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In the young of many mammalian species, including humans, a vigorous and highly rewarding social
activity is abundantly expressed, known as social play behaviour. Social play is thought to be impor-
tant for the development of social, cognitive and emotional processes and their neural underpinnings,
and it is disrupted in pediatric psychiatric disorders. Here, we summarize recent progress in our under-
standing of the brain mechanisms of social play behaviour, with a focus on its rewarding properties.

Keywords:

Social play behaviour
Reward

Place conditioning
Operant conditioning
Opioids
Endocannabinoids
Dopamine
Noradrenaline
Prefrontal cortex
Nucleus accumbens
Amygdala

Opioid, endocannabinoid, dopamine and noradrenaline systems play a prominent role in the modula-
tion of social play. Of these, dopamine is particularly important for the motivational properties of social
play. The nucleus accumbens has been identified as a key site for opioid and dopamine modulation of
social play. Endocannabinoid influences on social play rely on the basolateral amygdala, whereas nora-
drenaline modulates social play through the basolateral amygdala, habenula and prefrontal cortex. In
sum, social play behaviour is the result of coordinated activity in a network of corticolimbic structures,
and its monoamine, opioid and endocannabinoid innervation.
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1. Introduction

During development, humans and animals acquire a wide vari-
ety of social behaviours that enable adaptive functioning directed
at survival and reproduction in adulthood. Of these, one form of
social behaviour that is particularly abundant during post-weaning
development, is social play behaviour, also referred to as play fight-
ing or rough-and-tumble play (Fagen,1981; Graham and Burghardt,
2010; Panksepp et al., 1984; Pellis and Pellis, 2009; Vanderschuren
etal., 1997; Himmler et al.,2013; Vanderschuren and Trezza, 2014).
One important function of social play behaviour is to facilitate the
development of arich and flexible social repertoire (Pellis and Pellis,
2009; Vanderschuren and Trezza, 2014), and as such, it can be con-
sidered a trigger for social development.

Social play behaviour is observed in the majority of mammalian
species, including humans. It is most abundant from weaning until
after puberty (Panksepp, 1981; Pellis and Pellis, 2009). In rodents,
this covers the juvenile phase until mid-adolescence, equivalent to
childhood through early/mid adolescence in humans (McCutcheon
and Marinelli, 2009; Spear, 2000). Social play behaviour is known
for its energetic, vigorous nature. It contains elements of aggres-
sive, predatory and sexual behaviour, performed in a modified or
exaggerated form (Panksepp et al., 1984; Pellis and Pellis, 2009;
Vanderschuren et al., 1997). Furthermore, these behaviours are
accompanied or preceded by explicit physical, facial or vocal sig-
nals that the intention of the behaviour is playful in nature. This
makes social play behaviour typically easy to recognize and quan-
tify. This is particularly true for several rodent species, including
the rat. As a result, the vast majority of our knowledge on the neu-
ral underpinnings of social play behaviour stems from rat studies
(Siviy and Panksepp, 2011; Trezza et al., 2010; Vanderschuren and
Trezza, 2014), and the present overview therefore focuses on social
play behaviour in rats.

Social play behaviour is a highly pleasurable, rewarding activity
(Trezza et al., 2010; Trezza et al., 2011a; Vanderschuren, 2010),
which was already recognized by Charles Darwin, who in The
Descent of Man (1871) wrote that ‘Happiness is never better
exhibited than by young animals, such as puppies, kittens and
lambs, when playing together, like our own children’. On the
one hand, this has spurred thinking about the importance and
functions of social play, since most naturally rewarding activi-
ties such as feeding and sexual behaviour are clear promotors
of survival, whereas this is less obvious for social play. On the
other hand, this provides us with the opportunity to study social
reward mechanisms in developing animals. The importance hereof
should not be underestimated, because of the fact that social
impairments, including aberrant social play, are core symptoms of
pediatric mental disorders, such as autism, disruptive behaviour
disorders, attention-deficit/hyperactivity disorder and early-onset
schizophrenia (Alessandri, 1992; Helgeland and Torgersen, 2005;
Jones et al., 1994; Jordan, 2003; Mpgller and Husby, 2000). In addi-
tion, studying the mechanisms of social play reward, in comparison
with studies on other social (e.g. sexual behaviour), non-social (e.g.
feeding) and artificial rewards (i.e. drugs of abuse) will paint a pic-
ture of how the brain processes pleasurable events and activities,
and how these processes overlap or differ between different types
of rewards (Berridge and Kringelbach, 2015).

Studying the neural mechanisms of social play behaviour
therefore provides insight into how the brain processes posi-
tive social signals to generate meaningful social behaviour. The

positive emotions that accompany social play contribute to emo-
tional well-being, and as such are important for human health
and animal welfare (Bateson, 2015; Ginsburg, 2007; Held and
Spinka, 2011). In addition, the study of play will increase our
knowledge on how adaptive social experiences shape proper
brain development during childhood and adolescence (e.g. Crone
and Dahl, 2012). Indeed, dysfunctional social interactions during
childhood and adolescence are known to have a long-lasting neg-
ative impact on social abilities and cognitive function in humans
(Braun and Bock, 2011; Cacioppo and Hawkley, 2009). Investi-
gating the brain mechanisms that underlie social behaviour in
the young will also enhance our understanding of child and ado-
lescent mental disorders in which aberrant social behaviour is
prominently manifest, such as autism, disruptive behaviour dis-
orders, attention-deficit/hyperactivity disorder and early-onset
schizophrenia (American Psychiatric Association, 2013). In the
present review, we will provide an overview of studies on the neu-
ral underpinnings of social play behaviour in rats, with a focus on
its rewarding properties.

1.1. Structure of social play behaviour in rats

In rats, an episode of social play behaviour usually starts off
when a rat approaches a conspecific and attempts to touch its neck
with the snout (Panksepp and Beatty, 1980; Pellis and Pellis, 1987;
Poole and Fish, 1975; Vanderschuren et al., 1997). This behaviour
is called pouncing or nape contact, and it is considered the most
important parameter of play initiation, perhaps reflecting a moti-
vational aspect of social play. Although pouncing most often occurs
from the side, it can also occur from behind, in which case it superfi-
cially resembles sexual mounting. The most characteristic response
to this play initiation is when the recipient rats rolls onto its dorsal
surface, which is commonly known as ‘pinning’, although pinning
is not invariably preceded by pouncing. From this position, the ani-
mal on bottom will attempt to gain access to the initiating animals’
neck area, so that pinning functions to prolong an ongoing play
bout. Being pinned is an otherwise unusual posture for a rat and
hence, it is easy to recognize. Note here that one animal on its
back with the other standing over it also occurs during aggressive
encounters. Thus, social play behaviour in rats clearly combines ele-
ments of sexual and aggressive behaviours. Importantly, there are
clear distinctions in the microstructure of social play and aggres-
sive behaviour (Blanchard and Blanchard, 1977; Pellis, 1988; Pellis
and Pellis, 1987). Most important perhaps is the fact that the on-top
and on-bottom positions alternate during social play, whereas this
is obviously not the case during aggression. Furthermore, the tar-
gets of initiation/attack differ between social play and aggression:
the nape of the neck for the former and rump, flanks, back for the
latter.

Pinning and pouncing are considered to be the main indices for
social play behaviour in rats, because they strongly co-vary with
other playful social behaviours (such as following and wrestling)
(Panksepp and Beatty, 1980), and are stimulated by brief periods
of social isolation (hours to several days) (Niesink and Van Ree,
1989; Vanderschuren et al., 1995a; Vanderschuren et al., 2008).
Indeed, responding to a pounce with a full rotation to supine is the
most common response during the time when social play behaviour
peaks in development (i.e. roughly between postnatal days 28-40).
Before and after this period, male rats more often use a partial rota-
tion strategy, whereby the hind legs stay on the ground, which can
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result in a brief period of upright wrestling. Interestingly, this shift
in response to pouncing is much more pronounced in male rats, as
compared to females. Thus, how a rat responds to play initiation
is age- and sex-dependent (Pellis and Pellis, 1987; Pellis and Pellis,
1990). Another type of response to pouncing is evasion, whereby
the recipient animal moves away. The initiator animal may then
start to chase the recipient, so that evasion can also function to
prolong the playful interaction. An alternative approach used to
measure the effects of experimental manipulations on social play
focuses on the measurement of the defensive tactics performed by
the recipient of a playful attack (Himmler et al., 2013). The fre-
quency of play fighting can be assessed by counting the number of
playful nape attacks occurring per unit of time and playful defense
can be measured as a percentage (number of attacks defended/total
number of attacks X 100%; Himmler et al., 2013).

An important methodological issue that needs to be consid-
ered when performing environmental, genetic or pharmacological
manipulations of social play is the strain of rats used. Thus, one
should be aware that the magnitude of the experimentally-induced
changes in social play parameters may differ between rat strains,
and this needs to be considered in order to avoid ceiling or floor
effects (Siviy et al., 2003; Reinhart et al., 2006; Siviy et al., 2011;
Manduca et al., 2014a,b).

Since social play behaviour involves behaviours that resemble
social acts from different contexts, such as aggressive and sexual
behaviour, it is important to provide signals to conspecifics that
the intention of the behaviour is playful in nature (Palagi et al.,
2016). In some animal species, there are specific signals that are
used to communicate this intention, such as the ‘play-bow’ in dogs,
and particular facial and vocal expressions in primates. In rats, a
jumpy type of gait is associated with social play (but not with
sex or aggression). Furthermore, during social play, rats emit high-
frequency, 50 kHz vocalizations (Knutson et al., 2002; Palagi et al.,
2016; Wohr and Schwarting, 2013), that are also associated with
other rewarding activities. These vocalizations may signal positive
mood or playful intent (Palagi et al., 2016; Wohr and Schwarting,
2013). However, the relationship between social play behaviour
and these high-frequency vocalizations is not as straightforward
as initially assumed (Kisko et al., 2015; Manduca et al., 2014a), so
that their exact initiating or facilitating contribution to social play
remains to be determined.

1.2. Functions of social play behaviour

Play behaviour is widespread in the animal kingdom, yet does
not appear to have an obvious direct function. This paradox has
inspired a lively debate on the functions of play (Fagen, 1981;
Graham and Burghardt, 2010; Groos, 1898; Huizinga, 1949; Martin
and Caro, 1985; Panksepp et al., 1984; Pellis and Pellis, 2009; Small,
1899; Smith, 1982). With regard to the functions of social play
behaviour in rats, laboratory experiments in the past decades have
provided evidence that it facilitates the development of social, cog-
nitive, emotional, and motor skills, in particular the ability to use
these capacities flexibly in a changeable and unpredictable envi-
ronment (Pellis and Pellis, 2009; Spinka et al., 2001; Vanderschuren
and Trezza, 2014). We concede that these findings pertain to one
form of play in one species, and extrapolations must therefore be
made with caution.

By and large, the studies referred to above have investigated
the long-term consequences of social isolation in young rats, in
particular during the developmental period when social play is
most abundant (i.e. temporary post-weaning social isolation, also
referred to as ‘play deprivation’). It is beyond the scope of this
review to provide an extensive overview of these studies, that we
have recently summarized elsewhere (Vanderschuren and Trezza,
2014). In brief, these studies have found that play-deprived rats are

particularly impaired under novel, changeable or challenging situ-
ations. For example, although play-deprived rats are well capable
of displaying aggressive and defensive behaviour, they have trou-
ble adjusting their behaviour to the context and circumstances.
That is, when confronted with an aggressive resident rat, play-
deprived rats evoke more aggression, incur more injuries, take
more time to assume a submissive posture and show inappropri-
ate exploration of the resident’s territory after defeat (Van den
Berg et al., 1999a; Von Frijtag et al., 2002). This kind of deficits
stretches beyond the social domain. In tests of cognitive function,
play-deprived rats show slower habituation to a novel environ-
ment, retarded response reversal learning, slower acquisition of
a rat gambling task and increased premature responses in the
5-choice serial reaction time task when task contingencies unex-
pectedly change (Baarendse et al., 2013; Einon et al., 1978; Einon
and Morgan, 1977). Note that with sufficient training, or under
baseline test conditions, there were no differences in task perfor-
mance between play-deprived and control animals. Together, these
findings resonate well with the hypothesis that play serves to equip
animals for unexpected circumstances (Spinka et al., 2001), i.e. that
by combining subsequences of behaviours out of their primary con-
text, animals experiment with their own behaviour and in so doing,
acquire a rich behavioural repertoire that they are able to use in
a flexible way. Broadly speaking, play therefore serves to facili-
tate the development of functions such as flexibility and creativity
(Bateson, 2015; Spinka et al., 2001). In addition to this, social play,
most likely by virtue of its emotional dimensions, i.e. that play is
accompanied by the sensation of excitement and pleasure, also has
a function in emotional development. Studies addressing this have
indeed shown that play-deprived animals show increased levels of
anxiety (Leussis and Andersen, 2008; Lukkes et al., 2009; Wright
et al, 1991) and augmented sensitivity to the positive effects of
substances of abuse (Baarendse et al., 2014; Lesscher et al., 2015;
Whitaker et al., 2013).

