
Behavioral/Systems/Cognitive

Nucleus Accumbens �-Opioid Receptors Mediate Social
Reward

Viviana Trezza,1,3 Ruth Damsteegt,1 E. J. Marijke Achterberg,2 and Louk J. M. J. Vanderschuren1,2

1Rudolf Magnus Institute of Neuroscience, Department of Neuroscience and Pharmacology, University Medical Center Utrecht, 3584 CG Utrecht, The
Netherlands, 2Department of Animals in Science and Society, Division of Behavioural Neuroscience, Faculty of Veterinary Medicine, Utrecht University,
3584 CM Utrecht, The Netherlands, and 3Department of Biology, University “Roma Tre,” 00146 Rome, Italy

Positive social interactions are essential for emotional well-being and proper behavioral development of young individuals. Here, we studied the
neural underpinnings of social reward by investigating the involvement of opioid neurotransmission in the nucleus accumbens (NAc) in social
play behavior, a highly rewarding social interaction in adolescent rats. Intra-NAc infusion of morphine (0.05– 0.1 �g) increased pinning and
pouncing, characteristic elements of social play behavior in rats, and blockade of NAc opioid receptors with naloxone (0.5 �g) prevented the
play-enhancing effects of systemic morphine (1 mg/kg, s.c.) administration. Thus, stimulation of opioid receptors in the NAc was necessary and
sufficient for morphine to increase social play. Intra-NAc treatment with the selective �-opioid receptor agonist [D-Ala2,N-MePhe4,Gly5-
ol]enkephalin (DAMGO) (0.1–10 ng) and the �-opioid receptor antagonist Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP) (0.3–3 �g) increased
and decreased social play, respectively. The �-opioid receptor agonist DPDPE ([D-Pen2,D-Pen5]-enkephalin) (0.3–3 �g) had no effects, whereas
the �-opioid receptor agonist U69593 (N-methyl-2-phenyl-N-[(5R,7S,8S)-7-(pyrrolidin-1-yl)-1-oxaspiro[4.5]dec-8-yl]acetamide) (0.01–1 �g)
decreased social play. Intra-NAc treatment with �-endorphin (0.01–1 �g) increased social play, but met-enkephalin (0.1–5 �g) and the en-
kephalinase inhibitor thiorphan (0.1–1 �g) were ineffective. DAMGO (0.1–10 ng) increased social play after infusion into both the shell and core
subregions of the NAc. Last, intra-NAc infusion of CTAP (3 �g) prevented the development of social play-induced conditioned place preference.
These findings identify NAc �-opioid receptor stimulation as an important neural mechanism for the attribution of positive value to social
interactionsinadolescentrats.AlteredNAc�-opioidreceptorfunctionmayunderliesocial impairmentsinpsychiatricdisorderssuchasautism,
schizophrenia, or personality disorders.

Introduction
The experience of positive emotions during interactions with
others is an important feature of social relationships. Social re-
ward and attachment are crucial for emotional well-being, and
impairments in this domain are an important element of psychi-
atric disorders, such as autism, schizophrenia, and personality
disorders (American Psychiatric Association, 2000). However,
the neural mechanisms that mediate the rewarding properties of
social interactions are incompletely understood.

To investigate the neural substrates of social reward, we fo-
cused on social play behavior in adolescent rats. Social play is the
most characteristic and rewarding component of the social rep-
ertoire of young mammals, and it serves the development of
physical, cognitive, and social capacities (Panksepp et al., 1984;
Spinka et al., 2001; Pellis and Pellis, 2009; Trezza et al., 2010). For
example, deprivation of social play causes impairments in the

ability of rats to deal with challenging social situations (Van den
Berg et al., 1999a; Von Frijtag et al., 2002). Comparable with
other natural and drug rewards, social play is an incentive for
maze learning, lever pressing, and place conditioning in rats and
primates, providing empirical support for the notion that social
play is rewarding (Falk, 1958; Mason et al., 1963; Humphreys and
Einon, 1981; Normansell and Panksepp, 1990; Calcagnetti and
Schechter, 1992; Crowder and Hutto, 1992; Ikemoto and Pank-
sepp, 1992; Van den Berg et al., 1999b; Douglas et al., 2004; Thiel
et al., 2008, 2009; Trezza et al., 2009; Vanderschuren, 2010). Fur-
thermore, the neurotransmitter systems that mediate the moti-
vational and hedonic properties of food and drug rewards, such
as endogenous opioids, endocannabinoids, and dopamine, also
modulate social play (Panksepp et al., 1987; Vanderschuren et al.,
1997; Siviy, 1998; Trezza et al., 2010). Systemic treatment with
opioid receptor agonists, such as morphine, enhances social play
in adolescent rats and primates through stimulation of �-opioid
receptors, whereas treatment with opioid receptor antagonists
suppresses it (Beatty and Costello, 1982; Panksepp et al., 1985;
Siegel et al., 1985; Siegel and Jensen, 1986; Vanderschuren et al.,
1995a,b, 1997; Guard et al., 2002; Trezza and Vanderschuren,
2008a,b). Interestingly, a study using a play-rewarded spatial dis-
crimination task (Normansell and Panksepp, 1990) indicated
that opioids do not modulate social play through changes in the
motivation for play, but perhaps through changes in its positive
subjective properties.
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The positive subjective properties of natural and drug rewards
are mediated by corticolimbic circuits, comprising the dopami-
nergic, GABAergic, and glutamatergic interconnections between
the nucleus accumbens (NAc), ventral tegmental area, frontal
cortex, and amygdala (Cardinal et al., 2002; Ikemoto and Wise,
2004; Voorn et al., 2004; Everitt and Robbins, 2005; Berridge and
Kringelbach, 2008; Haber and Knutson, 2010). Within this cir-
cuit, we hypothesized that opioids exert their stimulating effects
on social play in the NAc, for two reasons. First, opioid neu-
rotransmission in the NAc mediates hedonic properties of natu-
ral and drug rewards (Kelley, 2004; Berridge and Kringelbach,
2008; Le Merrer et al., 2009). Second, social play is associated with
enhanced endogenous opioid activity in the NAc (Vander-
schuren et al., 1995c).

