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Chapter 1

Social re-orientation as a developmental event

Humans and many other mammals are social species, spending a substantial amount of 
time on interactions with conspecifics. Typically, social species create emergent social 
organizations, ranging from temporary aggregations to large, permanent social groups. 
This social environment is of fundamental and enduring significance for species that 
rely on parental care and social needs beyond the individual (Cacioppo and Hawley 
2009; Miczek et al. 2008). The social behavioral repertoire is not fixed over time and 
undergoes several changes throughout the course of life. Marked developmental 
changes in social behavior take place during youth, including increased complexity 
of the social repertoire and dramatic increment of peer-directed social interactions 
(Nelson et al. 2005; Spear 2000). Moreover, youth is characterized by an enhanced 
emotional responsiveness to social stimuli (Rudolph and Hammen 1999; Steinberg and 
Morris 2001) and abundant expression of social play behavior (Panksepp et al. 1984; 
Pellegrini 1995; Vanderschuren et al. 1997). Children and young mammals spend a 
substantial part of maturation engaging in play with peers, such as running, chasing, 
climbing and play fighting. In almost every mammalian species studied, social play is 
expressed according to an inverted U-shaped curve in ontogeny, peaking during the 
juvenile and early adolescent period and then falling off around late adolescence (Bekoff 
1972; -2001; Pellis and Pellis 2009). Thereafter, other parts of the affiliative social repertoire 
become more abundant, such as huddling, grooming, pair-sitting as well as sexual 
and aggressive encounters (Ehardt and Bernstein 1987; Pereira and Fairbanks 1993). 
 The period of social re-orientation is a critical developmental event during which the 
brain undergoes substantial functional and structural changes in cortical and limbic 
regions (Anderson et al. 1997; Anokhin et al. 2000; Blakemore 2008; Montague et al. 
1999; Nelson et al. 2005; Tarazi et al. 1998; Teicher et al. 1995). Both progressive and 
regressive maturational processes occur in these brain regions (De Bellis et al. 2001; 
Lidow and Rakic 1992; Sisk and Zehr 2005), whereby the brain is sculpted on the basis 
of experience to equip the individual with a flexible adaptive behavioral repertoire 
(Lichtman and Colman 2000; Rakic and Bourgeous 1994). Likewise, social experience 
in childhood and adolescence is recognized as a central part of neural development, 
one important way in which children and young mammals build complex, skilled, 
responsive, socially adept and cognitively flexible brains. Social play, the earliest form 
of social activity directed at peers and abundantly expressed during youth, is thought 
to create valuable practice scenarios for complex social interactions throughout 
life (Pellegrini and Smith 1998; Pellis and Pellis 2009; Von Frijtag et al. 2002). Early 
social experiences might also serve to facilitate the development of other non-social 
capacities. By varying, repeating, and/or recombining subsequences of behavior outside 
their primary context, social play is hypothesized to contribute to the development of 
cognitive skills, especially to acquire the ability to flexibly use these capacities under 
changeable circumstances (Jarvis 2006; "pinka et al. 2001). 
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Social factors in psychiatry