The studies summarized above all indicate that social play
behaviour in rats has an important function in the development
of brain and behaviour. However, these are all delayed benefits,
that are highly unlikely to be the primary immediate drivers of
social play. It is most likely its rewarding, pleasurable effects (Pellis
and Pellis, 2009; Trezza et al., 2011a; Vanderschuren, 2010) that
motivate animals to play in the short term. In other words, animals
play because they enjoy doing so. In addition, its social aspects, i.e.
seeking out pleasurable company, engaging in interactions with
conspecifics, and establishing and maintaining social bonds, also
contribute to the immediate motivation to play.

Interestingly, while early life adverse events have negative
consequences on brain function and behavior, environmental
enrichment in rats positively affects social play behaviour. Thus, it
has been shown that maternal exposure to environmental enrich-
ment before and during gestation increased social play behaviour
in male (but not female) rats (Zuena et al., 2016). Similarly, post-
weaning environmental enrichment was shown to counteract the
deleterious effects of prenatal stress on play behaviour and corti-
costerone secretion in rats (Morley-Fletcher et al., 2003).

1.3. Rewarding properties of social play

Social play has a strong emotional component, its most charac-
teristic feature being its high reward value (Panksepp et al., 1984;
Vanderschuren et al., 1997; Trezza et al., 2011a; Pellis and Pellis,
2009). The rewarding properties of social play are reflected by its
ability to support T-maze learning and runway performance as well
as place and operant conditioning. These behavioural paradigms
have been used to disentangle several aspects of social play reward
(Trezza et al., 2011a), including: 1. The subjective feeling of plea-
sure, i.e. hedonic impact or ‘liking’. 2. Approach behaviour towards



LJ.M,J. Vanderschuren et al. / Neuroscience and Biobehavioral Reviews 70 (2016) 86-105 89

or the willingness to work for social play, i.e. incentive motivation.
3. Associative learning and memory, i.e. cognitive aspects of social
play.

1.3.1. Place conditioning

Place conditioning is among the most widely used tests to study
the rewarding properties of natural and drug rewards in laboratory
animals (Tzschentke, 2007; Bardo and Bevins, 2000). Place con-
ditioning has been used to demonstrate the pleasurable aspects
of (playful) social interactions (Calcagnetti and Schechter, 1992;
Crowder and Hutto, 1992; Douglas et al., 2004; Lahvis et al., 2015;
Panksepp and Lahvis, 2007; Van den Berg et al., 1999b), access to
pups (Mattson et al., 2001), sexual behaviour (Camacho et al., 2004;
Jenkins and Becker, 2003; Kippin and van der Kooy, 2003), as well
as aggressive social interactions (Martinez et al., 1995; Tzschentke,
2007).

A typical place conditioning set-up consists of two or three
linked chambers: two conditioning chambers with different visual,
tactile and/or olfactory cues, sometimes separated by a third neu-
tral middle compartment. The paradigm is based on the principle
that through coupling of the pleasurable properties of social play
with the distinct environmental cues of a particular chamber, these
cues will come to elicit approach behaviour, so that a rat will spend
more time in that environment, when allowed to choose. During
conditioning, animals will have the opportunity to play with a con-
specific in one chamber and they will be placed alone or with a
non-playful partner (e.g., a partner treated with a drug that selec-
tively suppresses social play) in the other chamber. Usually, one
day after the last conditioning session, animals are placed in the
middle compartment (or on the border of the two chambers, if a
two-chamber setup is used) and the animal can freely move about
the apparatus for a certain amount of time. The time spent in each
of the chambers or the time spent in the play-paired chamber pre-
vs post-conditioning is used as an indication of conditioned place
preference (CPP).

Calcagnetti and Schechter (1992) were the first to demonstrate
that CPP could be acquired with social play. Young rats (postnatal
day (PND) 29-33) were conditioned with a partner that had been
rendered non-playful by treatment with the muscarinic receptor
antagonist scopolamine in one compartment, and with a playful
partner in the other compartment. During testing, the rats signifi-
cantly preferred the compartment previously paired with a playful
social partner. Comparable findings were reported by Crowder and
Hutto (1992), who used a hybrid of a place and an operant condi-
tioning setup. Douglas et al. (2004) showed that isolated adolescent
and adult rats of both sexes acquired social CPP, with adolescent
males showing the strongest preference. No social CPP was found in
group-housed adults whereas group-housed adolescents showed
preference for the compartment previously paired with similarly
housed partners. However, when socially housed adolescents were
conditioned with isolated partners, no social CPP occurred. These
results show that social play is most rewarding for isolated ado-
lescent male rats and suggest that a comparable level of social
motivation facilitates the rewarding experience of a social inter-
action.

Trezza et al. (2009b) demonstrated social play-induced CPP
in animals that were socially isolated during conditioning, while
animals isolated for a shorter period of time (i.e. 3.5 h) before con-
ditioning showed a trend towards significant CPP. Importantly, this
isolation period has been shown to induce a half-maximal increase
in the amount of social play behaviour (Niesink and Van Ree 1989;
Vanderschuren et al., 1995c; Vanderschuren et al., 2008). No CPP
developed in animals that were group-housed or housed with
an adult rat. Importantly, rats conditioned with a partner treated
with methylphenidate, a drug that reduces play-related behaviours
without affecting general social interest (Achterberg et al., 2015;

Vanderschuren et al., 2008), did not develop CPP, which under-
scores the importance of social play for the development of CPP. In
support of this notion, we have found that the total amounts of pins
and pounces during the conditioning sessions positively correlate
with the magnitude of CPP. Thus, the more the animals played,
the larger the CPP. This correlation was not observed for social
exploration. When the play data were analyzed taking initiator and
recipient of the play interaction into account (i.e. pinning/pouncing
vs being pounced or pinned), both being pinned and being pounced
were found to correlate positively with CPP. Importantly, since
being pinned requires an active response of the animal (i.e. rotating
to its dorsal surface), this suggests that it is the active engagement
in social play, rather than being the initiator of the interaction, that
determines its rewarding properties (Fig. 1).

In apparent contrast to the above findings, Kummer et al. (2011)
and Peartree et al. (2012) found that social interaction without
physically engaging in play can also support the development of
CPP, albeit to a lesser extent than active social play itself. Thus,
whereas two pairings with a playful partner were sufficient to
develop CPP, eight pairings were required to establish CPP when the
social partner was confined behind a barrier or when a ball was used
asastimulus (to evoke object play) (Peartree etal.,2012). When tac-
tile stimulation was prevented during the social interaction, so that
only visual and olfactory information could be exchanged, place
aversion was found (Kummer et al., 2011). Combined, these results
show whereas social play may not be strictly required for CPP to
emerge, being able to actively engage in this activity markedly facil-
itates the development of CPP, indicating that social play is the most
rewarding component of social behaviour in young rats.

The interaction between social and drug reward in rats has
also been studied using place conditioning experiments. Studies by
Thiel et al., 2008, 2009 have demonstrated that social play can also
be used to enhance the rewarding properties of drugs of abuse such
as cocaine and nicotine and vice versa. Using a sub-effective con-
ditioning paradigm, in which each condition alone (i.e. either drug
or social play) was not sufficient to produce CPP, the two rewards
together interacted to produce CPP, although both nicotine and
cocaine reduced play itself. Grotewold et al. (2014 ) reported com-
parable findings with social interaction and cocaine. These studies
are important for our understanding of the effects of social context
ondrugreward (El Rawas and Saria, 2016; Trezzaetal.,2014; Zernig
and Pinheiro, 2015). All in all, there is ample evidence to show that
social play caninduce CPP, which provides an excellent opportunity
to study the pleasurable aspects of social play behaviour.

1.3.2. Operant conditioning

Social play, like palatable food, drugs of abuse and several social
behaviours can be used to support operant conditioning, the pro-
cedure by which an animal can obtain a reward by performing
an arbitrary action, such as pressing a lever, poking its nose in
a hole or touching a screen. An operant conditioning chamber
(often called ‘skinner box’, after B.F. Skinner, one of the main insti-
gators of operant conditioning research) typically consists of a
computer controlled chamber with levers, nose-poke holes or a
touchscreen, and cue lights to steer the animal’s behaviour. When
an animal makes a required response, it receives a reward, so
that the animal learns the contingency between its response (e.g.
lever-pressing) and the delivery of the reward. This increases the
likelihood that the animal will repeat the action, a phenomenon
known as reinforcement. Different reinforcement schedules can be
used to gauge distinct aspects of the animals’ behaviour. Of these,
the progressive-ratio (PR) schedule of reinforcement was devel-
oped to specifically study motivation for rewards (Hodos, 1961;
Richardson and Roberts, 1996). Under a PR schedule, the num-
ber of responses to obtain the next reward is increased after every
obtained reward, until the animal stops responding. The maximal
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number of responses performed to obtain one single reward, i.e. the
breakpoint, is generally used as a measure for incentive motivation.

Operant conditioning has been employed using different social
rewards (Trezza et al., 2011a), such as access to a receptive female
(Everitt and Stacey, 1987), access to pups (Lee et al., 1999) or (play-
ful) social handling by an experimenter (Davis and Perusse, 1988).
The first ever operant conditioning experiments with social play
were performed in primates. Mason et al. (1962) tested in 2 young
chimpanzees whether they were willing to press a lever to inter-
act with an experimenter. Importantly, of the social behaviours
on offer, they found that social play most powerfully supported
responding. In a follow-up study (Mason et al., 1963), the rein-
forcing properties of food and social interaction were compared, in
which the incentive value of the food was manipulated by testing
the animals when hungry or satiated and by changing the palata-
bility of the presented food. Social interaction consisted of being
petted by the experimenter or social play with the experimenter.
Food was preferred when animals were hungry or highly palatable
food was present and the animals preferred play over petting. The
most intriguing finding of the study was that even when the ani-
mals were hungry or when highly palatable food was available, the
chimpanzees still chose play half of the time.

Recently, we developed an operant conditioning paradigm for
social play reward in rats (Achterberg et al., 2016a; Achterberg
et al.,, 2016b). In this setup, rats are trained to lever press for
brief episodes of social play behaviour. In order to assess the

motivational properties of social play, we used a PR schedule of
reinforcement. Consistent with the notion that social isolation
increases social play (Niesink and Van Ree, 1989; Panksepp and
Beatty, 1980; Vanderschuren et al., 1995a; Vanderschuren et al.,
2008) by enhancing the motivation to play, we found that respond-
ing for social play, as well as its performance during reinforced
periods, was higher in rats isolated for 24 h before testing than in
animals isolated for 2 h. Moreover, as will be discussed in detail
below, we found that the performance of social play and respond-
ing for social play could be pharmacologically dissociated. This
indicates that the motivation for play and its performance are
modulated through distinct, although likely overlapping, neural
systems. Together, these results show that operant conditioning
can be used to assess motivational aspects of social play behaviour.