Materials and Methods
Subjects
Male Wistar rats (Charles River) arrived in our animal facility at 21 d of
age and were housed in groups of four in 40 � 26 � 20 [length (l) �
width (w) � height (h)] Macrolon cages under controlled conditions
(i.e., temperature, 20 –21°C; 60 – 65% relative humidity; and 12 h light/
dark cycle with lights on at 7:00 A.M.). Food and water were available ad
libitum.

All animals used were experimentally naive. All experiments were ap-
proved 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).

Surgery
At 28 d of age, rats were anesthetized with 0.08 ml/100 g (subcutaneous)
Hypnorm (fentanylcitrate, 0.315 mg/ml, and fluanison, 10 mg/ml; Jans-
sen) and positioned into a stereotaxic frame (David Kopf Instruments).
Guide cannulae, consisting of 24 gauge thin-walled stainless-steel tubing
(Cooper’s Needleworks), were implanted bilaterally, aimed 1.0 mm
above the NAc [border between the shell and core subregions; coordi-
nates: anteroposterior (AP), �1.5 mm from bregma; mediolateral (ML),
�1.9 mm from the midline; dorsoventral (DV), �7.0 mm from skull
surface]. Other groups of rats were implanted with bilateral guide can-
nulae (24 gauge) aimed 1.0 mm above the dorsal striatum (coordinates:
AP, �1.5 mm; ML, �1.9 mm; DV, �5.0 mm), NAc core (coordinates:
AP, �1.5 mm; ML, �1.9 mm; DV, �6.5 mm), and NAc shell (coordi-
nates: AP, �1.8 mm; ML, �2.8 mm; DV, �7.5 mm, 10° angle). Coordi-
nates for each brain region were determined by pilot placement
experiments in 28-d-old rats using the atlas of Paxinos and Watson
(2007). Cannulae were secured with stainless-steel screws and dental
acrylic; 29 gauge wire stylets (Cooper’s Needleworks) were inserted into
the guide cannulae to maintain patency. After surgery, rats were individ-
ually housed and allowed to recover for 4 d; on the fifth day, they were
rehoused in groups of four with their original cage mates. Behavioral
testing began 1 week after surgery.

Behavioral testing
Social play behavior. All the experiments were performed in a sound-
attenuated chamber under dim light conditions. The testing arena con-
sisted of a Plexiglas cage measuring 40 � 40 � 60 cm (l � w � h), with
�2 cm of wood shavings covering the floor. The behaviors of the animals
were recorded using a camera with zoom lens, videotape recorder, and
television monitor.

One week after surgery, at 35 d of age, the rats were habituated to the
experimental procedures on 2 consecutive days. On the first habituation
day, rats were individually placed into the test cage for 10 min. On the
second habituation day, the animals were socially isolated for 2 h before
testing. Pairs of rats were then infused simultaneously with vehicle solu-
tions and placed into the test cage for 15 min, to habituate them to the
infusion procedures and determine baseline levels of social play behav-
ior. The animals in a pair did not differ by �10 g in body weight and had
no previous common social experience. On the test day, the animals were
socially isolated for 2 h before testing. Pairs of rats were then infused

simultaneously with either vehicle or drug solutions and placed into the
test cage for 15 min.

Behavior was assessed per pair of animals using the Observer 3.0 soft-
ware (Noldus Information Technology). The following behavioral ele-
ments were scored per 15 min (Panksepp et al., 1984; Vanderschuren et
al., 1997; Pellis and Pellis, 2009; Trezza et al., 2010): (1) frequency of
pinning: one animal lying with its dorsal surface on the floor with the
other animal standing over it; this is the most characteristic posture in
social play in rats, which occurs when one animal is solicited to play by its
test partner and rotates to its dorsal surface to prolong the playful inter-
action; (2) frequency of pouncing: this is an index of play solicitation
(i.e., one animal is soliciting the other to play, by attempting to nose or
rub the nape of the neck of the test partner); (3) time spent in social
exploration: sniffing any part of the body of the test partner, including
the anogenital area.