Social deficits early in life are part of the psychopathology of a variety of psychiatric 
disorders, such as disruptive behavior disorders, autism, early-onset schizophrenia 
and attention deficit hyperactivity disorder (Allessandri 1992; Jordan 2003; Moller 
and Husby 2000; Skodol et al. 2011). Furthermore, antisocial personality traits are a 
predisposing factor for alcohol and drug addiction (Altman et al. 1996; Altman and 
Cacciola 1991; Bonomo et al. 2004; Carroll et al. 1993; Cloninger et al. 1978; Harpur 
and Hare 1994; Hawkins et al. 1992; Hesselbrock and Hesselbrock 2006; Helzer and 
Pryzbeck 1998; Kessler et al. 1996; Kofoed and Lewis 2010; MacMillan 1986; Randolph 
and Yates 1993; Regier et al. 1990; Wilens and Biederman 1993). In children and 
adolescents, antisocial behavior is a defining characteristic of disruptive behavior 
disorders, i.e., conduct disorder and oppositional defiant disorder. Strikingly, disruptive 
behavior disorders are the most prominent psychiatric risk factor for alcohol and 
drug addiction (Costello et al. 2003; Disney et al. 1999; Fergusson et al. 2007; 
Kim-Cohen et al. 2003; Merikangas and Avenevoli 2000; Rutter et al. 2006; Young et 
al. 1995). However, the neural and behavioral mechanisms underlying this increased 
vulnerability for addictive behavior remain poorly understood. The shared vulnerability 
of antisocial behavior and drug addiction may be mediated by the associated impairments 
in impulse control or risky decision making (Brewer and Potenza 2008; Schutter et al. 
2011). Indeed, deficits in cognitive control are often observed in conduct disorder 
(Barratt et al. 1997; Moeller et al. 2001; Slutske et al. 2001) and these are known to be a 
predisposing factor for smoking, alcohol and drug addiction (Audrain-McGovern et al. 
2009; Belin et al. 2008; Dalley et al. 2007; Diergaarde et al. 2008; Nigg et al. 2006; Perry 
et al. 2005; Poulos et al. 1995).
 Early social insults profoundly influence behavior throughout life and form a risk for 
mental illness (Cacioppo and Hawkley 2009; Curley et al. 2011; Fone and Porkess 2008; 
Karelina and DeVries 2011; Lukkes et al. 2009a; -2009b). For instance, social species are 
dramatically affected by social isolation or perceived social isolation (loneliness) during 
development, resulting in a variety of social deficits (Lukkes et al. 2009; Van den Berg et 
al. 1999; Von Frijtag et al. 2002), cognitive impairments (Cacioppo and Hawkley 2009; 
Fone and Porkess 2008), and increased vulnerability for drug addiction (Alexander et 
al. 1981; Ding et al. 2005; Hadaway et al. 1979; Howes et al. 2000; Marks-Kaufman and 
Lewis 1984; Schenk et al. 1990) as well as other psychiatric disorders (Hall et al. 1998; 
Howes et al. 2000; Jones et al. 1990; -1992; Leussis and Andersen 2008; Leussis et al. 
2008; Wilkinson et al. 1994). Early social life events are likely to maximally impact on 
brain regions that are currently in transition, while sparing those regions that are more 
static at the time of impact (Andersen 2003). Persistent molecular adaptations in the 
mesocorticolimbic dopamine system have been described to underlie the behavioral 
impairments induced by early social life events (for review see, Champagne and Curley 
2005; Curley et al. 2011; Young et al. 2010), although other monoamines such as 
serotonin and noradrenaline within the corticostriatal circuitry might play a role as well 
(Bickerdike et al. 1993; Crespi et al. 1992; Dalley et al. 2002; Fone et al. 1996; Fulford et 
al. 1998; Hellemans et al. 2005; Krauchi et al. 1981; Matthews et al. 2001).
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Preclinical approaches to study impulsivity and decision making

