by early social isolation.
Conclusions Early social isolation causes a long-lasting in-
crease in the motivation to self-administer cocaine. Thus,
aberrations in post-weaning social development, such as the
absence of social play, enhance the vulnerability for drug
addiction later in life.
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Introduction

Social experiences early in life are of major importance for
behavioural development, since they serve as practice scenarios
to become competent, socially mature adults (Pellegrini and
Smith 1998; Pellis and Pellis 2009; Špinka et al. 2001).
Conversely, disruptions in the early social environment can
lead to long-lasting neurobiological changes that profoundly
increase the risk for psychiatric disorders in later life, such as
drug addiction (Braun and Bock 2011; Cacioppo and Hawkley
2009; Karelina and DeVries 2011). Interactions between social
factors and addictive behaviour have been well-documented in
human and animal studies, suggesting that impaired social
attachment during early development can enhance the suscep-
tibility to drug addiction (for reviews see Nader et al. 2012;
Neisewander et al. 2012; Young et al. 2011).
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During post-weaning development (i.e. childhood and ado-
lescence in humans, roughly equivalent to the juvenile and
adolescent stages in rodents), marked changes in the structure
of social behaviour take place. This is signified by an abun-
dance of social play behaviour, which peaks during the
juvenile/early adolescent phase and declines to low levels after
sexual maturation (Panksepp 1981). Social play behaviour is
the earliest form of social activity directed at peers, and it is
thought to subserve neural and behavioural development
(Fagen 1981; Graham and Burghardt 2010; Panksepp et al.
1984; Pellis and Pellis 2009; Špinka et al. 2001; Vanderschuren
et al. 1997). Indeed, post-weaning social isolation for a restrict-
ed period during which social play is highly abundant has been
shown to cause long-lasting impairments in the social, emo-
tional and cognitive domain (Baarendse et al. 2013; Lukkes
et al. 2009a; Potegal and Einon 1989; Van den Berg et al.
1999).

In keeping with its importance for development, social play
is a highly rewarding activity, as demonstrated by its ability to
support place conditioning, maze learning and operant condi-
tioning (Trezza et al. 2011; Vanderschuren 2010). Moreover,
social play behaviour is modulated by neural systems that are
also involved in the pleasurable and motivational properties of
food, sex, and drugs of abuse (Trezza et al. 2010; Siviy and
Panksepp 2011), and the rewarding properties of social play
behaviour are strongly influenced by drugs of abuse, such as
cocaine, nicotine and methylphenidate (Thiel et al. 2008;
2009; Trezza et al. 2009). Therefore, early social experiences
may influence the development of the neural circuitry under-
lying the reinforcing properties of drugs of abuse. Indeed,
social isolation during post-weaning development, depriving
the animals of the possibility to engage in a highly pleasurable
and developmentally important activity, causes long-lasting
changes in the neural substrates of reward and motivation
(Fone and Porkess 2008; Heidbreder et al. 2000;
Neisewander et al. 2012; Robbins et al. 1996).

Previous studies in rats have shown that housing animals in
isolation after weaning enhances drug-directed behaviour,
apparent as a higher oral intake of ethanol (Schenk et al.
1990) and morphine (Marks-Kaufman and Lewis 1984).
Furthermore, post-weaning social isolation enhances intrave-
nous self-administration of cocaine (Boyle et al. 1991; Ding
et al. 2005; Gipson et al. 2011; Howes et al. 2000; Schenk
et al. 1987) and amphetamine (Bardo et al. 2001). However,
reduced self-administration of intravenous cocaine and intra-
accumbens amphetamine, especially at high doses, has also
been reported (Howes et al. 2000; Phillips et al. 1994a, b).
Together, these findings indicate that post-weaning social
isolation alters the sensitivity to the positive subjective and
reinforcing properties of drugs of abuse. However, these stud-
ies used the so-called isolation rearing model, in which ani-
mals are continuously socially isolated from weaning on-
wards. Therefore, the critical time window for social

experiences to influence the later vulnerability for addictive
behaviour remains unclarified.