Locomotor activity. At 28 d of age, rats were implanted with bilateral
guide cannulae aimed 1.0 mm above the NAc and allowed to recover, as
described above.

To assess whether opioid effects on social play were secondary to
changes in locomotor activity, adolescent rats were tested for horizontal
locomotor activity in plastic cages (l � w � h, 50 � 33 � 40 cm) using a
videotracking system (EthoVision; Noldus Information Technology),
which determined the position of the animal five times per second. Rats
were infused with a dose of [D-Ala 2,N-MePhe 4,Gly 5-ol]enkephalin
(DAMGO) that maximally increased social play (10 ng/0.3 �l) and then
individually transferred from the home cage to the test cage, where loco-
motor activity was monitored for 60 min.

Social play-induced conditioned place preference. At 28 d of age, rats
were implanted with bilateral guide cannulae aimed 1.0 mm above the
NAc and allowed to recover as described above.

The place conditioning setup (TSE System) comprised eight boxes,
each consisting of three compartments with removable Plexiglas lids: two
equally sized large conditioning compartments (l � w � h, 30 � 25 � 30
cm) separated by a smaller, neutral compartment (l � w � h, 10 � 25 �
30 cm). The two conditioning compartments had different visual and
tactile cues: one had black-and-white striped walls and a floor with wide
metal mesh, and the other had black walls and a floor with fine metal
mesh. The compartment with black walls had a white light (2 W)
mounted on the Plexiglas lid, to achieve a comparable light intensity in
both conditioning compartments. The middle compartment had white
walls, a smooth floor, and a white light (2 W) on the lid. During condi-
tioning, closed dividers between the compartments were used to confine
the animals to the conditioning compartment. During habituation and
testing, the closed dividers were replaced by dividers that contained an
arched gateway (w � h, 9 � 11.5 cm), allowing the rats access to all
compartments. During habituation and testing, the position of the ani-
mal in the apparatus was monitored by an array of infrared photobeam
sensors located 2.5 cm above the floor. A computer recorded the time (in
seconds) that the animals spent in each compartment.

Conditioning and testing were performed as described in our previous
studies (Trezza et al., 2009). Briefly, 1 week after surgery, each rat was
placed into the apparatus and allowed to move freely around the three
compartments for 15 min (day 1). The time spent in each compartment
was recorded and served to determine baseline side preference for each
subject. Rats were socially isolated after this baseline preference session
and assigned to a compartment in which they would be allowed social
interaction during conditioning, so that the baseline preference in each
test group for the (to be) social-paired and (to be) non-social-paired
compartments approximated 50% [counterbalanced place conditioning
design (Tzschentke, 2007; Veeneman et al., 2011)]. Rats were condi-
tioned during the following 8 d, with two conditioning sessions per day
[30 min in one compartment with an initially unfamiliar partner (social
session) and 30 min alone in the other compartment (nonsocial ses-
sion)]. Before every social session, the rats received an infusion with the
selective �-opioid receptor antagonist Cys-Tyr-D-Trp-Arg-Thr-Pen-
Thr-NH2 (CTAP) (3 �g/0.3 �l) or vehicle. On day 10, the rats were
placed in the middle compartment and allowed to freely move through-
out the apparatus for 15 min. Time spent in each compartment was
recorded.
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Drugs and infusion procedures
The opioid receptor agonist morphine (OPG; 0.05– 0.1 �g/0.3 �l), the
opioid receptor antagonist naloxone (Tocris Bioscience; 0.5 �g/0.3 �l),
the selective �-opioid receptor agonist DAMGO (Sigma-Aldrich; 0.1–
1-10 ng/0.3 �l), the selective �-opioid receptor agonist [D-Pen 2,D-Pen 5]-
enkephalin (DPDPE) (Sigma-Aldrich; 0.3–1-3 �g/0.3 �l), the
selective �-opioid receptor agonist N-methyl-2-phenyl-N-[(5R,7S,8S)-
7-(pyrrolidin-1-yl)-1-oxaspiro[4.5]dec-8-yl]acetamide (U69593) (Sig-
ma-Aldrich; 0.01– 0.1–1 �g/0.3 �l), the selective �-opioid receptor
antagonist CTAP (Sigma-Aldrich; 0.3–3 �g/0.3 �l), �-endorphin
(Bachem Biosciences; 0.01– 0.1–1 �g/0.3 �l), and met-enkephalin
(Bachem Biosciences; 0.1–1-5 �g/0.3 �l) were dissolved in saline; the
enkephalinase inhibitor thiorphan (Sigma-Aldrich; 0.1–1 �g/0.3 �l) was
dissolved in 5% Tween 80/5% polyethylene glycol/saline. All drugs were
freshly prepared before each experiment. Drug doses were chosen on the
basis of literature data (Cunningham and Kelley, 1992; Meyer et al., 1994;
Zhang and Kelley, 1997; Simmons and Self, 2009). Bilateral infusions
of drugs or an equivalent volume of the corresponding vehicle were
made by using 30 gauge injection needles (Bilaney) connected to 10 �l
Hamilton microsyringes by polyethylene (PE-20) tubing. The injec-
tion needles protruded 1.0 mm beyond the cannula tips, and a 0.3 �l
injection volume per hemisphere was infused over 60 s simultane-
ously to both sides of the brain using a syringe pump (model 975A;
Harvard Apparatus). The injection needles were retained within the
cannulae for 60 s after drug infusion to maximize diffusion and to
prevent backflow of drug along the cannula track. After all infusions,
stylets were replaced, and the animals were left in a holding cage for 5
min before testing.