The ability to control impulses and to make profitable short- and long-term decisions 
is of major importance in daily functioning. Some situations require a conservative 
approach, whereas other situations demand rapid action and openness to external 
stimuli. Impulsivity and risky behavior may therefore have evolved to allow individuals 
to adapt successfully to uncertainty, rapidly changing environments and to face 
new opportunities. However, extreme manifestations of these behaviors are mostly 
disadvantageous, and as such, they are a core symptom in several psychiatric disorders 
including drug and alcohol addiction, attention deficit hyperactivity disorder, disruptive 
behavior disorders and pathological gambling (Bark et al. 2005; Bechara and Damasio 
2002; Brand et al. 2004; -2005; Cavedini et al. 2010; Chamberlain and Sahakian 2007; 
Ernst et al. 2003; Garon et al. 2006; Moeller et al. 1999; -2001). Translational preclinical 
models are particularly suited to study the neurobehavioral processes underlying 
impulsivity and decision making (Cardinal 2006; De Visser et al. 2011; Winstanley 
2011). 
 Impulsivity has been defined as “actions that are poorly conceived, prematurely 
expressed, unduly risky, or inappropriate to the situation and that often result in 
undesirable outcomes” (Durana and Barnes 1993). Although this definition appears to 
capture the behavioral construct of impulsivity as one entity, it is now widely recognized 
that impulsivity consists of various, mostly independent behavioral dimensions that 
can be neuroanatomically and neuropharmacologically dissociated (Dalley et al. 2011; 
Eagle and Baunez 2010; Evenden 1999; Pattij and Vanderschuren 2008). Two widely 
recognized behavioral phenomena of impulsivity are impulsive action and impulsive 
choice. Impulsive action comprises behavior resulting from a deficit in the ability to 
withhold responding or stop ongoing behavior. The five-choice serial reaction time task 
(5-CSRTT) is an animal analogue of the human continuous performance task, which 
was originally developed for measuring sustained attention in clinical populations 
(Carli et al. 1983). In the 5-CSRTT, rats (or mice) are trained to make a response into a 
briefly illuminated aperture to receive a small food reward. Successful performance in 
this paradigm requires attentional processing. Since the animal is highly motivated to 
respond in one of the holes, these responses are sometimes executed before the stimulus 
is presented. Responses that occur prior to the onset of the visual instruction signals 
(premature responses) are regarded to be a measure of impulsive action as they reflect 
disturbances in the inhibition of behavior (Robbins 2002). 
 Impulsive choice refers to the inability to delay of gratification, which is behaviorally 
apparent as a preference for a small, immediate gain over a larger, more beneficial gain 
that one has to wait for. Impulsive choice is probably governed by a variety of factors 
that include decisions about the relative value of rewards (e.g., as affected by delay and 
magnitude) and the ability to inhibit choices made to the more immediate options 
(‘‘action restraint’’) (Dalley et al. 2011). The delayed reward task (DRT), analogous to 
the delay discounting paradigm in humans, is a widely used behavioral task used to 
measure impulsive choice in animals (Ainslie 1975). In this task, subjects have to make 
a choice between a small, immediately available reward and a large, but delayed reward. 
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Although the delayed option is more beneficial in the long run, the subjective value of a 
reward declines with delay to obtaining the reward according to a hyperbolic function. 
In the DRT, impulsive choice is reflected by a steeper discounting curve meaning that 
each unit of time-delay has a greater negative effect on the valuation of the reward. 
Delay discounting have been observed in many species including humans (Kirby et al. 
1999; Reynolds et al. 2004), rats (Evenden and Ryan 1996), mice (Isles et al. 2003), and 
pigeons (Wolf and Leander 2002). 
 Decision making encompasses a range of different mental processes through which 
motivational processes are integrated with action selection mechanisms to express one 
behavioral output option instead of any of the available alternatives (Doya 2008; Ernst 
and Paulus 2005; Rogers et al. 2011). The Iowa Gambling Task (IGT) is a widely used 
decision making task in humans. In this task, participants have to accumulate money, 
by choosing cards from four decks that vary in both the size and probability of gains 
and losses (Bechara et al. 1994). Unbeknownst to the participants, the two decks that 
initially appear most attractive (by producing higher gains), are the least profitable in 
the long run, since they also produce higher losses. The optimal strategy is therefore 
to choose cards from the decks associated with small gains and also smaller penalties. 
In this way, the IGT reflects various components of real-life decision making as it 
incorporates the unpredictability of the consequences of a choice, the need to weigh 
short- and long-term gains and losses, and the necessity to exert behavioral control 
to maximize gains in the long-term. The rat gambling task (rGT) is a rodent model of 
decision making which integrates these concepts of decision making (Zeeb et al. 2009; 
Zeeb and Winstanley 2011). In the rGT, rats are confronted with multiple response 
options that differ in the probability and magnitude of food rewards and punishments. 
The schedules are designed such that persistent choice of options linked with larger 
rewards result in fewer food pellets earned per unit time. To maximize the total net gain, 
rats must learn to avoid the risky response options that are associated with larger food 
rewards, but also with longer and more frequent punishment time-outs, similar to the 
optimal strategy in the IGT. 