Motivational properties of social play have previously also been
studied in a T-maze set-up (Humphreys and Einon, 1981; Ikemoto
and Panksepp, 1992; Normansell and Panksepp, 1990; Werner and
Anderson, 1976). In this paradigm, animals are placed in a ‘start-
box’ at the bottom of a T-shaped maze and after a short delay
are allowed to move towards one of the arms of the maze. This
can be used to determine preference for certain stimuli as a mea-
sure for reward and motivation, whereby movement speed or
choice latency are often used as readout parameters. In addition,
mnemonic aspects of reward processes can be assessed. Compared
to group-raised animals, it has been shown that social isolation-
reared adolescent rats chose the opportunity for social interaction
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more often compared to a palatable food reward (Ikemoto and
Panksepp, 1992). Futhermore, young rats preferred a playing part-
ner in a ‘goal box’ compared to a social but non-playful partner
(Humphreys and Einon, 1981; Normansell and Panksepp, 1990;
Werner and Anderson, 1976). In addition, dominant adolescent
males in a play couple needed less time to traverse a T-maze for the
opportunity to play compared to their subordinate play partners
(Panksepp et al., 1984).

2. Neuropharmacology of social play

Much of our knowledge on the neural underpinnings of social
play behaviour derives from pharmacological intervention studies
(Siviy and Panksepp, 2011; Trezza et al., 2010; Vanderschuren et al.,
1997). In this section, we will provide an overview of the studies
that have used pharmacological manipulations. For the most part,
these have been systemic treatments, but these have more recently
been followed up by intracranial administration studies. Because
the main topic of the present review is the positive, rewarding
properties of social play, we will focus on neural systems impli-
cated in reward signaling, i.e. opioids, cannabinoids, dopamine and
noradrenaline.

2.1. Opioids

The endogenous opioid system has been widely implicated in
reward mechanisms, i.e. the positive emotional properties of food,
sex and drugs of abuse (Barbano and Cador, 2007; Berridge and
Kringelbach, 2015; Le Merrer et al., 2009; Van Ree et al., 1999).
Indeed, the opioid system, consisting of three prototypes of endoge-
nous ligands (endorphins, enkephalins and dynorphins) and three
receptor types (mu, delta and kappa) (Akil et al., 1984; Le Merrer
et al.,, 2009), is perhaps the most widely studied neuromodulator
system in the context of social play behaviour.

The finding that stimulation of opioid neurotransmission
by treating rats with the opioid receptor agonist morphine
increases social play behaviour was first reported in the 1980s
(Panksepp et al., 1980; Panksepp et al., 1985), and this finding
has been replicated many times since (Manduca et al., 2014a;
Niesink and Van Ree, 1989; Normansell and Panksepp, 1990;
Trezza and Vanderschuren, 2008a,b; Vanderschuren et al., 1995a;
Vanderschuren et al., 1995c). Conversely, treatment with opioid
receptor antagonists, such as naloxone and naltrexone, reduces
social play behaviour (Beatty and Costello, 1982; Jalowiec et al.,
1989; Niesink and Van Ree, 1989; Normansell and Panksepp, 1990;
Panksepp et al., 1980; Panksepp et al., 1985; Siegel et al., 1985;
Siegel and Jensen, 1986; Trezza and Vanderschuren, 2009). Analy-
sis of the effect of the opioid receptor agonist morphine on social
play behaviour showed that it does not primarily change the struc-
ture of this behaviour. Rather, the internal coherence of social
play may be enhanced, so that playful interactions are prolonged
(Vanderschuren et al., 1995c). The facilitating effect of morphine
on social play was not profoundly affected by testing the animals
in an unfamiliar context, suggesting that this drug does not alter
play by enhancing feelings of safety or reducing anxiety in an novel
environment (Trezza and Vanderschuren, 2008b; Vanderschuren
et al., 1995a). Interestingly, a low dose of morphine, that had no
net stimulating effect on social play, did attenuate the initial reduc-
tion in social play in an unfamiliar environment, suggesting that the
increase in social play induced by higher doses of this drug is at least
in part the result of a facilitation of the initiation of this behaviour
(Vanderschuren et al., 1995a). This is consistent with the observa-
tion that pouncing, a measure of play initiation, is also enhanced
when only one animal in a test pair is treated. When behaviour was
analyzed in each animal separately, it appeared that both pinning

and pouncing were increased in the morphine-treated rat, but these
behaviours were unchanged in control animals. Thus, the increase
in pouncing is the result of the enhancement of this behaviour in
the morphine-treated animal (Trezza and Vanderschuren, 2008b).
More recently, it was found that the effect of morphine on social
play is more pronounced in Wistar rats compared to Sprague Daw-
ley rats, suggesting that genetic background influences the effect
of this drug on social play. However, since Sprague Dawley rats
showed higher baseline levels of play, it can as yet not be excluded
that a ceiling effect confounded the effect of morphine in this strain
(Manduca et al., 2014a). Moreover, the stimulating effects of mor-
phine on social play have also been observed in Long Evans rats
(Normansell and Panksepp, 1990; Panksepp et al., 1985), indicating
that although genetic background may be of influence, this effect
is not specific to one single strain of rats.

The play-stimulating effects of morphine can be attributed to
the endorphin system and to stimulation of mu-opioid receptors
(Niesink and Van Ree, 1989; Trezza et al., 2011b; Vanderschuren
et al., 1995b). Systemic treatment of rats with beta-endorphin or
with a mu-opioid receptor agonist stimulated social play behaviour
and treatment with a mu-opioid receptor antagonist reduced it,
whereas treatment with delta opioid receptor ligands did not
affect social play behaviour. In contrast, kappa-opioid receptor
agonist treatment suppressed social play behaviour (Niesink and
Van Ree, 1989; Vanderschuren et al., 1995b). The nucleus accum-
bens (NAc) has been identified as an important site of action of
opioids to modulate social play behaviour (Trezza et al., 2011b;
Vanderschuren et al., 1995d). Thus, social play behaviour reduced
in vivo opioid receptor binding in the rostral NAc, suggesting
that social play evokes release of opioid peptides (Vanderschuren
etal., 1995d). Moreover, intra-NAc treatment with morphine, beta-
endorphin or the mu-opioid receptor agonist DAMGO stimulated
social play behaviour, whereas the delta-opioid receptor agonist
DPDPE, met-enkephalin or the enkephalinase inhibitor thiorphan
did not affect social play, and the mu-opioid receptor antagonist
CTAP and the kappa opioid receptor agonist U69593 inhibited social
play behaviour. Importantly, the play-enhancing effects of systemic
morphine treatment could be blocked by intra-NAc infusions of
naloxone, demonstrating that stimulation of NAc opioid receptors
is necessary and sufficient to augment the expression of social play
behaviour (Trezza et al., 2011b).

Subsequent studies have investigated the involvement of opi-
oids in the rewarding properties of social play behaviour more
directly. The first of these (Normansell and Panksepp, 1990) inves-
tigated the effects of systemic treatment with the opioid receptor
agonist morphine and the opioid receptor antagonist naloxone on
behaviour in a social play-rewarded T-maze setup. Although opi-
oid drug treatment did not affect choice behaviour or latency in the
task, morphine stimulated, whereas naloxone reduced the expres-
sion of social play behaviour in the goal box. Furthermore, naloxone
accelerated and morphine retarded extinction. These findings are
consistent with the well-documented role of opioids in the expres-
sion of social play behaviour, and hint at an involvement of opioids
in the incentive motivation for social play, apparent as altered
extinction (Normansell and Panksepp, 1990). The lack of effect on
choice behaviour and latency could either mean that these aspects
of play motivation are not under the influence of opioid neuro-
transmission, or that they are less sensitive parameters of play
motivation. Consistent with the effect of systemic naloxone treat-
ment, intra-NAc treatment with CTAP blocked the development of
social play-induced CPP (Trezza et al., 2011b).

Opioid neurotransmission has also been implicated in the pos-
itive effects of non-opioid drugs on social play. Thus, blockade
of opioid receptors with naloxone attenuated the play-facilitating
effects of indirect cannabinoid agonists (i.e. the anandamide
hydrolysis inhibitor URB597 and the anandamide transport
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inhibitor VDM-11) (Trezza and Vanderschuren, 2008a; Trezza and
Vanderschuren, 2009), nicotine (Trezza et al., 2009a) and alcohol
(Varlinskaya and Spear, 2009; but see Trezza et al., 2009a).

In sum, the endogenous opioid system plays a critical role in the
modulation of social play behaviour in rats. The available evidence
strongly points at the mu-opioid receptor system, and the NAc as an
important site of action for opioid influences on social play. Opioids
modulate the expression of social play, perhaps by interfering with
the internal coherence of this behaviour- i.e. by prolonging playful
social activity (Vanderschuren et al., 1995c), and the pleasurable
and motivational properties of social play are under the influence
of opioids as well.

2.2. Cannabinoids

Endocannabinoids are lipid signaling messengers that activate
the same receptors as delta-9-tetrahydrocannabinol (THC), the
active component of Cannabis sativa. The most studied endo-
cannabinoids, anandamide and 2-arachidonoylglycerol (2-AG), are
synthesized following neuronal depolarization (Mechoulam et al.,
2014; Piomelli, 2003). Once released from postsynaptic neurons,
they bind to presynaptic G-protein coupled cannabinoid receptors
(CB1 and CB2). Finally, their actions are terminated by uptake via
one or more endocannabinoid membrane transporters, followed
by degradation by fatty acid amide hydrolase (FAAH) and monoa-
cylglycerol lipase (MAGL), hydrolytic enzymes that provide the
primary clearance routes for anandamide and 2-AG, respectively
(Mechoulam et al., 2014; Piomelli, 2003).

Given the well-established role of endocannabinoids in the
modulation of emotional, motivational and cognitive processes
(Fattore et al., 2010; Lutz, 2009; Zanettini et al., 2011), it is not
surprising that they are involved in social play behaviour. Studies
with systemic drug administration have shown that pharmaco-
logical interference with endocannabinoid neurotransmission has
different effects on social play behaviour in rats, depending on
the pharmacological tool used. Thus, when rats were treated with
drugs that directly stimulate CB1 cannabinoid receptors, such as
the synthetic cannabinoid receptor agonist WIN55,212-2 (Trezza
and Vanderschuren, 2008a,b), methanandamide, a metabolically
stable analogue of anandamide (Trezza and Vanderschuren, 2009),
or with THC, the active component of Cannabis sativa (Trezza
et al., 2014), social play was markedly reduced. These effects were
mediated by activation of CB1 cannabinoid receptors, since they
were prevented by pretreatment with the CB1 cannabinoid recep-
tor antagonist/inverse agonist SR141716A. Exposure to a moderate
dose of THC during pregnancy and lactation also decreased social
play behaviour in the offspring (Trezza et al., 2008). Collectively,
these results are consistent with findings showing that both acute
(Genn et al., 2004; Van Ree et al., 1984) and chronic (O’Shea et al.,
2006; Schneider and Koch, 2005; Schneider et al., 2008) treat-
ment with cannabinoid receptor agonists reduces social interaction
in rats. The reduction in social play induced by direct cannabi-
noid receptor agonists may be the consequence of the widespread
activation of CB1 cannabinoid receptors in multiple brain areas,
including in regions where increased cannabinoid activity causes
a cognitive and emotional state that is incompatible with the ade-
quate execution of complex social acts.