The aim of the present study was to assess the long-term
effects of a disrupted social development on intravenous co-
caine self-administration. To that aim, we socially isolated rats
from postnatal day (PND) 21–42, a time period that is com-
parable to childhood and early adolescence in humans
(McCutcheon and Marinelli 2009; Spear 2000), followed by
re-socialization for 6 weeks. Since we were interested in the
importance of social play behaviour for behavioural develop-
ment, we chose to specifically isolate the animals during the
period when social play behaviour is most abundant
(Panksepp 1981). Cocaine self-administration was studied
under fixed ratio (FR) and progressive ratio (PR) schedules
of reinforcement. Subsequently, we assessed the degree to
which a cocaine-associated cue, cocaine itself or the pharma-
cological stressor yohimbine evoked reinstatement of cocaine
seeking following extinction of self-administration. As sum-
marized above, isolation rearing generally results in increased
cocaine self-administration, and social play behaviour is
thought to facilitate the development of reward-related neural
circuits. We therefore hypothesized that early social isolation
enhances cocaine self-administration.

Materials and methods

Subjects

Male Lister Hooded rats (Charles River, Germany) arrived
in litters of six to eight pups at an age of 14 days with a
nursing mother. They were housed in climate controlled
rooms under a reversed 12-h day/night cycle (lights on,
7 p.m.). At 21 days of age, rats were weaned and housed
either socially (SOC) or individually (ISO). The rats of the
ISO group were re-socialized, i.e. housed together with
another previously isolated animal, on day 43. After several
weeks of social housing, intravenous surgery took place
when the animals were 12 weeks old. During the course
of behavioural testing, rats were singly housed and placed
on a restricted diet of 20 g of standard rat chow (SDS,
UK) per day. Body weights were monitored on a weekly
basis. The rats were fed in their home cages at the end of the
experimental day, to avoid association between the self-
administration sessions and feeding. Water was available ad
libitum, except during self-administration testing. Self-
administration sessions were carried out between 9 a.m. and
6 p.m., for 5 days a week. The same group of rats was used for
all experiments. Experiments were approved by the Animal
Ethics Committee of Utrecht University and were conducted
in agreement with Dutch laws (Wet op de Dierproeven, 1996)
and European regulations (Guideline 86/609/EEC).
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Surgery

Rats were anaesthetised with ketamine hydrochloride (75 mg/
kg i.m.) and medetomidine hydrochloride (0.4 mg/kg s.c.) and
supplemented with ketamine as needed. A single intravenous
catheter was implanted into the right jugular vein aimed at the
left vena cava. Catheters (Camcaths, UK) consisted of a 22-g
cannula attached to silastic tubing (0.012 ID) and fixed to
nylon mesh. The mesh end of the catheter was sutured s.c. on
the dorsum. Carprofen (50 mg/kg) was administrated for pain
relief once before and twice after surgery. Gentamycin (5 mg/
kg) was administered before surgery and for 5 days post-
surgery. Animals were allowed 7–9 days to recover from
surgery.

Apparatus

Operant conditioning chambers (29.5×24×25 cm; l×w×h;
Med Associates, USA), situated in light- and sound-
attenuating cubicles equipped with a ventilation fan were
used. Each chamber contained two retractable levers. A cue
light was present above each lever and a house light was
located on the opposite wall. Priming infusions of cocaine
were never given. After each session, catheters were flushed
with 0.15 ml heparinized saline. Experimental events and data
recording were controlled using MED-PC for Windows.

Intravenous cocaine self-administration

Cocaine self-administration was performed as previously
described (Veeneman et al. 2012a, b).

Fixed ratio-1 schedule of reinforcement Rats were trained to
self-administer cocaine under a fixed ratio-1 (FR-1) schedule
of reinforcement for 10 consecutive sessions. During 2-h
sessions, two levers were present, one of which was designat-
ed as active. The position of the active and inactive levers was
counterbalanced between animals. Pressing the active lever
resulted in the infusion of 0.1 ml of a cocaine solution over
5.6 s, retraction of the levers, switching off of the house light,
followed by a 20-s time-out period. During the infusion, the
cue light above the lever was illuminated. To assess the
sensitivity of the animals to acquire cocaine self-
administration, we used a dose of 0.083 mg/infusion (which
is threefold lower than our usual training dose of 0.25 mg/
infusion) during the first five self-administration sessions,
followed by five sessions in which our usual unit dose of
cocaine was available, i.e. 0.25 mg/infusion. Responding on
the inactive lever was recorded, but had no programmed
consequences.