Scope of the thesis 

Social experiences early in life are of major importance for proper behavioral 
development. Conversely, social insults during development can profoundly influence 
behavior throughout life and create a predisposing factor for psychopathology. 
The overall aim of this thesis is to enhance our understanding of the neurobiology 
of adolescent social behavior and its importance for behavioral development. The 
first chapters focus on social play, the most characteristic social activity in children 
and young mammals, and its relationship with reward and addiction. To study 
different aspects of cognitive control, translational paradigms to measure two 
dimensions of impulsivity and decision making are introduced in the following 
chapters. To directly assess the role of social experience during youth in neural and 
behavioral development, the next two chapters deal with the long-term effects of a 
disrupted adolescent social development on cognitive control, prefrontal function and 
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vulnerability for drug addiction.
In chapter 2, the rewarding properties and recent advances in the neuropharmacology 
of social play are reviewed. The modulatory role of neurotransmitter systems implicated 
in the motivational, pleasurable and cognitive aspects of natural and drug rewards, such 
as opioids, endocannabinoids, dopamine and noradrenaline, in social play is presented. 
In humans, the widely used addictive substances tobacco and alcohol by adolescents are 
associated with their prosocial effects. In Chapter 3, the role of opioid, cannabinoid, 
and dopaminergic neurotransmission in the prosocial effects of nicotine and ethanol 
in adolescent rats are demonstrated. Since the anxiolytic-like properties of nicotine 
and ethanol have been implicated in tobacco and alcohol use, the effects on social play 
behavior in a familiar or unfamiliar environment are investigated and compared with 
the prototypical anxiolytic drug diazepam. 
Chapter 4 presents an overview of the relationship between adolescent social behavior 
and drug addiction in clinical and preclinical studies. The rewarding and motivational 
properties of social interactions, the effects of drugs of abuse on adolescent social 
behavior as well as the role of social factors in the vulnerability for drug addiction will 
be described. 
Chapter 5 describes the effectiveness of amphetamine and selective inhibitors of 
the reuptake of dopamine (GBR12909), noradrenaline (atomoxetine) or serotonin 
(citalopram) in the two main behavioral dimensions of impulsivity, i.e., impulsive action 
(5-CSRTT) and impulsive choice (DRT), in rats to characterize the role of monoamine 
neurotransmission in impulsive behavior. 
Chapter 6 deals with the effectiveness of amphetamine and selective inhibitors of 
the reuptake of dopamine (GBR12909), noradrenaline (atomoxetine) or serotonin 
(citalopram) and combined administration on decision making in the rGT. Since clinical 
studies suggest that exaggerated impulsivity is associated with decision making deficits, 
we also assessed the relationship between decision making and impulsive action by 
comparing their neuropharmacological modulation in the rGT.
Chapter 7 presents the long-term effects of a disrupted social development induced 
by early adolescent social isolation on adult cognitive performance. Since frontal 
cortical regions, that are essential for proper cognitive functioning, continue to mature 
throughout the adolescent period, long-lasting cellular and synaptic changes in adult 
medial prefrontal cortex pyramidal neurons following early adolescent social isolation 
are shown. 
To examine the consequences of early adolescent social isolation on the vulnerability 
for drug addiction, chapter 8 presents the effects of social isolation on acquisition, 
extinction and relapse of cocaine self-administration. Moreover, sucrose taking and 
reversal learning are presented to examine reinforcer specificity of the observed effects, 
as well as behavioral flexibility. 
The main findings and implications of the experiments reported in chapter 2-8  
will be summarized and discussed in chapter 9. 
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Abstract