An alternative pharmacological approach to interfere with
endocannabinoid neurotransmission is to use drugs that target the
enzymes involved in endocannabinoid uptake or hydrolysis. Since
endocannabinoids are synthesized and released on-demand fol-
lowing neuronal depolarization, this pharmacological approach has
the advantage of increasing local endocannabinoid neurotransmis-
sion, allowing to clarify the physiological role of endocannabinoids
in neurobehavioural functions (Bari et al., 2006; Petrosino and
Di Marzo, 2010). Selective inhibition of anandamide metabolism

using the FAAH inhibitor URB597 increased social play behaviour
in rats (Manduca et al., 2014b; Trezza et al., 2012; Trezza and
Vanderschuren, 2008a,b). Similar effects were induced by the anan-
damide transporter inhibitor VDM11 (Trezza and Vanderschuren,
2009). These results suggest that, during social play, anandamide
is released in brain areas mediating this behaviour, and that the
increased anandamide tone induced by drugs that interfere with
either anandamide uptake or hydrolysis makes rats more play-
ful. To support this possibility, it has been shown that, during
social play, anandamide but not 2-AG levels increased in the rat
NAc, amygdala (Trezza et al., 2012) and dorsal striatum (Marco
etal., 2011). Systemic administration of the FAAH inhibitor URB597
magnified the social play-induced increase in anandamide levels
in the amygdala, but not the NAc (Trezza et al., 2012), pointing
to a crucial role of the amygdala in anandamide modulation of
social play. Indeed, while infusion of URB597 into both the baso-
lateral amygdala (BLA) and NAc increased social play, blockade
of CB1 cannabinoid receptors with the antagonist/inverse agonist
SR141716A in the BLA, but not NAc, prevented the play-enhancing
effects of systemic administration of URB597 (Trezza et al., 2012).
Collectively, these data identify the BLA as an important site of
action through which anandamide signaling positively modulates
social play behaviour.

Close interactions between the endocannabinoid, dopaminergic
and endogenous opioid systems have been implicated in the pos-
itive subjective properties of natural and drug rewards (Gardner,
2005; Van Ree et al., 1999). Indeed, a functional interplay between
these neurotransmitter systems in affective responses and social
behaviours has also been described (Fattore et al., 2010; Loureiro
et al, 2015). In line with this kind of functional interaction, it
has been shown that the effects of indirect cannabinoid ago-
nists on social play behaviour were blocked by pretreatment with
the cannabinoid receptor antagonist/inverse agonist SR141716A,
the opioid receptor antagonist naloxone or the dopamine recep-
tor antagonist a-flupenthixol (Trezza and Vanderschuren, 2008a;
Trezza and Vanderschuren, 2009). More recently, we have shown
that endocannabinoid-dopamine interactions in social play occur
via the NAc, since intra NAc administration of a-flupenthixol coun-
teracted the increase in social play behaviour induced by systemic
administration of the anandamide hydrolysis inhibitor URB597 and
the opioid receptor agonist morphine (Manduca et al., 2016). The
mostly likely mechanism underlying such interaction is the mod-
ulation of the activity of ventral tegmental dopamine neurons by
endocannabinoids, that alter the functional activity of the GABA
and glutamate inputs received by dopaminergic cells (Gardner,
2005). Moreover, endocannabinoids have been implicated in the
play-enhancing effects of nicotine and ethanol in rats (Trezza et al.,
2009a), a finding in line with the role of the endocannabinoid sys-
tem in the reinforcing effects of these drugs (Economidou et al.,
2006; Gamaleddin et al., 2015; Pava and Woodward, 2012).

It is known that the behavioural effects of cannabinoid drugs
depend on both genetic and environmental factors (Haller et al.,
2009; Naidu et al., 2007). In line with this notion, the effects of
URB597 on social play behaviour in rats were found to be strain-
dependent, as URB597 increased social play in Wistar but not
Sprague-Dawley rats (Manduca et al., 2014b). The lack of effects
of URB597 in Sprague-Dawley animals may be due to a ceiling
effect, since rats from the Sprague-Dawley strain show higher
baseline levels of social play behaviour than Wistar rats (Manduca
et al., 2014a,b). As for the role of environmental factors, URB597
increased social play when rats were tested either in a famil-
iar or unfamiliar test cage (Manduca et al., 2014b; Trezza and
Vanderschuren, 2008b), and either under high or low light condi-
tions (Manduca et al., 2014b). The effects of URB597 on social play,
however, were influenced by the level of social activity of the test
partner: URB597 enhanced the responsiveness to play solicitation,
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but only when reciprocated by an equally socially motivated test
partner (Trezza and Vanderschuren, 2008b).

More recently, we investigated whether endocannabinoids dif-
ferentially modulate the motivational and pleasurable properties
of social play behaviour (Achterberg et al., 2016b). We found that
URB597, administered at a dose known to increase the expres-
sion of social play behaviour, did not affect social play-induced
operant responding or social play-induced conditioned place pref-
erence (CPP). The CB1 cannabinoid receptor antagonist/inverse
agonist SR141716A reduced operant responding when admin-
istered at a dose known to decrease the expression of social
play behaviour, although this effect may be secondary to con-
current drug-induced stereotypic behaviours (i.e., grooming and
scratching; Tallett et al., 2007). Collectively, these data indicate
that endocannabinoids likely drive the expression of social play
behaviour as a whole, without differentially affecting its motiva-
tional or pleasurable properties.

The role of 2-AG in social play behaviour has recently been
investigated using the dual FAAH/MAGL inhibitor JZL195 (Long
et al., 2009). At a dose that enhanced brain levels of 2-AG, but not
anandamide, JZL195 increased social play behaviour. This effect
was antagonized by pretreatment with the cannabinoid receptor
antagonist/inverse agonist SR141716A (Manduca et al., 2015). The
effects of JZL195 were behaviourally specific, since at the dose that
increased social play, JZL195 did not alter social exploration, anx-
iety or locomotor activity, nor did it induce other cannabimimetic
effects, such as catalepsy or hypothermia (Manduca et al., 2015).
These findings provide the first evidence for a role of 2-AG in social
play behaviour in rats, which resonates well with recent studies
showing an involvement of 2-AG signaling in social reward (Wei
et al., 2016) and social defeat stress (Tomas-Roig et al., 2016) in
adult mice.

To summarize, endocannabinoids modulate the performance of
social play behaviour in rats. In the case of anandamide, this modu-
lation is strain- and context-dependent, occurs in concert with the
endogenous opioid and dopaminergic systems and involves limbic
brain areas, such as the NAc and amygdala. The brain areas involved
in the modulation of social play behaviour by 2-AG, and whether
such modulation involves interactions with other neurotransmitter
systems, remain to be elucidated.

2.3. Dopamine

Given the rewarding properties of social play, and the well-
documented role of dopamine neurotransmission in motivational
processes and incentive salience (Barbano and Cador, 2007;
Berridge, 2007; Floresco, 2015; Kelley, 2004; Robbins and Everitt,
2007; Salamone and Correa, 2012), it is very likely that dopamine
also modulates social play behaviour. Indeed, treatment with
non-selective dopamine receptor antagonists, such as haloperi-
dol, chlorpromazine, alpha-flupenthixol, the dopamine D1 receptor
antagonist SCH-23390 and the D2 receptor antagonist eticlopride
has been reported to inhibit social play (Beatty et al., 1984;
Holloway and Thor, 1985; Humphreys and Einon, 1981; Niesink
and Van Ree, 1989; Siviy et al., 1996; Trezza and Vanderschuren,
2009). Moreover, the play-enhancing effects of indirect cannabi-
noid agonists such as the anandamide hydrolysis inhibitor URB597
and the anandamide transport inhibitor VDM-11, as well as those
of nicotine and ethanol (but not morphine), were blocked by sys-
temic pretreatment with an ineffective dose of alpha-flupenthixol
(Trezzaetal.,, 2009a; Trezza and Vanderschuren, 2008a; Trezza and
Vanderschuren, 2009).

In contrast to the relatively straightforward effects of dopamine
receptor antagonists on social play behaviour, the effects of
dopamine receptor agonist treatment on social play have been
reported to be quite variable. Treatment with the non-selective

dopamine receptor agonist apomorphine was found to increase
(Beatty et al., 1984; Vanderschuren et al., 2008) as well as decrease
social play (Niesink and Van Ree, 1989), and treatment with
selective dopamine D1 (SKF-38393) and D2 (quinpirole) recep-
tor agonists suppressed social play behaviour (Siviy et al., 1996).
There is also a sizeable body of evidence to show that psy-
chostimulant drugs, such as amphetamine, methylphenidate and
cocaine, that increase dopamine neurotransmission by inhibiting
dopamine reuptake or promoting its release, are powerful sup-
pressors of social play (Achterberg et al., 2014a; Beatty et al,,
1982; Beatty et al., 1984; Ferguson et al., 2000; Humphreys and
Einon, 1981; Sutton and Raskin, 1986; Thor and Holloway, 1983;
Vanderschuren et al., 2008). However, the effects of amphetamine
and methylphenidate were found to rely on noradrenergic neuro-
transmission, whereas the effect of cocaine only partially depends
on dopamine (Achterberg et al., 2014a; Vanderschuren et al., 2008)
(see below). Indeed, selectively increasing extracellular dopamine
levels using the reuptake blocker GBR-12909 did not alter social
play behaviour (Vanderschuren et al., 2008). It appears therefore
that an optimal level of dopamine is required for the expression
of social play behaviour, whereby both stimulating and reducing
dopaminergic neurotransmission can disrupt social play, reminis-
cent of the ‘inverted U/shaped’ dose-dependent effects of prefrontal
dopamine and noradrenaline on working memory (Robbins and
Arnsten, 2009). In this regard, one also needs to bear in mind that
with systemic drug treatment, dopaminergic neurotransmission
is altered in a variety of brain regions, which may lead to a dys-
balance in dopamine signaling between different circuits (Cools
and Robbins, 2004). Interestingly, in Fischer 344 rats, that are
known to display profoundly less social play in comparison to
other widely used strains of laboratory rats, dopamine function
has been shown to be disrupted. Thus, electrically evoked vesicular
dopamine release, as measured using fast scan cyclic voltamme-
try in brain slices, was reduced in ventral and dorsal striatum
compared to Sprague-Dawley rats. Moreover, dopamine turnover
was reduced in the striatum and prefrontal cortex (Siviy et al.,
2011). Remarkably, dopamine release in the striatum evoked by
high potassium concentrations or amphetamine, which is thought
to mobilize cytoplasmic pools of neurotransmitter, was higher in
slices from Fischer 344 rats (Siviy et al., 2015). Together, these data
indicate that there is a dysbalance between dopamine availability
from vesicular (i.e., sensitive to electrical stimulation) versus cyto-
plasmic stores (i.e., sensitive to amphetamine) in this rat strain. This
aberration in dopamine signaling may result in impaired dopamin-
ergic modulation of social play and thus profoundly reduced levels
of social play in Fischer 344 rats.

Given that dopamine in the nucleus accumbens has been
particularly implicated in motivation and incentive salience
(Berridge, 2007; Floresco, 2015; Kelley, 2004; Robbins and Everitt,
2007; Salamone and Correa, 2012), a recent study investi-
gated the involvement of nucleus accumbens dopamine in social
play behaviour (Manduca et al., 2016). This study found that
intra-accumbens infusion of amphetamine and the dopamine
receptor agonist apomorphine (but not the dopamine reuptake
blocker GBR-12909) enhanced social play, in a dopamine D1-
and D2 receptor-dependent manner. Moreover, intra-accumbens
treatment with the non-selective dopamine receptor antagonist
alpha-flupenthixol inhibited the play-stimulating effects of sys-
temic treatment with the opioid receptor agonist morphine and the
anandamide hydrolysis inhibitor URB597. Last, alpha-flupenthixol
at a higher dose reduced social play, but only in animals that were
maximally motivated to play as a result of longer social isolation
(Manduca et al., 2016). This study sheds new light on the role of
dopamine in social play, by pinpointing the nucleus accumbens as
an important site of action of dopamine. Thus, the confusing find-
ings of systemic dopamine agonist treatment summarized above
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Effects of monoaminergic drugs on acquisition of play-induced CPP
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Fig. 2. Effect of dopaminergic and noradrenergic drugs on social play-induced conditioned place preference (CPP). Place conditioning was performed as previously described
(Trezza et al., 2009b; Achterberg et al., 2012, 2014b, 2016b).