In the experiment shown in Figure 1, e and f, animals were subcutane-
ously treated with morphine (OPG; 1 mg/kg) 1 h before intra-NAc infu-
sion of naloxone (Tocris Bioscience; 0.5 �g/0.3 �l).

Histological confirmation of injection sites
Injection sites were verified according to the procedure described by
Mahler et al. (2007) and Simmons and Self (2009). After testing, animals
were killed by carbon dioxide inhalation and microinjected with 0.3 �l of
black ink over 60 s through the guide cannulae. Animals were immedi-
ately decapitated, and their brains were removed. Slices (20 �m thick)
were collected throughout the forebrain and analyzed under a dissecting
microscope for the location of the infusion sites according to the atlas of
Paxinos and Watson (2007). Only pairs in which both animals had bilat-
eral needle tracks terminating into the target area and no damage to the
target tissues were included in the final analysis.

Statistical analysis
Pinning and pouncing frequencies and time spent in social exploration
are expressed as mean � SEM. To assess the effects of single treatments
on social play behavior, data were analyzed using either one-way
ANOVA followed by Tukey’s post hoc test, or Student’s t test. To assess
the effects of combined treatments on social play behavior, data were
analyzed using two-way ANOVA, followed by Tukey’s post hoc test.

Horizontal locomotor activity was expressed as mean � SEM traveled
distance (in centimeters/15 min). The effects of drug treatment on loco-
motor activity were analyzed with a one-way repeated-measures
ANOVA.

Social play-induced conditioned place preference (CPP) data were
expressed as mean � SEM time spent in the social-paired and non-
social-paired compartments on the test day, and analyzed by a paired
Student t test.

Results
Opioid receptors in the NAc are necessary and sufficient for
morphine to increase social play behavior
First, we tested the effects of intra-NAc infusion of morphine
(0.05– 0.1 �g/0.3 �l; n � 6 –14 per treatment group) on social
play behavior in adolescent rats. Morphine, infused into the NAc
at the dose of 0.1 �g/0.3 �l, increased pinning (F(2,36) � 10.8; p �
0.001) (Fig. 1a) and pouncing (F(2,36) � 32.47; p � 0.001) (Fig.
1b), with no effect on social exploration (F(2,36) � 1.24; NS) (Ta-

Table 1. Intra-NAc infusion of morphine (0.05– 0.1 �g/0.3 �l), DAMGO (0.1–10
ng/0.3 �l), CTAP (0.3–3 �g/0.3 �l), and �-endorphin (0.01–1 �g/0.3 �l) had no
effect on social exploration

Social exploration (s/15 min)

Vehicle 44 � 6 F � 1.24, NS
Morphine (0.05 �g/0.3 �l) 42 � 7
Morphine (0.1 �g/0.3 �l) 55 � 5

Vehicle 34 � 4

F � 1.3, NS

DAMGO (0.1 ng/0.3 �l) 28 � 4
DAMGO (1 ng/0.3 �l) 29 � 5
DAMGO (10 ng/0.3 �l) 40 � 5

Vehicle 39 � 6

F � 1.24, NS
CTAP (0.3 �g/0.3 �l) 45 � 10
CTAP (3 �g/0.3 �l) 40 � 5

Vehicle 51 � 8

F � 0.5, NS

�-Endorphin (0.01 �g/0.3 �l) 42 � 4
�-Endorphin (0.1 �g/0.3 �l) 48 � 4
�-Endorphin (1 �g/0.3 �l) 52 � 8

Data represent mean � SEM time spent in social exploration. n � 6 –14 per treatment group.

Figure 1. Opioid receptors in the NAc are necessary and sufficient for morphine to increase
social play behavior. Intra-NAc infusion of morphine (MOR) (0.05– 0.1 �g/0.3 �l) increased
pinning (a) and pouncing (b). The effects of morphine on social play were site specific, since
infusion of morphine (0.1 �g/0.3 �l) into the dorsal striatum had no effect on pinning (c) or
pouncing (d). Intra-NAc infusion of the opioid receptor antagonist naloxone (NAL) (0.5 �g/0.3
�l) completely blocked the increase in pinning (e) and pouncing (f ) induced by systemic ad-
ministration of morphine (1 mg/kg, s.c.). Data represent mean�SEM frequency of pinning and
pouncing. **p � 0.01 versus vehicle/vehicle; #p � 0.05, ##p � 0.01 versus vehicle/morphine
(Tukey’s post hoc test; n � 6 –14 per treatment group).
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ble 1). The increase in social play induced by intra-NAc mor-
phine infusion was mediated within the NAc rather than by
diffusion to adjacent brain areas, since infusion of morphine into
the overlying dorsal striatum had no effects on either pinning
(t � 0.58; NS) (Fig. 1c) or pouncing (t � 2.11; NS) (Fig. 1d) (n �
6 per treatment group).