Like human children, most young mammals devote a significant amount of time and 
energy playing together, and social play is fun. Although social play is very pleasurable, 
it is more than just a frivolous activity: it is critical for the development of behavioral 
flexibility, the acquisition of social and cognitive competence and the maintenance of 
group cohesion. Social play is a natural reinforcer, and the neurotransmitter systems 
intimately implicated in the motivational, pleasurable and cognitive aspects of natural 
and drug rewards, such as opioids, endocannabinoids, dopamine and noradrenaline, 
play an important modulatory role in the performance of social play. In this review, we 
will address the notion that social play is rewarding, and discuss recent developments 
in the neuropharmacology of this behavior. This provides a framework to understand 
how the brain processes social emotions, to make young individuals enjoy social play.
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Introduction

Social behaviors, such as affiliative, sexual, parental and aggressive territorial behaviors 
are an integral part of the mammalian behavioral repertoire essential for survival of 
the individual, group or species. Social play behavior, also referred to as rough-and-
tumble play, is the earliest form of mammalian social behavior that is not directed at 
the mother, but at peers (Panksepp et al. 1984; Pellis and Pellis 2009; Vanderschuren et 
al. 1997). Similar to human children, most young mammals spend a substantial part 
of maturation engaging in play with peers, such as running, chasing, climbing and 
play fighting. The ability to engage in social play is one of the principal indicators of 
healthy development, both in animals and humans. Conversely, social play deficits are 
a core symptom of neuropsychiatric disorders in childhood and adolescence, such as 
autism, early-onset schizophrenia and attention-deficit/hyperactivity disorder (ADHD) 
(Alessandri 1992; Jordan 2003; Moller 2000).
 ‘Playing’ and ‘having fun’ are almost synonymous. Indeed, perhaps the most prominent 
characteristic of social play is its high reward value (Panksepp et al. 1984; Pellis and 
Pellis 2009; Vanderschuren et al. 1997). However, although there seems to be no obvious 
direct function of play other than having fun, social play does have clear benefits. By 
varying, repeating, and/or recombining subsequences of behavior outside their primary 
context, play serves to develop physical, cognitive and social capacities, especially to 
acquire the ability to flexibly use these capacities under changeable circumstances (Pellis 
and Pellis 2009; "pinka et al. 2001). More specifically, play experience in a social context 
is crucial for the development of normal socio-affective responses and to acquire social 
skills (Van den Berg et al. 1999b; Von Frijtag et al. 2002). Social play may also serve 
to facilitate the development of other, non-social, cognitive capacities. Besides these 
developmental functions, social play has stress-reducing effects and serves to maintain 
group cohesion (Pellis and Pellis 2009). These latter properties, as well as maintenance 
of the skills previously acquired through play, are probably the functions of social play 
behavior in adult animals (Pellis and Pellis 2009).
 Social play is characterized by its vigorous appearance, exaggerated forms of behavior 
and high level of affiliation. The most detailed and extensive experimental research 
investigating mammalian social play has been performed in the laboratory rat (Rattus 
norvegicus) (Panksepp et al. 1984; Pellis and Pellis 2009; Siviy 1998; Vanderschuren 
et al. 1997). As in almost every mammalian species studied, rats engage in social play 
according to an inverted U-shaped curve in ontogeny, peaking during the juvenile 
period and then falling off around puberty (Panksepp et al. 1984; Pellis and Pellis 2009; 
Vanderschuren et al. 1997). Patterns of adult affiliative, sexual and aggressive behavior 
can be recognized in social play, although young and adult social behavior differ in 
intensity, form and contextual settings (Pellis and Pellis 2009; Vanderschuren et al. 
1997). In rats, a bout of social play behavior starts with one rat soliciting (‘pouncing’) 
another animal, by attempting to nose or rub the nape of its neck (Figure 1a). The 
animal that is pounced upon can respond in different ways: if the animal fully rotates to 
its dorsal surface, ‘pinning’ is the result (Figure 1b). 
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Pinning is regarded as the most characteristic posture in social play in rats. As rats mature 
into adulthood, the structure of social play changes. Most prominently, the response 
to pouncing with full rotation to the dorsal surface (resulting in pinning) occurs less 
and is replaced by evasions and partial rotations (Pellis and Pellis 2009). See Box 1 for a 
detailed description of the different components of social play behavior in rats. 
 Just like other naturally rewarded behaviors that are important for development 
and survival, such as feeding, drinking, and sexual behavior, social play is a reinforcer 
both in rats and  non-human primates (Calcagnetti and Schechter 1992; Crowder and 
Hutto 1992; Douglas et al. 2004; Falk 1958; Humphreys and Einon 1981; Ikemoto and 
Panksepp 1992; Mason et al. 1963; Normansell and Panksepp 1990; Thiel et al. 2008; 
-2009; Trezza et al. 2009a; Van den Berg et al. 1999b). Research into the neurobiological 
underpinnings of social play behavior has provided a substantial body of evidence 
that it is modulated by the neural systems that also mediate the positive subjective and 
motivational properties of food, sex and drugs of abuse. 
In this review we provide an overview of recent advances in the neuropharmacology of 
social play behavior. We will restrict ourselves to studies in rats, since the vast majority 
of pharmacological studies on social play behavior has been performed in this species 
(see Cheng and Delville 2009; Guard et al. 2002 for examples of pharmacological studies 
in hamsters and monkeys). We will focus on opioids, cannabinoids, dopamine and 
noradrenaline, the neurotransmitter systems that modulate the rewarding, motivational 
and cognitive aspects of this behavior (Table 1). Comprehensive overviews of 
pharmacological studies on social play, addressing the role of other neurotransmitters, 
such as gamma aminobutyric acid (GABA), acetylcholine and adenosine, can be found 
in previous reviews (Siviy 1998; Vanderschuren et al. 1997).