FR-1 dose–response curve After 10 sessions of acquisition of
cocaine self-administration, the animals received two more

sessions under the FR-1 schedule of reinforcement to verify
that responding had stabilized. Next, the rats were tested in a
within-session dose–response self-administration session. To
circumvent confounding effects of the initial loading phase of
cocaine on responding, the dose–response session started with
30 min of self-administration of 0.25 mg/infusion cocaine.
Subsequently, the animals were allowed to respond for de-
scending doses of cocaine (0.5, 0.25, 0.125, 0.063, 0.031 mg/
infusion). Pressing the active lever resulted in the infusion of
cocaine in 0.1 ml saline over 5.6 s, retraction of the levers,
switching off of the house light, followed by a 20-s time-out
period. During the infusion, the cue light above the lever was
illuminated. Each dose was available for 1 h and the introduc-
tion of a new dose was preceded by a 10-min time-out period.
Responding on the inactive lever was recorded, but had no
programmed consequences.

Progressive ratio schedule of reinforcement After
restabilization of cocaine self-administration under the FR-1
schedule of reinforcement, rats underwent two sessions of
cocaine self-administration under a progressive ratio (PR)
schedule of reinforcement. PR sessions started with the illu-
mination of the house light and insertion of the active and
inactive lever. Under this schedule, animals had to meet a
response requirement on the active lever that progressively
increased after every earned reward (1, 2, 4, 6, 9, 12, 15, 20,
25, etc.; Richardson and Roberts 1996). When rats met the
response requirement on the active lever, this led to a cocaine
infusion of 0.083 mg/infusion during the first PR session and
0.25 mg/infusion during the second PR session, retraction of
both levers, switching off of the house light, and illumination
of the cue-light for the duration of the infusion. This was
followed by a 10-min time-out period to reduce the influence
of cocaine-induced psychomotor effects on responding for the
next infusion, during which both levers remained retracted.
After the time-out period, the cycle re-started with the inser-
tion of both levers and illumination of the house light.
Sessions continued until rats failed to obtain a cocaine infu-
sion within one hour. The highest number of active responses
an animal performed for one single cocaine infusion was
defined as the breakpoint. Responding on the inactive lever
was recorded, but had no programmed consequences.

Cue, cocaine and yohimbine-induced reinstatement of co-
caine seeking After completion of the PR experiment, rats
underwent a 1-h extinction session during which all proce-
dures were identical to those used during the self-
administration phase, except that the drug syringes were re-
moved from the infusion pumps (day 1). Thus, pressing the
active lever resulted in the illumination of the cue light (5.6 s),
retraction of the levers, switching off of the house light,
followed by a 20-s time-out period, but without the delivery
of a cocaine infusion. To assess cue-induced cocaine seeking,
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and the occurrence of incubation of cocaine seeking (Grimm
et al. 2001), the same procedure was repeated 14 days later.
During the period in between the cue-induced cocaine-
seeking tests, rats were kept in their home cage and handled
once weekly. After the second test for cue-induced cocaine
seeking, 10 consecutive extinction sessions (2 h) were con-
ducted in which all procedures were identical to those used
during the self-administration phase, except that the drug
syringes were removed from the infusion pumps. Next, rats
were tested for reinstatement induced by cocaine injections (0,
5 and 10 mg/kg, IP) during three 1-h test sessions that were
separated by 10-min time-out period. Saline and cocaine
injections were given immediately prior to the test sessions
in an ascending order to minimize carry-over effects of resi-
dual cocaine. Finally, the effect of treatment with yohimbine
(0, 0.75 and 1.5 mg/kg, IP) on reinstatement of cocaine-
seeking behaviour was determined during three 1-h test ses-
sions that were separated by 30 min. Vehicle or yohimbine
was injected 30 min prior to the start of the test sessions.
During all reinstatement sessions, procedures were identical
to those used during the self-administration phase, except that
the drug syringes were removed from the infusion pumps.
Responding on the inactive lever was recorded, but had no
programmed consequences. Regular 2-h extinction sessions
were given during the intervening days between cocaine- and
yohimbine reinstatement tests.