Intra-NAc infusion of a dose of the opioid receptor antagonist
naloxone (0.5 �g/0.3 �l) that did not affect social play by itself,
completely blocked the effects of systemic morphine treatment (1
mg/kg, s.c.) on social play [pinning: F(naloxone)(1,30) � 4.43, NS;
F(morphine)(1,30) � 15.88, p � 0.001; F(naloxone � morphine)(1,30) �
4.98, p � 0.05 (Fig. 1e); pouncing: F(naloxone)(1,30) � 23.64, p �
0.001; F(morphine)(1,30) � 39.86, p � 0.001; F(naloxone � morphine)(1,30) �
11.82, p � 0.001 (Fig. 1f); n � 7–10 per treatment group]. Post
hoc analysis showed that morphine increased social play in rats
that received intra-NAc vehicle, but not in animals that received
intra-NAc naloxone. These results show that stimulation of opi-
oid receptors within the NAc is necessary and sufficient for mor-
phine to increase social play behavior.

Opioid effects on social play are mediated through �-opioid
receptors in the NAc
Morphine and naloxone are moderately selective for �-opioid
receptors, but they have considerable affinity for �- and �-opioid
receptors as well (Goldstein and Naidu, 1989; Mansour et al.,
1995). High densities of �-, �-, and �-opioid receptors are found
in the NAc (Mansour et al., 1988; Le Merrer et al., 2009). There-
fore, we next determined the contribution of NAc �-, �-, and
�-opioid receptors in social play, by testing the effects of intra-
NAc infusion of selective agonists for �-, �-, and �-opioid
receptors.

Intra-NAc infusion of the �-opioid receptor agonist DAMGO
(0.1–10 ng/0.3 �l; n � 8 –11 per treatment group) increased pin-
ning (F(3,37) � 8.57; p � 0.001) (Fig. 2a) and pouncing (F(3,37) �

11.22; p � 0.001) (Fig. 2b), without affecting social exploration
(F(3,37) � 1.3; NS) (Table 1). Intra-NAc infusion of the �-opioid
receptor agonist DPDPE (0.3–3 �g/0.3 �l; n � 8 –10 per treat-
ment group) had no effects on social play [pinning: F(3,35) � 0.92,
NS (Fig. 2c); pouncing: F(3,35) � 0.56, NS (Fig. 2d)], whereas the
�-opioid receptor agonist U69593 (0.01–1 �g/0.3 �l; n � 6 –9 per
treatment group) decreased social play behavior [pinning: F(3,25) �
6.68, p � 0.01 (Fig. 2e); pouncing: F(3,25) � 5.81, p � 0.01 (Fig.
2f)]. These data indicate that the stimulatory effects of opioid
agonists on social play are exerted through �-opioid receptors in
the NAc.

To determine whether endogenous opioids acting on �-opioid
receptors mediate social play under physiological conditions, we
investigated the effects of intra-NAc infusion of the selective
�-opioid receptor antagonist CTAP on social play. Intra-NAc
infusion of CTAP (0.3–3 �g/0.3 �l; n � 6 –7 per treatment
group) reduced both pinning (F(2,19) � 4.37; p � 0.05) (Fig. 2g)
and pouncing (F(2,19) � 4.57; p � 0.05) (Fig. 2h), without affect-
ing social exploration (F(2,19) � 1.24; NS) (Table 1). This shows
that that stimulation of �-opioid receptors positively modulates
social play under physiological conditions.

�-Endorphin, but not enkephalins, positively modulates
social play behavior in the NAc
Having shown that stimulation of �-opioid receptors in the NAc
mediates social play behavior, we sought to identify the endoge-
nous opioid ligand involved. We found that intra-NAc infusion
of �-endorphin (0.01–1 �g/0.3 �l; n � 10 per treatment group)
increased both pinning (F(3,39) � 8.25; p � 0.001) (Fig. 3a) and
pouncing (F(3,39) � 11.35; p � 0.001) (Fig. 3b), with no changes
in social exploration (F(3,39) � 0.5; NS) (Table 1). In contrast,
intra-NAc infusion of met-enkephalin (0.1–5 �g/0.3 �l; n � 6 per
treatment group) had no effect on social play [pinning: F(3,19) �
1.00, NS (Fig. 3c); pouncing: F(3,19) � 0.98, NS (Fig. 3d)]. It has

Figure 2. Opioid effects on social play are mediated through �-opioid receptors in the NAc. Intra-NAc infusion of the selective �-opioid receptor agonist DAMGO (0.1–10 ng/0.3 �l) increased
pinning (a) and pouncing (b); the �-opioid receptor agonist DPDPE (0.3–3 �g/0.3 �l) had no effect (c, d), whereas the �-opioid receptor agonist U69593 (0.01–1 �g/0.3 �l) decreased pinning
(e) and pouncing (f ). Intra-NAc infusion of the selective �-opioid receptor antagonist CTAP (0.3–3 �g/0.3 �l) reduced both pinning (g) and pouncing (h). Data represent mean � SEM frequency
of pinning and pouncing. *p � 0.05, **p � 0.01 versus vehicle (Tukey’s post hoc test; n � 7– 8 per treatment group).
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been suggested that exogenously administered enkephalins are
degraded too rapidly to produce effects in behavioral tests (Sim-
mons and Self, 2009). Therefore, we also tested the effects of
intra-NAc infusion of the enkephalinase inhibitor thiorphan,
which prolongs and enhances the effects of locally released en-
kephalins. Thiorphan (0.1–1 �g/0.3 �l; n � 6 per treatment
group) did not affect social play [pinning: F(2,11) � 2.78, NS (Fig.
3e); pouncing: F(2,11) � 1.70, NS (Fig. 3f)].