Rewarding properties of social play 

The earliest demonstrations of social reinforcement come from studies in primates, 
which showed that a chimpanzee learned a discrimination task that was rewarded by the 
opportunity to groom the experimenter (Falk 1958). The reinforcing properties of social 
play were subsequently shown by Mason et al. (1963). In this study, chimpanzees had the 
choice of pressing one of two levers. Pressing one lever produced food and pressing the 

Figure 1 !e most characteristic postures of social play in young rats. A: Pouncing; B: Pinning. For a detailed 
description of the di#erent components of social play behavior in rats see Box 1
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other lever produced social interaction. The experimenters manipulated the incentive 
value of the food reward by testing the animals when hungry or sated, or by offering 
foods of different palatability. The social interaction on offer was either petting or play. 
Food was chosen more often when the animals were hungry and when the available food 
was highly preferred. Of the social behaviors, play was more reinforcing than petting. 
Intriguingly, even when the animals were tested hungry, they chose play on almost half 
of the occasions. When tested sated and foods of different palatability were offered, 
the animals still chose play on half the occasions, even when the food reinforcer was 
highly palatable. This pioneering study showed that social play is a powerful reinforcer 
in chimpanzees, comparable to tasty food. Rewarding properties of social play behavior 
in rats have since then been demonstrated using both T-maze discrimination tasks 
(Humphreys and Einon 1981; Ikemoto and Panksepp 1992; Normansell and Panksepp 
1990) and place conditioning (Calcagnetti and Schechter 1992; Crowder and Hutto 
1992; Douglas et al. 2004; Thiel et al. 2008; -2009; Trezza et al. 2009a; Van den Berg et 
al. 1999b). Rats will readily learn a T-maze discrimination task when rewarded with a 
social interaction, most prominently social play. Indeed, interactions with a partner 
that has been rendered non-playful (but not non-social) by physical confinement or 
drug treatment are less rewarding than playful social interactions (Humpreys and Einon 
1981). It has repeatedly been shown that social play behavior can induce conditioned 
place preference (Calcagnetti and Schechter 1992; Crowder and Hutto 1992; Douglas et 
al. 2004; Thiel et al. 2008; -2009; Trezza et al. 2009a; Van den Berg et al. 1999b). 