(A) Methylphenidate (1-3mg/kg) altered the acquisition of social play-induced CPP (Fcompartment(1,114)=163.79, p<0.001; Fireatment(2,114)=0.01, p=0.99;
Feompartment x treatment(2,114)=8.73, p<0.001; 0 mg/kg: n=34, 1.0 mg/kg: n=20, 3.0mg/kg: n=10). At the lowest dose, it did not affect social play-induced CPP (0 mg/kg:
t(33)=7.49, p<0.001; 1.0mg/kg: t(19)=4.18, p=0.001), but treatment with 3 mg/kg methylphenidate increased the preference for the social compartment (3.0 mg/kg:
t(Q) = 5~87) p= 0.001 5 t(39)social compartment 0 mg/kg -social compartment 3 mg/kg = *2.64, p= 0.01 ; t(?’g)non»social compartment 0 mg/kg - non-social compartment 3 mg/kg = 233- p= 003)
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may be the result of changes in dopamine signaling in different
brain regions affecting social play behaviour in counteracting ways.

In view of the role of dopamine in incentive motivation
(Berridge, 2007; Floresco, 2015; Kelley, 2004; Robbins and
Everitt, 2007; Salamone and Correa, 2012), we recently stud-
ied how dopamine modulates the motivation for social play
behaviour (Achterberg et al., 2016a). Thus, treatment with cocaine,
methylphenidate and the dopamine reuptake blocker GBR-12909
increased responding for social play under a PR schedule of
reinforcement. Consistent with a role of dopamine in this
increased motivation for social play, the effects of cocaine and
methylphenidate on responding were blocked by pretreatment
with an inactive dose of the non-selective dopamine receptor
antagonist alpha-flupenthixol. Treatment with a higher dose of
alpha-flupenthixol reduced responding for social play. Intriguingly,
cocaine and methylphenidate reduced the expression of social play
during reinforced play periods, and these effects were not altered
by alpha-flupenthixol (see below) (Achterberg et al., 2016a), sup-
porting the notion that motivation for play and its expression are
mediated through distinct neural mechanisms.

In parallel, we have also investigated the role of dopamine
in social play-induced CPP. As mentioned above, Trezza et al.
(2009b) showed that when animals were conditioned with a
methylphenidate-treated partner, this blocked the development of
CPP. Remarkably, in a follow-up study, we found that treating both
animals in a test pair with methylphenidate results in a significant
preference for the social compartment (Fig. 2A). This is probably
the result of the positive affective properties of methylphenidate
itself, since the rats also showed a significant drug-induced CPP
after conditioning with methylphenidate alone (Table 1). Treat-
ment with cocaine (10 mg/kg) neither affected social play-induced
place conditioning (Fig. 2B) nor produced CPP by itself (Table 1). It
may perhaps be surprising that methylphenidate, but not cocaine
induced CPP, as both drugs have been widely reported to support
CPP (Tzschentke, 1998; Tzschentke, 2007). This is most likely the
result of the fact that these drugs were administered 30 min before
conditioning, consistent with the pretreatment interval we used
when studying the effects of cocaine and methylphenidate on social
play behaviour itself (Achterberg et al., 2014a; Vanderschuren
et al.,, 2008), and on social play-induced CPP. It is known that
cocaine-induced CPP is diminished when a delay is introduced
between cocaine treatment and conditioning, whereby even a con-
ditioned place aversion can result (Ettenberg et al., 1999). That
treatment with methylphenidate did induce CPP may be the result
of the slower kinetics of methylphenidate compared to cocaine
(Gerasimov et al., 2000; Volkow and Swanson, 2003), so that the
positive affective properties of methylphenidate but not cocaine
survive a 30 min post-treatment delay. Consistent with the notion
that dopamine is not primarily involved in the pleasurable prop-
erties of rewards (Berridge, 2007; Salamone and Correa, 2012), we
found that systemic treatment with alpha-flupenthixol had min-
imal, if any, effects on social play-induced CPP (Fig. 2C), even at
doses that did reduce the expression of this behaviour (Trezza
and Vanderschuren, 2009). Perhaps the most remarkable finding

in this series of experiments is that treatment with the dopamine
reuptake blocker GBR12909 disrupted the development of social
play-induced CPP (Fig. 2D), at a dose that neither affected place
conditioning by itself (Table 1), nor influenced the expression of
social play behaviour (Achterberg et al., 2016a; Vanderschuren
et al., 2008). The underlying mechanisms of this effect are unclear.
Apparently, an increased level of dopaminergic neurotransmission
in multiple brain areas is incompatible with the development of
social play-induced CPP, perhaps as a result of a dysbalance in
dopamine transmission between different brain regions (Cools and
Robbins, 2004), whereby functions that underlie the positive sub-
jective properties of social play and/or learning a place-reward
association become disrupted.

In sum, an important modulatory role for dopamine in social
play behaviour has been identified. It plays an important role in
the motivation for social play (Achterberg et al., 2016a), and it
underlies some of the stimulating effects on social play of non-
dopaminergic drugs (Manduca et al., 2016; Trezza et al., 2009a;
Trezza and Vanderschuren, 2008a), whereby the nucleus accum-
bens is a critical site of action (Manduca et al., 2016). The role of
dopamine in the rewarding properties of social play that support
the development of CPP remains to be investigated in more detail.

2.4. Noradrenaline

Noradrenergic neurotransmission has been implicated in a
variety of cognitive processes, including learning, attention and
flexibility (Aston-Jones and Cohen, 2005; Berridge and Waterhouse,
2003; Robbins and Arnsten, 2009; Roozendaal and McGaugh, 2011).
In addition, it plays a role in the generation and perception of
emotions, whereby there is an emerging body of work to indi-
cate that noradrenaline is involved in reward processes (Bouret and
Richmond, 2015; Ventura et al., 2005). Given that the expression
of social play likely depends on a complex interplay between this
kind of cognitive and emotional processes, it is well conceivable
that noradrenaline is important for proper performance of social
play behaviour.

Treatment with the noradrenaline reuptake inhibitor atomox-
etine has been demonstrated to inhibit social play, which was
prevented by pretreatment with the a2-noradrenaline receptor
antagonist RX821002 (Vanderschuren et al., 2008). Interestingly,
treatment with a2-noradrenaline receptor antagonists produced
differential effects on social play. RX821002 enhanced, whereas
yohimbine decreased social play behaviour (Vanderschuren et al.,
2008; Normansell and Panksepp, 1985; Siviy and Baliko, 2000).
Treatment with the a2-noradrenaline receptor agonist clonidine
was also found to reduce social play behaviour, and this effect was
attenuated by pretreatment with yohimbine (Beatty et al., 1984;
Siviy et al., 1994). Siviy et al. (1994) also reported a role of a1~
noradrenaline receptors in the modulation of social play behaviour.
In their study, the a1-adrenoreceptor agonist St-587 did not affect,
while the a1-adrenoreceptor antagonist prazosin reduced social
play behaviour. Furthermore, pretreatment with St-587 prevented
the play-reducing effect of prazosin (Siviy et al., 1994). Propra-

(B) Cocaine (10 mg/kg) did not affect the acquisition of social play-induced CPP. The animals showed a preference for the social compartment (Fcompartment(1,86)=61,77
p<0.001; Fireatment(1,86)=0.50, p=0.48; Feompartment x treatment (1,86)=0.08, p=0.78; 0 mg/kg: n=24, 10 mg/kg: n=10).

(C) The acquisition of social play-induced CPP was not affected by treatment with the dopamine receptor antagonist a-flupenthixol (Fcompartment(1,104)=42.89, p<0.001;
Ftreatment(3,104)=0.24, p=0.85; Feompartment x treatment(3,104)=0.97, p=0.41; 0 mg/kg: n=24, 0.125 mg/kg: n=12, 0.25mg/kg: n=10, 0.5 mg/kg: n=10)

(D) The acquisition of social play-induced CPP was blocked by

(1,40)=12.65, p=0.001; Fireatmenc(1,40)<0.001, p=0.99;

treatment with the
Fcompartment x treatment(1,40)=4.630, p=0.04; t(11)s0cial compartment - non-social compartment 0 mg/kg = 2.88, p=0.01;

dopamine reuptake inhibitor GBR-12909 (Fcompartment

t(9)social compartment - non-social compartment 10 mg/kg = 0.77, p=0.46; 0 mg/kg: n=12, 10 mg/kg: n=10).

(E) Treatment with the noradrenaline reuptake inhibitor atomoxetine did not affect the acquisition of social play-induced CPP (Fcompartment (1,70)=28.05, p<0.001;
Fireatment(2,70) = 0.20, p =0.82; Feompartment x treatment(2,70)=0.73, p=0.49; 0 mg/kg: n=18, 1.0 mg/kg: n=10, 3.0 mg/kg: n=10).

Data are shown as mean + SEM, social compartment vs non-social compartment: *p <0.05, ***p <0.001. Time spent in social compartment, 0 mg/kg vs 3.0 mg/kg methylphen-
diate $p <0.05; time spent in non-social compartment, 0 mg/kg vs 3.0 mg/kg methylphenidate #p < 0.05. Data were analysed using a two-way analysis of variance (ANOVA)
with compartment and treatment as between subject effects. When appropriate, ANOVA was followed up by Student’s paired t-tests.
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Table 1
Effect of treatment with monoaminergic drugs on the acquisition of conditioned place preference.
Drug Mean+SEM (sec)? Statistics Conclusion
Cocaine 0mg/kg: Feompartment(1,36)=0.05, p=0.83 No effect of cocaine on
0mg/kgn=10 Veh: 321.84+18.21 Fireatment(2,36)=0.38, p=0.54 place conditioning
10mg/kgn=10 Veh: 311.07 +£17.19 Feompartmentx treatment(2,36)=0.14, p=0.72
10 mg/kg:

Drug: 326 +20.73
Veh: 320 £12.94

Methylphenidate 0mg/kg:

0mg/kg n=20 Veh: 309.86 +23.76
1.0mg/kgn=11 Veh: 290.81+15.41
3.0mg/kgn=11 1.0 mg/kg:

Drug: 320.73+17.71
Veh: 304.55 +16.49
3.0mg/kg:

Drug: 393.84 +15.62
Veh: 234.82+18.73

GBR12909 0mg/kg:

0mg/kg n=20 Veh: 309.89 +21.78
3.0mg/kgn=10 Veh: 290.81 +23.45
10.0mg/kgn=11 3.0mg/kg:

Drug: 323.39+21.89
Veh: 320.77 £22.63
10.0 mg/kg:

Drug: 300.71 +21.92
Veh: 287.87 +£23.42

Feompartment(1,84)=13.75, p<0.001 3 mg/kg
Ftreatment(2,84)=0.31, p=0.74 methylphenidate
Fcompartmentxtreatment(2»84) =6.82, p= 0.002 induced conditioned

place preference

Post hoc Drug vs Veh:

0mg/kg: t(9)=-1.56, p=0.15

1.0mg/kg: t(10)=0.40, p=0.70

3.0mg/kg: t(10)=4.84, p=0.001

Feompartment(1,82)=0.57, p=0.45 No effect of GBR12909
Fireatment(2,82)=0.85, p=0.43 on place conditioning
Fcompartmentxtreatment(z»82) = 009, p=092

2 Drug: time spent in drug-paired compartment, Veh: time spent in vehicle-paired compartment.

nolol, the antagonist of 3-noradrenaline receptors, has been found
to decrease social play behaviour as well (Beatty et al., 1984).