Collectively, these results suggest that under physiological cir-
cumstances, �-endorphin acts on �-opioid receptors in the NAc
to positively modulate social play behavior.

�-Opioid receptors in both the NAc core and shell positively
modulate social play behavior
The NAc can be divided into two main subregions (i.e., core and
shell) that differ in their anatomical architecture and functional
characteristics (Zahm and Brog, 1992; Cardinal et al., 2002; Kel-
ley, 2004; Voorn et al., 2004). In the previous experiments, it was
not possible to differentiate between these two subregions, be-
cause cannula placements were located at the border between the
core and the shell. To test whether the core and shell subregions
of the NAc are differentially involved in opioid modulation of
social reward, we implanted additional groups of rats with bilat-
eral guide cannulae targeted at either the NAc core or shell, and

injected the �-opioid receptor agonist DAMGO (0.1–10 ng/0.3
�l) into these NAc subregions. DAMGO increased social play
when injected both into the NAc core [pinning: F(3,23) � 15.16,
p � 0.001 (Fig. 4a); pouncing: F(3,23) � 7.71, p � 0.001 (Fig. 4b);
n � 6 –7 per treatment group] and shell [pinning: F(3,38) � 3.91,
p � 0.05 (Fig. 4c); pouncing: F(3,38) � 3.98, p � 0.05 (Fig. 4d); n �
9 –11 per treatment group]. The lowest dose of DAMGO signifi-
cantly increased social play only after infusion into the NAc shell,
but the maximum effect of DAMGO was comparable in both
regions. These data show that the entire NAc is involved in the
opioid modulation of social reward, the shell being somewhat
more sensitive.

Opioid effects on social play are not secondary to changes in
locomotor activity
Intra-NAc infusion of a dose of DAMGO that maximally in-
creased social play behavior (10 ng/0.3 �l) did not affect locomo-
tor activity in adolescent rats (F(treatment)(1,14) � 0.21, NS;
F(intervals)(1,14) � 30.84, p � 0.001; F(treatment � interval)(1,14) � 1.45,
NS) (Fig. 5) (n � 6 –7 per treatment group) at any of the time
points tested, indicating that the effects of DAMGO on social play
were not secondary to changes in locomotor activity.

�-Opioid receptors in the NAc mediate social play-induced
CPP
Social play behavior is known to induce CPP (Calcagnetti and
Schechter, 1992; Crowder and Hutto, 1992; Van den Berg et al.,
1999b; Douglas et al., 2004; Thiel et al., 2008, 2009; Trezza et al.,
2009). Intra-NAc infusion of CTAP prevented the development
of social play-induced CPP in adolescent rats. Animals infused
with vehicle (n � 7) showed a significant preference for the com-
partment previously paired with social experience (t � 2.43; df �
6; p � 0.05), whereas animals infused with CTAP (3 �g/0.3 �l;

Figure 3. In the NAc, �-endorphin but not enkephalins positively modulates social play
behavior. Intra-NAc infusion of the endogenous opioid peptide �-endorphin (0.01–1 �g/0.3
�l) increased pinning (a) and pouncing (b), whereas both met-enkephalin (met-enk) (0.1–5
�g/0.3 �l) (c, d) and the enkephalinase inhibitor thiorphan (0.1–1 �g/0.3 �l) (e, f ) had no
effect. Data represent mean�SEM frequency of pinning and pouncing. *p �0.05, **p �0.01
versus vehicle (Tukey’s post hoc test; n � 6 – 8 per treatment group).

Figure 4. �-Opioid receptors in both the NAc core and shell positively modulate social play
behavior. The selective �-opioid receptor agonist DAMGO (0.1–10 ng/0.3 �l) increased pin-
ning (a, c) and pouncing (b, d) when infused both into the NAc core (a, b) and shell (c, d). Data
represent mean � SEM frequency of pinning and pouncing. *p � 0.05, *p � 0.01 versus
vehicle (Tukey’s post hoc test; n � 6 –11 per treatment group).
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n � 6) before conditioning spent an equal amount of time in the
social- and non-social-paired compartments on the test day (t �
0.58; df � 5; NS) (Fig. 6). These results indicate that �-opioid
receptors in the NAc mediate the rewarding properties of social
interaction in adolescent rats. For histological assessment of rep-
resentative experiments, see Figure 7.