Behavior Description

Pouncing Nuzzling the nape of the conspeci$c’s neck with the tip of the snout 
followed by a rubbing movement (Figure 1a)

Evasion Upon solicitation, the recipient animal avoids contact with the nape by 
leaping, running, or turning away from the partner 

Partial Rotation Upon contact of the nape, the recipient animal begins to rotate along its 
longitudinal axis, but then stops and keeps one or both hind feet $rmly 
planted on the ground

Pinning Upon contact of the nape, the recipient animal fully rotates around the 
longitudinal axis of its body, ending in a supine position with the other 
subject standing over it (Figure 1b)

Boxing/Wrestling Rearing in an upright position towards the other subject combined 
with rapidly pushing, pawing, and grabbing at each other, or wrapping 
around the other subject

Following/Chasing Moving or running forward in the direction of or pursuing the other 
subject, who moves away

Social exploration Sni%ng, licking or grooming any part of the body of the test partner, 
including the anogenital area

Box 1 Ethogram of the social repertoire of young rats
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Place conditioning studies have provided further evidence that it is indeed social play, 
rather than social interaction in general, that is rewarding, because interactions with 
non-playful animals did not induce conditioned place preference (Calcagnetti and 
Schechter 1992; Trezza et al. 2009a). In addition, it has been shown that the positive 
subjective properties of cocaine or nicotine and social play can act synergistically, even 
if social play is reduced by these drugs (Thiel et al. 2008; -2009). 
 Another line of empirical evidence to support the notion that social play is rewarding 
comes from studies showing that during social play, rats emit high-frequency (~50 kHz) 
vocalizations (Burgdorf et al. 2008), that are also emitted during other pleasurable events, 
such as sexual behavior and drug-induced conditioned place preference. Together, these 
data indicate that social play is rewarding, in the sense that it can be used as an incentive 
for maze learning, lever pressing and place conditioning, paradigms that have been 
widely used to study the rewarding properties of food, sex and drugs.