Drugs

Cocaine-HCl was purchased fromBufa BV (TheNetherlands)
and dissolved in sterile physiological saline (0.9 % NaCl).
Yohimbine hydrochloride was purchased from Sigma (The
Netherlands) and dissolved in distilled water.

Data analysis

Data are presented as means and standard errors of the mean
(S.E.M.) and analysed using SPSS forWindows, version 15.0.
Data were analysed by two-factor repeated-measures
ANOVAs with session (acquisition, extinction), dose (dose
response), dose (cocaine- and yohimbine-induced reinstate-
ment) or day (cue-induced reinstatement) as within-subjects
variables, and rearing condition (SOC-ISO) as between-
subjects variables. For the acquisition of cocaine self-
administration experiments, two separate analyses were per-
formed: sessions 1–5 (acquisition of self-administration of
0.083 mg/infusion) and sessions 6–10 (self-administration of
0.25 mg/infusion). In case of statistically significant main
effects, further post hoc comparisons were conducted using
Paired samples or Student t tests. Breakpoints in the PR
experiments are derived from an escalating curve, which
violates the homogeneity of variance. Therefore, we analysed
breakpoints using the non-parametric Mann–Whitney U test.

For all statistical analyses, the level of probability for significant
effects was set at p <0.05.

Results

Acquisition of cocaine self-administration

First, we assessed the effect of early social isolation on the
acquisition of cocaine self-administration in adulthood.
Cocaine self-administration at 0.083 mg/infusion under a
FR-1 schedule of reinforcement (sessions 1–5) is shown in
Fig. 1. Social isolation significantly enhanced cocaine self-
administration. Thus, the number of earned rewards was
higher in ISO rats (group: [F(1,25)=8.01, p <0.01]; session:
[F (4,25)=12.31, p <0.001]; group×session: [F (4,100)=4.92,
p =0.01]; Fig. 1a). Post hoc analysis showed a significant
difference in number of rewards between SOC and ISO rats
for sessions 3 to 5. In contrast, early social isolation had no
effect on inactive lever presses during the first five sessions
(group: [F(1,25)=1.27, NS]; data not shown). For the next
five sessions (session 6 to 10), the rats were trained to self-
administer cocaine at a dose of 0.25mg/infusion (Fig. 1a). The
ISO rats responded more than controls for this unit dose of
cocaine during sessions 6 to 8 (group: [F (1,25)=12.39, p <
0.05]; session: [F (4,25)=0.11, NS]; group× session:
[F (4,100)=7.63, p <0.001]; Fig. 1a).

Analysis of cocaine intake during the acquisition of self-
administration revealed comparable results as response levels
(Fig. 1b). Cocaine intake was significantly enhanced in ISO
rats during both the first five (0.083 mg/infusion) and second
five (0.25 mg/infusion) cocaine self-administration sessions
(session 1–5: group: [F (1,25)=8.01, p <0.05]; session:
[F (4,25)=12.31, p <0.05]; group×session: [F (4,100)=4.92,
p <0.05]; session 6–10: (group: [F (1,25)=12.39, p <0.05];
session: [F (4,25)=0.11, NS]; group×session: [F (4,100)=
7.63, p <0.001]). Post hoc analyses showed that cocaine in-
take was higher in the ISO rats during sessions 3 to 8.

Response patterns during the fifth self-administration ses-
sion (0.083 mg/infusion) showed that ISO rats earned a higher
number of rewards throughout the session (time: [F(5,125)=
10.00, p <0.05]; group: [F (1,25)=20.47, p <0.05]; time×
group: [F (5,125)=1.16, p <0.05]; Fig. 1c). In contrast, anal-
ysis of the response patterns during the tenth session (0.25 mg/
infusion) showed no difference between groups (time:
[F (5,125)=26.8, p <0.05]; group: [F (1,25)=2.36, NS],
time×group: [F (5,125)=0.87, p <0.05]; Fig. 1c).