Discussion
It has been hypothesized that the endogenous opioid system is a
critical component of the neural circuit that mediates the positive
affective states associated with social interactions (Panksepp et
al., 1980; Depue and Morrone-Strupinsky, 2005). Opioids medi-
ate infant attachment behavior and the rewarding properties of

mother-related stimuli, peer–peer interactions in young individ-
uals, and adult sexual and social behaviors (Panksepp et al., 1980,
1987; van Furth et al., 1995; Moles et al., 2004; Depue and
Morrone-Strupinsky, 2005; Trezza et al., 2010; Vanderschuren,
2010). The present study identifies the NAc as an important site
of action for opioids to modulate social reward in adolescent rats.

NAc opioid receptor-mediated effects on social play are
behaviorally and anatomically specific
Previous studies using systemic drug injections have shown that
opioid effects on social play are behaviorally specific (i.e., not
secondary to changes in locomotion or social interest) (Vander-
schuren et al., 1995a; Trezza and Vanderschuren, 2008a,b). Con-
sistent with this, we found that infusion of morphine, DAMGO,
and �-endorphin into the NAc enhanced social play but not so-
cial exploratory behavior, indicating that NAc opioid neu-
rotransmission specifically modulates playful aspects of social
interaction in adolescent rats, rather than social behavior in gen-
eral. Furthermore, intra-NAc infusion of a dose of DAMGO that
maximally increased social play did not alter locomotor activity.
The importance of the NAc for the opioid modulation of social
play was further supported by our finding that blockade of NAc
opioid receptors by naloxone antagonized the play-enhancing
effects of systemic morphine administration. Together, these
data demonstrate that stimulation of NAc opioid receptors is
necessary and sufficient for morphine to increase social play.

The NAc comprises two main subregions, core and shell, that
have distinct anatomical and functional properties (Zahm and
Brog, 1992; Cardinal et al., 2002; Kelley, 2004; Voorn et al., 2004).
Differences between the NAc core and shell in mediating the
rewarding properties of food and drugs have been reported (Ike-
moto and Wise, 2004; Kelley, 2004; Everitt and Robbins, 2005;
Berridge and Kringelbach, 2008) whereby some studies show that
�-opioid neurotransmission enhances the hedonic impact of pal-
atable food selectively in the NAc shell (Peciña and Berridge 2000)
and others that the rewarding properties of food are enhanced by
activation of �-opioid receptors in the entire NAc (Zhang and Kel-
ley, 2000). We found that the �-opioid receptor agonist DAMGO
significantly increased social play when injected into both the NAc
core and shell. These results show that the NAc is a relatively homo-
geneous structure with respect to opioid modulation of social re-
ward. The maximal effect of DAMGO was comparable in both
regions, but the lowest dose of DAMGO increased social play after
infusion into the shell but not the core. Thus, the NAc shell might be
a somewhat more sensitive site for opioid modulation of social play.
However, our finding that morphine did not increase social play
after infusion into a striatal region dorsal to the NAc indicates that
the augmenting effects of �-opioid receptor stimulation on social
play behavior are restricted to the NAc.

NAc opioid receptor-mediated effects on social play occur
through �-opioid receptors and involve �-endorphin
The NAc expresses high levels of �-, �-, and �-opioid receptors
(Mansour et al., 1988; Le Merrer et al., 2009) and �-opioid re-
ceptors in the NAc are thought to mediate the hedonic properties
of biologically relevant stimuli (van Ree et al., 1999; Kelley, 2004;
Berridge and Kringelbach, 2008; Le Merrer et al., 2009). Systemic
treatment with selective �- and �-opioid receptor agonists has
previously been shown to increase and decrease social play, re-
spectively, whereas �-opioid receptor stimulation had no effects
(Vanderschuren et al., 1995b). Consistent with this, we found
that intra-NAc infusion of the selective �-opioid receptor agonist
DAMGO increased social play, the �-opioid receptor DPDPE had

Figure 5. Opioid effects on social play are not secondary to changes in locomotor activity.
Intra-NAc infusion of a dose of DAMGO that maximally increased social play behavior (10 ng/0.3
�l) did not affect locomotor activity in adolescent rats. Data represent mean � SEM traveled
distance (in centimeters/15 min intervals; n � 6 –7 per treatment group).

Figure 6. �-Opioid receptors in the NAc mediate social play-induced CPP. Intra-NAc infu-
sion of CTAP prevented the development of social play-induced CPP in adolescent rats: animals
infused with vehicle showed a significant preference for the compartment previously paired
with social experience, whereas animals infused with CTAP (3 �g/0.3 �l) spent an equal
amount of time in both the social- and non-social-paired compartments on the test day. Data repre-
sentmean�SEMtimespentinthesocial-paired(social,whitebar)andnon-social-paired(nonsocial,
black bar) compartments on the test day. *p � 0.05 for difference in time spent in the social- and
non-social-paired compartments (paired Student’s t test; n � 6 –7 per treatment group).
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no effect, whereas the �-opioid receptor agonist U69593 de-
creased social play. It was also previously shown that systemic
treatment with the selective �-opioid receptor antagonist
�-funaltrexamine decreased social play, whereas systemic ad-
ministration of the �-opioid receptor antagonist naltrindole or
the �-opioid receptor antagonist nor-binaltorphimine was inef-
fective (Vanderschuren et al., 1995b). This suggests that, under
physiological conditions, �- but not �-opioid receptors are in-
volved in the regulation of social play, and that the reduction in
social play induced by systemic (Vanderschuren et al., 1995b)
and intra-NAc administration of �-opioid receptor agonists is
related to the well known dysphoric effects of �-opioid receptor
agonists (Pfeiffer et al., 1986; van Ree et al., 1999; Le Merrer et al.,
2009). Indeed, intra-NAc infusion of the selective �-opioid re-
ceptor antagonist CTAP dose-dependently decreased social play
behavior, without affecting social exploration. These results are
consistent with previous findings of increased NAc opioid activ-
ity during social play (Vanderschuren et al., 1995c).