Treatment  with  psychostimulant  drugs, such as
methylphenidate, amphetamine and cocaine has been consis-
tently reported to suppress social play behaviour (Achterberg
et al., 2014a; Beatty et al., 1982; Beatty et al., 1984; Ferguson et al.,
2000; Humphreys and Einon, 1981; Sutton and Raskin, 1986; Thor
and Holloway, 1983; Vanderschuren et al.,, 2008). These drugs
elevate levels of endogenous noradrenaline, dopamine and sero-
tonin by acting as neurotransmitter reuptake inhibitors, whereas
amphetamine also induces the release of these neurotransmitters.
Pharmacological analysis showed that the play-reducing effect of
methylphenidate was mediated by noradrenergic neurotransmis-
sion: social play was suppressed by the noradrenaline reuptake
inhibitor atomoxetine, but not by the selective dopamine reuptake
inhibitor GBR12909. In addition, the play suppressing effect of
methylphenidate could be blocked by pretreatment with an
a2- (RX821002), but not an al- (prazosin) or (- (propranolol)
noradrenergic antagonist, or a dopamine receptor antagonists
(Vanderschuren et al., 2008). In a follow up study (Achterberg
et al.,, 2014b), the play-suppressive effects of amphetamine and
cocaine were studied. Like methylphenidate, the play-suppressant
effect of amphetamine was antagonized by the a2-noradrenaline
receptor antagonist RX821002 but not by the dopamine receptor
antagonist a-flupenthixol. Remarkably, the effects of cocaine on
social play were not antagonized by a2 noradrenergic, dopaminer-
gic, or serotonergic receptor antagonists, administered either alone
or in combination. However, the effects of a subeffective dose of
cocaine could be enhanced by a combination of subeffective doses
of the serotonin reuptake inhibitor fluoxetine, the dopamine reup-
take inhibitor GBR12909, and the noradrenaline reuptake inhibitor
atomoxetine. These data demonstrate that methylphenidate
and amphetamine suppresses social play through stimulation of
a2-noradrenaline receptors. On the other hand, cocaine reduces
social play by simultaneous increases in noradrenaline, dopamine,
and serotonin neurotransmission.

The brain regions contributing to the play-suppressant effect
of methylphenidate have also been investigated. Infusion of
methylphenidate and atomoxetine into the anterior cingulate
cortex, infralimbic cortex, BLA, and habenula inhibited social

play, but not social exploratory behaviour or locomotor activity.
Methylphenidate administration into the prelimbic, medial/ventral
orbitofrontal, and ventrolateral orbitofrontal cortex, mediodorsal
thalamus, or NAc shell was ineffective in affecting social play
behaviour. These results show that the social play-suppressant
effects of methylphenidate and atomoxetine are mediated through
a distributed network of prefrontal and limbic subcortical
regions implicated in cognitive control and emotional processes
(Achterberg et al., 2015).

Using our setup in which rats respond for social play under a
PR schedule of reinforcement (Achterberg et al., 2016a; Achterberg
et al.,, 2016b), we showed that treatment with the psychostim-
ulant drugs methylphenidate and cocaine increased responding
for social play, but suppressed its expression during reinforced
play periods (see above). These effects were further investi-
gated by treating rats with the dopamine reuptake inhibitor
GBR-12909 and the noradrenaline reuptake inhibitor atomoxe-
tine. GBR12909 increased responding for social play but did not
affect its expression, whereas atomoxetine-treated rats displayed
decreased responding for social play as well as reduced its expres-
sion. The effects of methylphenidate and cocaine on responding for
social play, but not their play-suppressant effects, were blocked
by pretreatment with the dopamine receptor antagonist alpha-
flupenthixol. Conversely, pretreatment with the a2-noradrenaline
receptor antagonist RX821002 prevented the play-suppressant
effect of methylphenidate, but left its enhancing effect on respond-
ing for social play unaltered. Together, these data indicate that the
play-suppressant effects of methylphenidate (as well as atomox-
etine) depend on noradrenergic neurotransmission, whereas it is
dopaminergic neurotransmission that mediates psychostimulant-
induced increase in the motivation for social play. With regard
to a role for noradrenaline in social play reward, we found that
treatment with atomoxetine did not affect social play-induced CPP
(Fig. 2E).

Place conditioning can also be used to investigate the cognitive
aspects of reward processes. For example, Trezza et al. (2009a,b)
showed that social play-induced CPP could be reinstated after
extinction by a single play session in the play-associated com-
partment. In order to understand the role of noradrenaline in the
dynamics of positive social memories, the effect of propranolol, a
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[3-adrenoceptor antagonist known to influence a variety of memory
processes (Nader and Hardt, 2009; Sara, 2000), on acquisition, con-
solidation, retrieval and reconsolidation of social play-induced CPP
in adolescent rats was evaluated (Achterberg et al., 2012). Systemic
treatment with propranolol, immediately before or after a CPP test
(which is essentially a memory retrieval session), attenuated the
expression of CPP 24 h later. Following extinction, CPP could be
reinstated in saline- but not in propranolol-treated rats, indicat-
ing that propranolol treatment had persistently disrupted the CPP
memory trace. Furthermore, propranolol did not affect acquisition,
consolidation or retrieval of social play-induced CPP, suggesting
that 3-noradrenergic receptors are specifically involved in the re-
storage of long-term social reward memory after retrieval, i.e. the
reconsolidation process (Achterberg et al., 2012). In a follow-up
study, we found that the reconsolidation of social play-induced
CPP depended on stimulation of glucocortocoid receptors and to
a lesser extent NMDA receptors, whereas mineralocorticoid and
CB1-cannabinoid receptors were not involved (Achterberg et al.,
2014b).

2.5. Other systems

Aside from opioids, cannabinoids, dopamine and noradrenaline,
pharmacological studies on the neural mechanisms of social play
behaviour have investigated a range of other neurotransmitter
systems as well (Siviy and Panksepp, 2011; Trezza et al., 2010;
Vanderschuren et al., 1997). With regard to influences on the pos-
itive, rewarding aspects of social play behaviour, we here restrict
ourselves to the effects of drugs that may alter social play reward.

The stimulating effects of alcohol on social play have been well-
documented. Thus, treatment with low doses of alcohol increased
social play behaviour (Trezza et al., 2009a; Varlinskaya et al.,
2001; Varlinskaya and Spear, 2002; Varlinskaya and Spear, 2006;
Varlinskaya and Spear, 2009). These effects were not secondary to
changesinlocomotion(Trezzaetal.,2009a; Varlinskayaetal.,2001;
Varlinskaya and Spear, 2006). In addition, they were not likely to
be aresult of the anxiolytic properties of alcohol. That is, the effects
of alcohol on social play were largely comparable in familiar and
unfamiliar test environments and not associated with an anxiolytic
effect on the elevated plus maze (Trezza et al., 2009a). Moreover,
the facilitating effects of alcohol on social play were particularly
apparent in early adolescent rats, suggesting that it is the playful
aspects of social interaction, that are most abundant at this age, that
are facilitated by alcohol. Older animals appeared to be more sen-
sitive to the social disinhibition (i.e. relief of the reduction in social
interaction in an unfamiliar environment) by alcohol (Varlinskaya
and Spear, 2002; Varlinskaya and Spear, 2006). In terms of mech-
anism of action, dopamine and nicotine receptor stimulation is
involved in the alcohol-induced increase in social play (Trezza et al.,
2009a), whereas mixed findings have been reported regarding the
role of opioid neurotransmission (Trezza et al., 2009a; Varlinskaya
and Spear, 2009).

Treatment with low doses of nicotine has been reported to
increase social play behaviour. This effect was independent of
changes in locomotion and anxiety, and blocked by pretreatment
with a nicotine (mecamylamine), dopamine (alpha-flupenthixol),
or opioid (naloxone) receptor antagonist (Trezza et al., 2009a).
Other substances with positive subjective properties that have been
investigated in the context of play include the non-competitive
NMDA-receptor antagonist MK-801, that was reported to have
biphasic effects on social play (i.e. facilitation at low doses and
reduction at higher doses) (Siviy et al., 1995). The play-enhancing
effect of MK-801 is likely mediated by blockade of the NR2B subunit
of the NMDA receptor. Thus, treatment with the NR2B antago-
nist ifenprodil, but not the NR2A antagonist PEAQX was found
to increase social play (Morales et al., 2013). Treatment with the

benzodiazepine drug diazepam reduced social play and increased
non-playful social exploratory behaviour at a dose that had anx-
iolytic effects in the elevated plus-maze (Trezza et al., 2009a),
providing additional evidence for a dissociation between social play
behaviour and anxiety. The lateral septum is a candidate region
for the modulation of social play behaviour by GABA and gluta-
mate, since the concentration of these neurotransmitters was found
to increase in this structure during social play (Bredewold et al.,
2015). Last, recent studies have started to investigate the role of
vasopressin and oxytocin, neuropeptides implicated in a range of
social behaviours (Donaldson and Young, 2008; Meyer-Lindenberg
et al, 2011; Stoesz et al., 2013) in social play in rats and hamsters.
Intracerebroventricular treatment with the vasopressin receptor
antagonist (CH,)sTyr(Me2)AVP was found to reduce social play
behaviour in male rats, yet enhanced it in females (Veenema et al.,
2013). Intriguingly, when this antagonist was infused into the lat-
eral septum, opposite effects were found: an increase in social play
in males, and a reduction in female rats (Veenema et al., 2013).
These latter effects were subsequently found to depend on con-
text, as the play-enhancing effect of intra-septal treatment with the
vasopressin receptor antagonist in male rats was observed when
the animals were tested in their home cages, but not in a novel,
unfamiliar environment (Bredewold et al., 2014). In females, intra-
septum infusion of the vasopressin receptor antagonist decreased
social play in the home cage, but not in a novel cage. In addition,
treatment with vasopressin into the lateral septum suppressed
social play when tested in the home (but not novel) cage, and intra-
septum oxytocin treatment reduced social play in the novel (but
not the home) cage (Bredewold et al., 2014). Remarkably, intrac-
erebroventricular or intra-septal infusions of an oxytocin receptor
antagonist did not affect social play behaviour in either sex or
environment in these studies (Veenema et al., 2013; Bredewold
et al., 2014). An earlier study in male hamsters has also identi-
fied the anterior hypothalamus as a site of action for vasopressin
to modulate social play, since infusion of the vasopressin receptor
antagonist d(CH; )s Tyr(Me)AVP into this region reduced social play
behaviour (Cheng and Delville, 2009). Together, these studies point
at an intricate modulation of social play behaviour by vasopressin
and oxytocin, that depends on sex, familiarity of the test environ-
ment, and brain region (Bredewold et al., 2014; Cheng and Delville,
2009; Veenema et al., 2013).

3. Neural modulation of social play

The neural mechanisms of social play behaviour in rats have
been investigated using lesion, site-specific injection of selective
agonists and antagonists and immediate early gene expression
studies. Although our understanding of the brain mechanisms of
social play is far from complete, these studies have so far pro-
vided a most interesting glimpse into how limbic and corticostriatal
circuits modulate social play.

3.1. Frontal cortex

The prefrontal cortex plays an integral role in higher cognitive,
so-called executive functions, such as attention, planning, work-
ing memory and decision making (e.g.Floresco, 2013 Miller and
Cohen, 2001; Robbins and Arnsten, 2009). Since social behaviours,
inwhich one has to perceive, interpret and respond to the emotions,
intentions and actions of others, are inherently unpredictable,
involvement in social play of the frontal cortical brain regions that
facilitate flexible navigation in a changeable environment is to be
expected.

The earliest studies that have investigated the involvement of
(frontal) cortical regions in social play have used neonatal abla-
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tion of cortical tissue. The first of these studies (Panksepp et al.,
1994) found that neonatal removal of the frontal cortex modi-
fied the structure of social play, in that lesioned animals showed
shorter pin duration, suggesting that intact frontal cortex func-
tion facilitates the prolongation of a playful interaction. Somewhat
consistent, later studies found that neonatal lesion of the medial
prefrontal cortex reduced pinning, as a result of the fact that
the lesioned animals used a different strategy to respond to play
initiation, i.e. more evasions and partial rotations and less com-
plete rotations (Bell et al., 2009; Schneider and Koch, 2005). By
contrast, neonatal lesions of the orbital frontal cortex caused
animals to be unable to adjust their response to play initiation
to the dominance status of their partners (Pellis et al., 2006).
Together, these studies suggest that the different frontal cortical
regions subserve the fine-tuning of social play behaviour, con-
sistent with the involvement of the frontal cortex in executive
functions.