Cocaine self-administration: dose response analysis

Next, we examined the effects of early social isolation on the
sensitivity to the reinforcing properties of cocaine. To that aim,
a within-session dose–response protocol was used (Fig. 2).
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First, the rats were allowed a loading phase of 0.25 mg/infu-
sion for 30 min. During this loading phase, there was no
difference in the number of rewards and inactive lever re-
sponses between SOC and ISO rats (data not shown).
Analysis of the dose response function revealed that the num-
ber of infusions taken [dose: F (4,22)=161.19, p <0.001]
(Fig. 2a) as well as the total amount of drug administered
[dose: F(4,22)=124.67, p <0.001] (Fig. 2b) was a function
of the unit dose of cocaine. However, the dose–response
relationship revealed no effect of social isolation (rewards:
group: [F (1,22)=0.20, NS]; dose×group: [F (4,88)=0.37,
NS]; cocaine intake: group: [F(1,22)=0.06, NS]; dose×group:
[F(4,88)=0.29, NS]). There was no effect of unit dose on the
inactive lever responses [F(4,22)=1.19, NS] (data not shown).

Cocaine self-administration under a PR schedule
of reinforcement

To examine whether early social isolation affected the moti-
vation for cocaine in adulthood, we evaluated the effects on

responding for two unit doses of cocaine under a PR schedule
of reinforcement. Responding for 0.083 mg/infusion was tested
(Fig. 3a) followed by responding for 0.25 mg/infusion
(Fig. 3b). Breakpoints under the PR schedule of reinforcement
were increased in ISO rats compared with SOC rats for both
unit doses (0.083 mg/infusion: U =34, p <0.05; 0.25 mg/infu-
sion: U =15, p <0.01) (Fig. 3a–b), with no effect on inactive
lever presses (0.083 mg/infusion: U =64, NS; 0.25 mg/infu-
sion: U =47.5, NS) (data not shown).

Extinction and cue, drug and yohimbine-induced
reinstatement of cocaine seeking

The findings that early social isolation enhanced acquisition of
cocaine self-administration (Fig. 1) and the motivation to
respond under a PR schedule of reinforcement (Fig. 3) in
adulthood raised the question whether early social isolation
affected the sensitivity to reinstatement of cocaine seeking.
First, we tested the effect of early social isolation on cue-
induced cocaine seeking and its incubation. Therefore,

Fig. 1 Effects of social isolation
during PND 21–42 followed by
re-socialization on acquisition of
intravenous cocaine self-
administration at 0.083 mg/
infusion (session 1–5) and
0.25 mg/infusion (session 6–10)
in adulthood. a The number of
rewards (2 h) and b intake of
cocaine (mg/2 h) during the first
10 cocaine self-administration
sessions. c Number of rewards
during the fifth session and d 10th
session expressed in 20-min bins.
SOC , socially reared rats during
PND 21–42 (n =13), ISO,
socially isolated rats during PND
21–42 (n=14). Data represents
mean+SEM. *p <0.05 compared
to SOC

Fig. 2 Effects of social isolation during PND 21–42 followed by re-
socialization on within-session dose response curve of cocaine self-ad-
ministration in adulthood. Graphs illustrate a the number of cocaine

infusions (rewards) and b cocaine intake (mg per hour). SOC , socially
reared rats during PND 21–42 (n =12); ISO, socially isolated rats during
PND 21–42 (n =12). Data represents mean + SEM
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responses were recorded 1 and 14 days after withdrawal
during which cocaine infusions were withheld. Figure 4a
depicts the number of non-reinforced responses on the lever
previously associated with cocaine, on days 1 and 14 in the
presence of the house light and cue lights that were previously
associated with cocaine availability. Responding for drug-
associated stimuli decreased between days 1 and 14 [day:
F (1,20)=41.04, p <0.05] (Fig. 4a). Analysis of responses
revealed no effect of early social isolation on cue-induced
cocaine seeking (day 1 [t (20)=−1.78, NS]; day 14 [t (20)=
−1.13, NS]; day×group [F(1,20)=1.19, NS]).

Next, we determined whether early social isolation affected
extinction of cocaine self-administration in adulthood.
Figure 4b represents the responses on the active lever during
10 consecutive extinction sessions. Both SOC and ISO rats
showed a gradual decrease in responses on the active lever
responses across sessions (session: [F (9,180)=33.19, p <

0.05]). However, no difference between the groups was found
(group: [F (1,20)=3.78, NS]; group×session: [F(9,20)=1.43,
NS]). Throughout the extinction sessions, the inactive lever
responses remained low, but changed significantly across
sessions (group×session: [F (9,180)=4.53, p <0.05]), with
no difference between groups (group: [F(1,20)=0.01, NS])
(data not shown).