Met-enkephalin and �-endorphin are endogenous opioids
with a high affinity for �-opioid receptors (Mansour et al., 1995),
and there are high densities of enkephalin- and �-endorphin-
containing fibers in the NAc (Mansour et al., 1988; Olive et al.,
2001; Roth-Deri et al., 2003; Le Merrer et al., 2009). Previous
studies have shown that �-endorphin activity in the NAc may
contribute to the positive reinforcing and motivational proper-
ties of ethanol, amphetamine, and cocaine (Olive et al., 2001;
Roth-Deri et al., 2003; Simmons and Self, 2009). We found that
intra-NAc infusion of the endogenous opioid peptide �-endorphin
increased social play behavior but that infusion of met-
enkephalin or the enkephalinase inhibitor thiorphan did not alter
social play. Together with previous findings (Vanderschuren et
al., 1995b,c), these results suggest that, during social play,
�-endorphin is released in the NAc, where it binds to �-opioid
receptors to positively modulate this behavior.

NAc �-opioid receptors mediate the rewarding properties of
social play
The rewarding properties of social play behavior in rats have been
demonstrated using T-maze discrimination tasks (Humphreys

and Einon, 1981; Normansell and Panksepp, 1990; Ikemoto and
Panksepp, 1992) and place conditioning paradigms (Calcagnetti
and Schechter, 1992; Crowder and Hutto, 1992; Van den Berg et
al., 1999b; Douglas et al., 2004; Thiel et al., 2008, 2009; Trezza et
al., 2009). A previous study has shown that neither morphine nor
naloxone affected the acquisition of social play-rewarded spatial
discrimination but that morphine increased and naloxone de-
creased the amount of social play performed in the goal box of the
T-maze (Normansell and Panksepp, 1990). This indicates that
opioids do not modulate the motivational properties of play but
may rather mediate its rewarding aspects. Indeed, our observa-
tion that intra-NAc infusion of the selective �-opioid receptor
antagonist CTAP prevented the development of social play-
induced CPP provides evidence for the notion that �-opioid re-
ceptor stimulation in the NAc mediates the rewarding properties
of social interactions in adolescent rats.

Concluding remarks
Collectively, our results show that opioid neurotransmission in
the NAc, a brain region widely implicated in reward and motiva-
tion (Cardinal et al., 2002; Ikemoto and Wise, 2004; Kelley, 2004;
Everitt and Robbins, 2005; Berridge and Kringelbach, 2008;
Haber and Knutson, 2010), mediates the positive subjective
properties of social play behavior in adolescent rats. These find-
ings are consistent with a larger body of literature implicating
�-opioid receptor stimulation in the positive properties of other
social behaviors, such as the perception of mother-related stimuli
and attachment behavior in infant chicks, mice, rats, and pri-
mates (Panksepp et al., 1978; Kalin et al., 1988; Carden et al.,
1991; Moles et al., 2004; Barr et al., 2008), as well as in the regu-
lation of sexual behavior (van Furth et al., 1995; Tian et al., 1997;
Balfour et al., 2004; Coolen et al., 2004). In addition, enhanced
nucleus accumbens activity has been found during positive social
interactions in humans, such as simulated social interaction with
friends in young adults (Güroğlu et al., 2008), during social co-
operation (Rilling et al., 2002), and during eye contact with at-
tractive faces (Kampe et al., 2001).

Dysfunction of NAc �-opioid receptor activity may be an
important etiological factor in psychiatric diseases characterized

Figure 7. Diagrams of rat brain sections showing representative microinjection sites (filled circles) at the border between core and shell subregions of the NAc (a), dorsal striatum (b), NAc core
(c), and NAc shell (d). Distances are in millimeters from bregma (adapted from Paxinos and Watson, 2007). Only data from pairs in which both animals had bilateral needle tracks terminating into
the target area and no damage to the target tissues were included in the final analyses.
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by social indifference and by the inability to form normal social
bonds, such as autism, schizophrenia, and personality disorders.
In support of this notion, aberrant �-opioid receptor function in
brain regions involved in emotion and stress processing, decision
making, pain, and neuroendocrine control has recently been
shown in patients with borderline personality disorder (Prossin
et al., 2010). Thus, additional research into the role of the corti-
colimbic �-opioid system in normal and abnormal social behav-
ior may provide essential information to understand and treat
social dysfunctions.
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