Since the aforementioned studies used neonatal lesions, it is
not clear whether the effects on later play are of organizational
or activational origin, i.e. whether the prefrontal cortex modu-
lates the development or expression of social play- or both. This
issue was circumvented in a more recent intracranial pharma-
cology study, in which different regions of the prefrontal cortex
were temporally inactivated using infusions of the GABA recep-
tor agonists baclofen and muscimol (Van Kerkhof et al., 2013a).
This study showed that inactivation of the prelimbic, infralim-
bic and medial/ventral orbitofrontal cortex reduced social play.
In this study, the structure of social play did not seem to be
markedly altered as much as its quantity, supporting the notion
that the prefrontal cortex, perhaps by fine-tuning the response to
a conspecific’s behaviour, facilitates the prolongation of a playful
interaction. However, given that the frontal cortex is functionally
heterogeneous (Dalley et al., 2004; Heidbreder and Groenewegen,
2003), it is not likely that these three regions play a unitary
role in social play. Indeed, a recent study, aimed at elucidating
the neural sites of action through which methylphenidate and
atomoxetine suppress social play, found that infusion of these
drugs into the anterior cingulate and infralimbic cortex reduced
social play (Achterberg et al., 2015). In contrast, methylphenidate
infusions into the prelimbic, medial/ventral orbitofrontal or
ventrolateral orbital cortex were ineffective (Achterberg et al.,
2015).

Involvement of the frontal cortex in social play has also been
investigated using immediate early gene studies, in which expres-
sion of genes like c-fos are used as a measure for cellular activity.
In one of these studies, no change in c-fos in anterior cingulate and
medial/ventral orbital cortex was found after social play (Gordon
et al., 2002), although a subsequent study (Gordon et al., 2003)
did find an increase in expression of brain-derived neurotrophic
factor (BDNF) in a more lateral, motor part of frontal cortex. In
a recent, extensive investigation of social play-induced cellular
activity, increases in c-fos expression after social play were found
in a range of frontal areas, including anterior cingulate, prelim-
bic, medial orbital and ventrolateral orbital cortex, whereas social
play decreased c-fos expression in dorsolateral orbital cortex (Van
Kerkhof et al., 2014). In addition, c-fos expression in these pre-
frontal regions correlated with the striatal regions to which they
project, suggesting involvement of prefronto-striatal projections in
the expression of social play behaviour. Interestingly, even though
social play did not increase the expression of c-fos in the BLA,
c-fos activity in the BLA after social play correlated with play-
induced c-fos expression in ventral striatum, medial prefrontal
cortex and orbitofrontal cortex. Thus, activity in amygdalo-striatal
pathways, as well as in the reciprocal projections between the BLA

and the frontal cortex, likely underlies the expression of social play
behaviour (Van Kerkhof et al., 2014).

3.2. Striatum

In general terms, the striatum, as an integral part of the basal
ganglia, subserves the generation of voluntary motor output on the
basis of emotional and cognitive information (Cardinal et al., 2002;
Mogenson etal., 1980; Voornetal.,2004; Yinetal.,2008).Itis there-
fore reasonable to assume an important role for striatal function
in social play behaviour. Indeed, it has been shown in nonhuman
primates that striatum size correlates with the rate of social play
behaviour, but not non-playful social behaviour (Graham, 2011).
Even though it is a relatively homogeneous structure in terms of
cytoarchitecture, the striatum is anatomically and functionally het-
erogeneous (Alexander et al., 1986; Voorn et al., 2004; Yin et al.,
2008; Zahm, 2000). In this regard, the striatum can be subdivided
in several ways; the most widely used division is between a dor-
sal and a ventral part, often referred to as caudate-putamen and
NAc, respectively. The dorsal part is often subdivided into a medial
and a lateral portion, and the NAc into core and shell areas. That
said, a gradual division from ventromedial (including NAc shell
and olfactory tubercle) to dorsolateral (NAc core/dorsomedial stria-
tum to dorsolateral striatum) is probably more valid on the basis of
anatomical inputs and function (Voorn et al., 2004).

Consistent with the idea that the striatum, in particular its
midbrain dopamine innervation, mediates the generation of appro-
priate motor output in social play, it was shown that neonatal
lesioning of striatal dopamine resulted in animals showing shorter
play bouts and truncated play sequences (Pellis et al., 1993). More
recently, the involvement of different striatal subregions in social
play was investigated using temporary pharmacological inactiva-
tion using either a combination of baclofen and muscimol or the
AMPA receptor antagonist DNQX (Van Kerkhof et al., 2013a). These
experiments demonstrated that inactivation of the NAc core with
baclofen/muscimol increased social play duration, whereas inac-
tivation of the dorsomedial striatum with DNQX enhanced social
play. These findings resonate well with the notion that inhibi-
tion of NAc neuronal activity facilitates reward-related behaviour
(Carlezon and Thomas, 2009; Taha and Fields, 2006), perhaps by
disinhibition of downstream basal ganglia circuits. In addition, the
dorsomedial striatum has been implicated in behavioural inhibi-
tion in laboratory tasks of impulsive behaviour (Eagle and Baunez,
2010), suggesting that pharmacologically attenuating dorsomedial
striatal function may disinhibit social play.

Within the ventral striatum, dopamine, opioids and endo-
cannabinoids act to modulate several aspects of reward-related
behaviour (Berridge, 2007; Berridge and Kringelbach, 2015;
Floresco, 2015; Kelley, 2004; Parsons and Hurd, 2015; Robbins
and Everitt, 2007; Salamone and Correa, 2012). In general terms,
it is thought that dopamine plays an important role in incentive
salience and motivation, whereas opioids and endocannabinoids
rather mediate the pleasurable aspects of rewards. Indeed, these
neurotransmitter systems in the NAc have also been implicated
in social play. As summarized above, stimulating NAc dopamine
neurotransmission enhances social play, whereas blocking NAc
dopamine receptors reduces it, and attenuates the play-enhancing
effects of systemic morphine (opioid) and URB597 (cannabinoid)
treatment (Manduca et al., 2016). In addition, stimulation of NAc
mu-opioid receptors increases, and blocking these reduces social
play behaviour, whereby the NAc core and shell are comparably
sensitive (Trezza et al., 2011b). Last, infusions of the anandamide
hydrolysis inhibitor URB597 into the NAc increase social play as
well, and social play increases anandamide levels in the NAc. How-
ever, blockade of NAc CB1 receptors does not reduce social play, or
alter the play-enhancing effect of systemic treatment with URB597
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(Trezza et al., 2012). In contrast, the play-suppressant effects of
the dopamine/noradrenaline reuptake inhibitor methylphenidate
do not rely on the NAc (Achterberg et al., 2015). Thus, the NAc is an
important site of action for opioids and dopamine to mediate the
pleasurable and motivational properties of social play, whereas the
effects of endocannabinoids on social play likely rely for a substan-
tial part on brain regions outside the striatum (see below).

Consistent with a functional role for the striatum in social play as
described above, social play-induced increases in c-fos expression
were found in both dorsal and ventral striatum (Gordon et al., 2002;
Van Kerkhof et al., 2014), and as mentioned earlier, the increases
in striatum activity correlated with its prefrontal and amygdaloid
inputs.

3.3. Amygdala

In situ hybridization experiments in rats showed that social play
increased the expression of BDNF (Gordon et al., 2003), but not
the immediate early gene c-fos (Gordon et al., 2002) in the entire
amygdala. A more recent study analyzed social play-induced c-fos
activity within the four subregions of the amygdala (Van Kerkhof
etal., 2014): after social play, increased c-fos expression was found
in the lateral amygdala, but not in the central or medial amygdala
or in the BLA (Van Kerkhof et al., 2014). Interestingly, even though
cellular activity within the BLA was not significantly increased after
social play, it correlated with activity in its prefrontal and striatal
afferents and efferents. Activity within the medial amygdala was
also found to be correlated with activity within the medial pre-
frontal, orbital and agranular insular cortex (Van Kerkhof et al.,
2014).

Lesion studies confirmed the involvement of the amygdala in
social play. Meaney and coworkers showed that juvenile (PND 21)
electrolytic lesions of the amygdala reduced social play behaviour
inmale but not femalerats (Meaney et al., 1981), suggesting that sex
differences in the anatomy and physiology of the amygdala during
development have a differential influence on the social play of male
and female rats. Later studies extended this finding by showing that
not only juvenile (PND 21) but also neonatal (PND 7) excitotoxic
lesions of the amygdala reduced social play (Daenen et al., 2002;
Wolterink et al., 2001). In the latter studies, only male rats were
used, which leaves the question open as to whether these lesion
effects are sex-dependent.

Studies that investigated the role of epigenetic proteins in sex-
ually dimorphic behaviors support the notion that the amygdala is
involved in sex differences in social play. For instance, neonatal
(PND 0-2) suppression of the expression of the gene expres-
sion regulator methyl-CpG-binding protein 2 within the amygdala
reduced social play behaviour on PND 25-29, but only in male rats
(Kurian et al., 2008). Corepressors in the amygdala, that influence
gene transcription through their association with histone deacety-
lase complexes, also have a role in the sexual differentiation of
social play behavior. Indeed, reducing the expression of the nuclear
receptor corepressor in the amygdala within the first 36 h of life
allowed for further masculinization of social play behaviour, since
it increased social play in male but not female rats (Jessen et al.,
2010). These findings suggest that the nuclear receptor corepres-
sor in the amygdala blunts sex differences in social play behaviour.
The amygdala may also underlie the sexually dimorphic effects of
prenatal inflammation in rats, since prenatal immune challenge
with the bacterial endotoxin lipopolysaccharide reduced social play
behaviour and vasopressin mRNA expression in the medial amyg-
dala in male but not female offspring (Taylor et al., 2012).

The amygdala is an important brain site underlying cannabinoid
and noradrenergic modulation of social play behaviour. Thus, social
play increased the levels of the endocannabinoid anandamide in
the amygdala, as well as the phosphorylation of CB1 cannabinoid

receptors, which is thought to be a consequence of receptor activa-
tion. Furthermore, infusion of the anandamide hydrolysis inhibitor
URB597 into the BLA increased social play, whereas the stimu-
lating effect on social play induced by systemic treatment with
URB597 was blocked by intra-BLA infusion of the CB1 cannabi-
noid receptor antagonist/inverse agonist SR141716A (Trezza et al.,
2012). Conversely, infusion of the dopamine/noradrenaline reup-
take inhibitor methylphenidate and the selective noradrenaline
reuptake inhibitor atomoxetine into the BLA suppressed social play
(Achterberg et al., 2015). In the BLA, noradrenaline reduces neu-
ronal activity via a2-adrenoceptors (Buffalari and Grace, 2007;
Ferry et al., 1997; Johnson et al., 2011). Since the play-suppressant
effect of systemic administration of methylphenidate and ato-
moxetine are exerted through stimulation of a2-adrenoceptors
(Vanderschuren et al., 2008), the inhibition of social play induced
by intra-BLA administration of these drugs may be the result of
reduced BLA output.

As for the role of the amygdala in opioid modulation of social
play, analysis of opioid receptor density showed that mu- (but not
delta- or kappa-)opioid receptor binding was increased in the BLA
after social isolation between PND 22-35 followed by five weeks
of social housing (Van den Berg et al., 1999c). However, autora-
diographic experiments reported no changes in opioid receptor
binding in the amygdala upon social play (Vanderschuren et al.,
1995d).

Together, these studies in rats emphasize the role of the amyg-
dala in social play behaviour. In particular, the amygdala appears
to be involved in sex differences in social play, and in cannabi-
noid and noradrenergic modulation of this behaviour. Moreover,
the size of the amygdala in nonhuman primates has been corre-
lated with the presence of social play behaviour both in non-sexual
(Lewis and Barton, 2006) and sexual (Pellis and Iwaniuk, 2002) con-
texts, with a larger size being associated with more time spent on
play behaviour. On the basis of these studies, it has been proposed
that social play helps to develop amygdala-mediated behaviours,
such as social assessment, social recognition and response to facial
expression (Lewis and Barton, 2006).