After extinction of cocaine self-administration, we exa-
mined cocaine-induced reinstatement of cocaine seeking.
Ascending doses of cocaine (0, 5, 10 mg/kg) were adminis-
tered according to a within-session protocol. As shown in
Fig. 4c, cocaine priming increased responding on the active
lever (dose: [F(2,20)=29.06, p <0.05]), but not on the inac-
tive lever (dose: [F(2,40)=2.40, NS]) (data not shown). Post
hoc analysis showed that this effect was significant at 10 mg/
kg cocaine for both groups (SOC [t (10)=−8.47, p <0.05], ISO
[t (10)=−3.15, p <0.05]). No differences were observed

Fig. 3 Effects of social isolation during PND 21–42 followed by re-
socialization on breakpoints under a PR schedule of reinforcement at a
0.083 mg/infusion of cocaine or b 0.25 mg/infusion of cocaine in adult-
hood. SOC , socially reared rats during PND 21–42 (0.083 mg/infusion:

n =12; 0.25 mg/infusion: n =11), ISO , socially isolated rats during PND
21–42 (0.083 mg/infusion: n =13; 0.25 mg/infusion: n=11). Data repre-
sents mean + SEM. *p <0.05 compared to SOC

Fig. 4 Effects of social isolation
during PND 21–42 followed by
re-socialization on a cue-induced
cocaine seeking, b extinction of
cocaine self-administration, c
cocaine- and d yohimbine-
induced reinstatement of cocaine
seeking in adulthood. SOC
socially reared rats during PND
21–42 (n=11), ISO socially
isolated rats during PND 21–42
(n =11). Data represents mean+
SEM. $p<0.05 compared to day
1, #p <0.05 compared to 0 mg/kg
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between SOC and ISO rats in cocaine-induced reinstatement
of cocaine-seeking behaviour (group: [F (1,20)=0.17, NS];
group×dose: [F (2,40)=1.33, NS]).

We then assessed whether early social isolation affected
stress-induced reinstatement of cocaine seeking behaviour. To
that aim, animals received intraperitoneal injections of the
pharmacological stressor yohimbine in ascending doses (0,
0.75, 1.5 mg/kg) according to a within-session protocol. There
was a main effect of yohimbine on responding on the active
lever (dose: [F (2,40)=16.04, p <0.05]) (Fig. 4d). Post hoc
analysis revealed a significant increase of yohimbine-
induced responding at a dose of 1.5 mg/kg (SOC [t (10)=
−3.68, p <0.05], ISO [t(10)=−2.90, p <0.05]), but early social
isolation had no effect on yohimbine-induced reinstatement of
cocaine seeking (group: [F(1,20)=0.17, NS]; group×dose:
[F (2,40)=0.28, NS]. Moreover, yohimbine had no effect on
responding on the inactive lever [F (2,40)=1.25, NS] (data not
shown).

Discussion

In the present study, we show that deprivation of social contact
in rats during a developmental time window characterized by
high levels of social play behaviour (PND 21–42), results in
enhanced acquisition of cocaine self-administration in adult-
hood. Dose–response analysis did not reveal changes in the
sensitivity to the reinforcing properties of cocaine, but early
social isolation increased the motivation for cocaine self-
administration under a PR schedule of reinforcement.
Extinction of cocaine self-administration or cue, cocaine-
and stress-induced reinstatement were not affected by early
social isolation. Of note, these changes in the sensitivity to
self-administered cocaine were seen even though the animals
were resocialized for 6 weeks in between social isolation and
cocaine self-administration. Together, these data show that
early social isolation causes a long-lasting increase in the
motivation to self-administer cocaine in adulthood.