3.4. Habenula, thalamus and hypothalamus

In recent years, the role of the habenula in social play has
received attention, since this brain structure regulates monoamin-
ergic neurotransmission (Lecourtier and Kelly, 2007) and it is
involved in reward and cognitive processes (Lecourtier and Kelly,
2007; Proulx et al., 2014). In situ hybridization experiments in rats
showed that short-term social isolation (up to 24 h) increased c-fos
expression within the habenula, and that a subsequent episode of
social play reduced this activity within the medial sector of the lat-
eral habenula (Van Kerkhof et al., 2013b). These results suggest that
the habenula mediates the negative emotional aspects of social iso-
lation, which is mitigated by the opportunity for subsequent social
play. Furthermore, pharmacological inactivation of the habenula
with a mixture of the GABA receptor agonists baclofen and musci-
mol resulted in a reduction in social play behaviour. Interestingly,
different effects were observed on play solicitation (i.e. pouncing)
and on the response to solicitation (i.e. pinning), with the latter
being more sensitive to habenula inactivation than the former (Van
Kerkhof et al., 2013b). Therefore, the habenula appears to be par-
ticularly involved in the responsiveness to play solicitation.

We have recently shown that the habenula is also involved
in the play suppressant effects of methylphenidate and atomox-
etine. Indeed, both drugs reduced social play when infused into
the habenula (Achterberg et al., 2015). Two possible mechanisms
may explain these effects: functional inhibition of the habenula by
methylphenidate and atomoxetine may have reduced the positive
emotional properties of social play, or may have influenced cog-
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nitive aspects of social play, perhaps in concert with prefrontal
regions (Achterberg et al., 2015).

Regarding the role of diencephalic brain structures in social play,
lesions of dorsomedial thalamus (DMT) or parafascicular area of the
thalamus (PFA) reduced the frequency of pinning, with the mag-
nitude of the decrease being larger following PFA damage (Siviy
and Panksepp, 1985). Lesions of the PFA also reduced play solicita-
tion behaviours and made rats insensitive to the play-modulating
effects of naloxone and morphine (Siviy and Panksepp, 1985). Con-
versely, animals with lesions of the DMT did not show changes in
play solicitation and were sensitive to the play-enhancing effects
of morphine, but not to the play-suppressive effects of naloxone
(Siviy and Panksepp, 1985). Additional evidence that the thalamus
is involved in opioid modulation of social play comes from autora-
diographic experiments in rats, that showed social play-induced
changes in opioid receptor binding in the dorsolateral and parate-
nial thalamic nuclei (Vanderschuren et al., 1995d).

Lewis and Barton found a correlation between social play and
the volume of the hypothalamus in nonhuman primates (Lewis
and Barton, 2006). The hypothalamus becomes sexually differen-
tiated by gonadal hormones during the perinatal period, giving
rise to sexually differentiated behaviours (Negri-Cesi et al., 2008;
Swaab et al.,, 2002). Thus, the hypothalamus may be involved in sex
differences in social play. Studies in rodents support this possibil-
ity. For instance, Paul and coworkers found a positive correlation
between social play and vasopressin mRNA expression in the par-
aventricular nucleus of the hypothalamus (PVN) of male but not
femalerats (Paul etal., 2014). Furthermore, Madden and Zup (2014)
reported that the reduction in social play behaviour induced by
perinatal hyperserotonemia was associated with alterations in the
number of oxytocinergic cells in the PVN of the female offspring
only. Together, these studies indicate that neuropeptides in the
PVN regulate the development of social play in a sexually dimor-
phic manner. Similarly to the thalamus, opioid neurotransmission
in the hypothalamus is involved in social play behaviour. Social
play-induced changes in opioid receptor binding in the paraven-
tricular and arcuate nuclei of the hypothalamus have been reported
(Vanderschuren et al., 1995d). Collectively, these studies indicate
that both thalamic and hypothalamic brain areas are involved in
social play behaviour.

4. Discussion

Social play is being increasingly recognized as an important
social activity for humans and animals alike. It is intrinsically
rewarding, supports social bonding and in the long run facilitates
social, cognitive and emotional development (e.g. Bateson, 2015;
Burghardt, 2010; Pellis and Pellis, 2009; Vanderschuren and Trezza,
2014). It is therefore of great importance to understand the brain
mechanisms underlying social play behaviour, not least because
social deficits in child and adolescent psychiatric disorders remain
as yet very difficult to treat. In the present review, we have sum-
marized the neural underpinnings of social play behaviour in rats,
with a particular focus on that aspect that spurs the immediate
expression of this behaviour: its rewarding, pleasurable properties
(Vanderschuren, 2010).

The studies into the neural mechanisms of social play have iden-
tified the NAc as an important region through which dopamine
may mediate the motivation for play, and opioids and perhaps
endocannabinoids modulate its pleasurable effects (Manducaetal.,
2016; Trezza et al., 2011b; Trezza et al., 2012). Importantly, phar-
macological studies have demonstrated functional interactions
between opioid, endocannabinoid and dopamine neurotransmis-
sion in the modulation of social play behaviour (Manduca et al.,
2016; Trezza and Vanderschuren, 2008a), providing evidence to

support the notion that pleasurable and motivational properties
are entwined during the proper expression of this behaviour. In
addition, the BLA is involved in the endocannabinoid modulation of
social play (Trezza et al., 2012), suggesting that functional interac-
tions between the BLA and the nucleus accumbens (Cardinal et al.,
2002; Janak and Tye, 2015; Voorn et al., 2004) are likely involved
in the generation of social play (Van Kerkhof et al., 2014). Nora-
drenergic neurotransmission as well as prefrontal cortex activity
have been implicated in cognitive aspects of social play (Achterberg
et al., 2015; Bell et al., 2009; Pellis et al., 2006; Van Kerkhof et al.,
2013a), although the exact cognitive functions that are supported
by these mechanisms in the context of social play remain to be iden-
tified. Together, the studies discussed in the present review show
that social play behaviour is mediated by a distributed network
of corticolimbic structures and their opioid, dopaminergic, endo-
cannabinoid and noradrenergic innervation, that integrates the
cognitive and emotional aspects of play into coherent behavioural
output.

These data summarized here show that the last two or three
decades have witnessed a profound increase in our understand-
ing of the neural mechanisms of social play behaviour (Siviy and
Panksepp, 2011; Trezza et al., 2010; Vanderschuren and Trezza,
2014). Even so, compared to food or drug reward, the knowl-
edge of the playful brain is still quite limited, and much remains
to be gained in this field. Arguably, most progress has been
made using neural manipulation techniques, such as intracra-
nial drug infusions, that directly tax brain processes involved in
this behaviour. Indeed, the recent application of online measure-
ment techniques of brain chemistry, using for example in vivo
microdialysis (Bredewold et al.,, 2015; Robinson et al., 2011),
holds considerable promise to increase knowledge in this area.
In addition, the application and refinement of place and operant
conditioning methods (Achterberg et al., 2016a; Achterberg et al.,
2016b; Calcagnetti and Schechter, 1992; Thiel et al., 2008; Trezza
etal., 2011a), to investigate the pleasurable and motivational prop-
erties of social play, as well as certain cognitive processes involved
in this behaviour (Achterberg et al., 2012; Achterberg et al., 2014b),
have allowed for the explicit dissection of neural mechanisms
underlying sub-components of social play. Although these models
have helped us study social reward mechanisms (e.g. Trezza et al.,
2011b), they have also pointed us to potential drawbacks. In our
own experience, this has been most prominent in pharmacolog-
ical studies on social play-induced CPP, in particular when drugs
are used that possess rewarding or aversive properties themselves.
In this case, proper care should be taken to make sure that pos-
itive or negative affective effects of the drugs themselves do not
occlude the interpretation of the experimental findings. This can,
for example, be done by comparing CPP scores between drug-plus-
play versus drug-only treatment groups. Moreover, in the case that
drugs are used that by themselves influence the expression of social
play behaviour, one must be aware that a reduction in CPP can be
the result of reduced rewarding effects of social play, but also of a
mere decrease in the amount of social play displayed, which may
have reduced the pleasurable aspects of the social episode. Ide-
ally, social play should therefore be quantified during conditioning
(e.g. Thiel et al., 2008; Fig. 1), albeit that this is very labour inten-
sive. A particularly challenging thought is whether we will be able
to model cognitive aspects of social play in more detail. Clearly,
place and operant conditioning models can be used to study pro-
cesses related to learning and memory in the context of social play
(Achterberg et al., 2012; Achterberg et al., 2014b), whereby it will
be of interest to investigate whether and how play-associated cues
influence behaviour, using for example second-order conditioning
(Everitt and Robbins, 2000), as has in the past been done for sex-
ual behaviour (Everitt, 1990). In addition, pertinent study of the
processes related to, for example, social perception, behavioural
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flexibility, social cooperation and intentionality (Adolphs, 2010;
Frith and Frith, 2012) will help us to understand further how social
play behaviour comes about.

Several other important questions remain. First, the neural
mechanisms of social play summarized here are reminiscent of
those that are thought mediate other natural rewards, such as feed-
ing and sex, and that are hijacked by artificial rewards such as drugs
of abuse (Everitt and Robbins, 2016; Kelley et al., 2005; Kelley and
Berridge, 2002; Nesse and Berridge, 1997; Volkow and Morales,
2015). It remains to be demonstrated therefore, which mechanisms
in the brain support those aspects of social play that are specific to
this behaviour, and that set it apart from ingesting (palatable) food,
copulation or using psychoactive drugs. As alluded to above, these
may include functions related to social perception and coopera-
tion, but also cognitive functions such as impulse control, decision
making and flexibility (Adolphs, 2010; Frith and Frith, 2012). Inter-
estingly, whereas it is reasonable to assume that the latter three
cognitive functions need to be optimally aligned for the proper
performance of social play, it is their breakdown that is thought
to play a prominent role in the pathophysiology of drug addiction
(De Wit, 2009; Goldstein and Volkow, 2011; Jentsch and Taylor,
1999; Perry and Carroll, 2008; Verdejo-Garcia et al., 2008). This
provides a theoretical, as well as a neural basis to dissociate adap-
tive social from maladaptive addictive behaviour. A second issue
that is relatively unexplored is the sex differences in social play
behaviour. Thus, differences in the structure and intensity of social
play in male and female rats have been well documented (Pellis
et al,, 1997). Moreover, when one accepts that social play facili-
tates social, emotional and cognitive development, and that male
and female animals require distinct (but often overlapping) social,
emotional and cognitive skills in adulthood, then it follows that the
neural mechanisms of social play should diverge between male and
female animals. Yet, apart perhaps from amygdala function in social
play (Kurian et al., 2008; Meaney et al., 1981), effects of alcohol
(Varlinskaya et al., 2015) and the role of vasopressin and oxytocin
(Bredewold et al., 2014; Veenema et al., 2013), neural underpin-
nings of sex differences (whereby commonalities between males
and females are equally important) have not been studied in detail.
One last important question, that partially relates to the previous
one, is whether the neural mechanisms of social play behaviour are
distinct between species. Indeed, the social, emotional and cog-
nitive needs during adult life profoundly differ between animal
species, and the structure and function of social play does so too
(Biben,2002; Graham and Burghardt, 2010; Palagi et al., 2016; Pellis
and Pellis, 1998). Hence, the neural underpinnings of social play
are also likely to diverge between species, although it is, of course,
likely that certain aspects of play related to perception, cognition
and reward may rely on common brain mechanisms. As most of our
knowledge on the neural underpinnings of social play comes from
rat studies (see e.g. Chengetal., 2008; Colonnelloetal.,2011; Guard
et al., 2002; for exceptions), it is important to investigate whether
social play in other species is supported by comparable or distinct
brain mechanisms.

In conclusion, our understanding of the brain processes under-
lying social play behaviour has markedly increased in recent years.
Even though much remains to be investigated, the corticolimbic,
opioid, dopamine, endocannabinoid and noradrenergic mecha-
nisms that have been implicated in social play start to paint a
picture of how this developmentally important, highly reward-
ing behaviour is mediated. We are confident that further study
into this topic will increase our understanding of how the brain
processes positive social signals to generate appropriate social
behaviour, how social play contributes to the development of brain
and behaviour, and how stimulation of social play can increase
health and welfare of humans and animals.
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