In general, the effects of environmental manipulations or
drug treatment on acquisition of self-administration are more
likely to be detected when low unit doses of drugs are used
(Lu et al. 2003; Piazza and LeMoal 1996; Vezina et al. 2002).
Therefore, we studied acquisition of cocaine self-
administration at a dose threefold lower (0.083 mg/infusion)
than our usual training dose. We found that ISO rats showed
profoundly higher rates of responding during acquisition of
cocaine self-administration. These findings are consistent with
previous findings showing enhanced acquisition of self-
administration of a low dose of cocaine (0.083 mg/kg/infu-
sion) in isolation-reared rats (Howes et al. 2000). Remarkably,
acquisition of self-administration of a higher dose of cocaine
(1.5 mg/kg/infusion) was retarded in isolation-reared rats
(Howes et al. 2000; Phillips et al. 1994a), suggesting that the

dose–response curve for acquisition of cocaine self-
administration was shifted to the left after isolation rearing.
However, in another study (Gipson et al. 2011, see also Ding
et al. 2005), enhancement of the acquisition of cocaine self-
administration was more pronounced at a medium dose
(0.5 mg/kg/infusion) compared to a lower dose of cocaine
(0.1 mg/kg/infusion). Since we tested only one unit dose of
cocaine, we can not speculate on changes in the dose–response
curve of acquisition of cocaine self-administration. However,
our findings do identify the first weeks post-weaning as a
critical period in development that determines sensitivity to
acquire cocaine use.

While our findings on acquisition of cocaine self-
administration resonate well with previous data from
isolation-rearing studies (Ding et al. 2005; Gipson et al.
2011; Howes et al. 2000; Phillips et al. 1994a), our dose–
response analysis does not. That is, we found no effect of early
social isolation, whereas isolation-rearing studies have consis-
tently found differences in the dose–response function of
cocaine self-administration, albeit that the direction of the
effect differed between these studies (Boyle et al. 1991;
Phillips et al. 1994a; Schenk et al. 1987). The most likely
explanation for these differential findings is that the develop-
mental period that determines sensitivity to the reinforcing
properties of cocaine does not lie within the restricted period
of social isolation used in the present study. Indeed, during the
last two acquisition sessions, when animals responded for
0.25 mg/infusion of cocaine, there were no differences in
cocaine self-administration between the SOC and ISO groups,
suggesting that it is the acquisition of cocaine self-
administration, rather than the reinforcing properties of co-
caine that is facilitated by early social isolation. Combined,
these findings raise the interesting possibility, to be tested in
future studies, that social isolation during different periods in
development causes a distinct pattern of neural adaptations
that influence various aspects of addictive behaviour.
Furthermore, the lack of effect of early social isolation on
the dose–response function of cocaine self-administration in-
dicates that the accelerated acquisition of cocaine self-
administration and the higher motivation under a PR schedule
of reinforcement are not merely the result of general increases
in responding for the drug in the ISO rats.

Interestingly, when the willingness of the animals to
respond for cocaine was tested under a PR schedule of rein-
forcement, we found profoundly increased breakpoints in the
ISO rats. PR schedules of reinforcement assess the incentive
motivational properties of reinforcers (Hodos 1961;
Richardson and Roberts 1996). This increase in responding
under a PR schedule was observed for both unit doses of
cocaine, while responding for the drug within this dose range
under an FR-1 schedule of reinforcement did not differ be-
tween the groups. This suggests that only when response
requirements are high, ISO rats are more willing to respond
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for cocaine. Thus, early social isolation increases the incentive
motivational properties of cocaine, rather than its reinforcing
properties in general. The increases in responding during
acquisition are not necessarily inconsistent with such an ex-
planation, as increased motivation may also result in higher
levels of responding during acquisition (see e.g. Veeneman
et al. 2012b).

To the best of our knowledge, the influence of early social
isolation or isolation rearing on extinction and reinstatement
of responding for drugs has not previously been investigated.
Our data show that social isolation during PND 21–42 has no
repercussions for responding during extinction of cocaine
self-administration, or the ability of cocaine-associated cues,
a cocaine priming injection or treatment with the pharmaco-
logical stressor yohimbine to reinstate responding. Together,
this pattern of effects indicates that social isolation during a
social play-enriched developmental period causes a relatively
specific change in the sensitivity to cocaine: the motivation for
the drug is enhanced, but not its reinforcing properties, the
persistence of responding, or the sensitivity to relapse.
Remarkably, while drug seeking evoked by response-
contingent presentation of drug-associated cues has repeatedly
been shown to increase in the first weeks to months of absti-
nence (Grimm et al. 2001; Pickens et al. 2011), our data
indicate the opposite, since cue-induced cocaine seeking ac-
tually decreased in both groups between the first and four-
teenth day after the last self-administration session. The rea-
son for this discrepancy is not clear, but at the very least it
indicates that incubation of cocaine seeking does not invari-
ably occur under all circumstances.

The pattern of effects reported here begs the question which
long-lasting neural and behavioural adaptations are induced by
3 weeks of social isolation post-weaning. Studies on isolation
rearing, in which animals are continuously isolated from
weaning onwards (Robbins et al. 1996; Heidbreder et al.
2000; Fone and Porkess 2008), have revealed a host of
neurobehavioural changes, many of which could contribute
to increasedmotivation for cocaine, such as altered function of
the mesolimbic dopamine system (Hall et al. 1998; Howes
et al. 2000; Jones et al. 1992), which has been widely impli-
cated in cocaine self-administration (Pierce and Kumaresan
2006;Wise 2004). However, in the present study animals were
only isolated for three weeks post-weaning, which we pre-
sume induces a different, perhaps more restricted set of
neurobehavioural changes. Neural changes induced by social
isolation during PND 21–42 have been reported in several
studies (e.g. Lukkes et al. 2009a, b). Of particular relevance for
the present data is a recent report showing that social isolation
during PND 21–42 results in enhanced sensitivity of ventral
tegmental area dopamine neurons to NMDA receptor-induced
long-term potentiation (Whitaker et al. 2013). This suggests
that post-weaning social isolation enhances excitatory drive
onto midbrain dopamine neurons. This may contribute to the

enhanced motivation for cocaine, perhaps as a result of in-
creased dopamine signaling within the nucleus accumbens
shell, which has been implicated in both the acquisition of,
and motivation for cocaine self-administration (Bari and
Pierce 2005; Ikemoto 2003; Rodd-Henricks et al. 2002;
Veeneman et al. 2012b).

We have recently shown, using whole-cell patch-clamp
recordings, that social isolation from PND 21–42 caused
medial prefrontal cortex pyramidal neurons to become insen-
sitive to modulation of synaptic response amplitude by dopa-
mine (Baarendse et al. 2013). Interestingly, the medial pre-
frontal cortex has been implicated in the acquisition of cocaine
self-administration (Weissenborn et al. 1997), as well as in the
motivation to respond for the drug (McGregor and Roberts
1995). Moreover, the medial prefrontal cortex exerts a
prominent modulatory influence on activity of the
mesoaccumbens dopamine system (e.g. Mitchell and Gratton
1992; for reviews see Heidbreder and Groenewegen 2003;
Sesack and Grace 2010). Therefore, social isolation during
development might alter dopamine activity in the nucleus
accumbens as a result of disrupted prefrontal input into the
mesoaccumbens dopamine system. Interestingly, the long-
lasting disturbance in prefrontal function by early social isola-
tion was accompanied by increased impulsive action and im-
paired decision making, in particular under challenging or
novel circumstances (Baarendse et al. 2013). These long-
lasting impairments in cognitive control may be related to the
increased motivation for cocaine in socially isolated rats.
Indeed, exaggerated impulsivity and decision making deficits
have been associated with drug addiction (Bechara 2005;
Dalley et al. 2011; Goldstein and Volkow 2011; Robbins
et al. 2012; Verdejo-García et al. 2008). For example, impul-
sive action and impaired decision making have been identified
as risk factors for drug and alcohol abuse in humans (Ersche
et al. 2012; Goudriaan et al. 2011; Nigg et al. 2006) and animal
studies have demonstrated that increased impulsive action
predicts various aspects of addictive behaviour (Belin et al.
2008; Dalley et al. 2007; Diergaarde et al. 2008; Economidou
et al. 2009). Together, these findings suggest that the increased
motivation for cocaine induced by early social isolation is
mediated by impairments in impulse control and decision
making as a result of altered prefrontal cortex function.

In conclusion, our results show that the lack of proper
social experiences during early post-weaning development
profoundly enhances the motivation to take cocaine in adult-
hood. Thus, a dysfunctional social environment in childhood
and adolescence may confer enhanced vulnerability to addic-
tive behaviour in later life (Braun and Bock 2011; Cacioppo
and Hawkley 2009; Karelina and DeVries 2011).
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