Neuropharmacology of social play 

Opioids
The idea that the endogenous opioid system is involved in the modulation of social play 
behavior emerged from the “opioid theory of social behavior” postulated in the early 
1980’s (Panksepp et al. 1985). Based on putative analogies between social bond formation 
and opiate addiction, the core of this theory was that the pleasurable aspects of social 
behaviors are mediated by activation of the endogenous opioid system. Experimental 
support for this theory came from studies showing that endogenous opioids mediate 
infant attachment behavior and the rewarding properties of mother-related stimuli, 
sexual behavior, social behavior, and social play (Depue and Morrone-Strupinsky 
2005). Opioids modulate social play through &- and '-opioid receptors, with opposite 
behavioral outcomes. Thus, low doses of morphine, preferably acting on &-opioid 
receptors, enhanced social play behavior in adolescent rats, whereas the non-selective 
opioid receptor antagonist naloxone suppressed it (Beatty and Costello 1982; Panksepp 
et al. 1985; Trezza and Vanderschuren 2008a; -2008b; 2009; Vanderschuren et al. 1995a; 
-1995b). Interestingly, the play-enhancing effect of morphine has been demonstrated 
in primates as well (Guard et al. 2002). More selective &-opioid receptor agonists 
and antagonists also increased and decreased social play, respectively (Vanderschuren 
et al. 1995c; -1997). Conversely, activation of '-opioid receptors decreased social 
play, whereas (-opioid receptor stimulation had no effects (Vanderschuren et al. 1995c). 
Noteworthy, opioids selectively increased social play without altering its sequential 
structure, and with no changes in locomotor activity or social behaviors unrelated to 
play (Vanderschuren et al. 1995a). 
 The endogenous opioid system is a key regulator of reward processes, and as outlined 
above, social play is a highly rewarding activity. Both natural and drug rewards can 
be dissociated in terms of their motivational (“wanting”), hedonic (“liking”) and 
cognitive (“learning”) properties (Berridge and Kringelbach 2008; Berridge et al. 
2009). The experimental setups that are commonly used to study social play behavior 
in adolescent rats do not allow for an accurate distinction between these components 
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of social play. However, the available data suggest that opioids increase the hedonic 
properties of social play, rather than its motivational aspects. First, neither morphine 
nor naloxone affected play motivation in a social play-rewarded T-maze task.  
However, morphine increased and naloxone decreased the amount of social play 
performed in the goal box of the T-maze (Normansell and Panksepp 1990). Second, 
in line with the idea that dopaminergic neurotransmission mediates the incentive 
motivational properties of rewards (Barbano and Cador 2007; Berridge 2007;  
Kelley et al. 2005), whereas the endogenous opioid system also mediates their  
hedonic, pleasurable properties (Barbano and Cador 2007; Berridge and Kringelbach 
2008; Berridge 2007; Kelley et al. 2005), the increase in social play induced by 
morphine was blocked by pre-treatment with naloxone, but unaffected by the 
dopamine receptor antagonist alpha-flupenthixol (Trezza and Vanderschuren 2008a). 
Third, opioid activity within the nucleus accumbens is thought to modulate the 
hedonic properties of food, whereas in the ventral tegmental area, opioids might 
enhance its motivational properties by indirectly stimulating mesolimbic dopaminergic 
neurotransmission (Barbano and Cador 2007; Berridge and Kringelbach 2008;  
Berridge 2007; Kelley et al. 2005). In keeping with the notion that opioids modulate 
the hedonic, rather than the motivational aspects of social play, it has been shown 
that during social play, endogenous opioid activity was increased in the nucleus 
accumbens but not in the ventral tegmental area (Vanderschuren et al. 1995d). 
 Neither morphine nor naloxone affected the rate of learning in the social play-
rewarded T-maze task (Normansell and Panksepp 1990), but opioid neurotransmission 
could possibly modulate some of the cognitive aspects of social play. Indeed, treatment 
with either a low dose of morphine or with the '-opioid receptor antagonist nor-
binaltorphimine attenuated the transient reduction in social play induced by a novel 
environment, suggesting that opioids induce a shift in selective attention due to altered 
integration of sensory information (Vanderschuren et al. 1995b; -1995c; -1997). 
In conclusion, there is a great deal of evidence to support an important role for the 
endogenous opioid system in the hedonic, and possibly cognitive, aspects of social play 
behavior. 

Cannabinoids
Cannabinoid neurotransmission can have both positive and negative effects on social 
play behavior in adolescent rats, depending on how the endocannabinoid system is 
stimulated. Activation of CB1 cannabinoid receptors with direct cannabinoid agonists 
reduced social play behavior in rats (Trezza and Vanderschuren 2008a; -2008b; -2009), 
which is consistent with demonstrations that direct cannabinoid receptor agonists 
reduce social interaction in rats (Genn et al. 2004; Van Ree et al. 1984). In contrast, 
indirect cannabinoid agonists, which enhance endocannabinoid activity by interfering 
with endocannabinoid degradation or reuptake (Pacher et al. 2006), increased social 
play (Trezza and Vanderschuren 2008a; -2008b; -2009). 
 The explanation for these seemingly paradoxical effects of direct and indirect 
cannabinoid agonists on social play probably lies in the peculiar properties of 
endocannabinoid neurotransmission. Endocannabinoids are synthesized and released 
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on-demand following neuronal depolarization (Pacher et al. 2006). Thus, inhibiting 
their deactivation prolongs endocannabinoid signaling in active synapses only, 
preserving the spatiotemporal specificity of endocannabinoid activity. The effects 
of indirect cannabinoid agonists therefore suggest that, during social play, 
endocannabinoids are released in brain areas mediating this behavior. This 
endocannabinoid activity facilitates social play, so that drugs that prevent 
endocannabinoid degradation enhance play behavior by prolonging and magnifying 
endocannabinoid tone. Conversely, direct cannabinoid agonists may also stimulate 
CB1 cannabinoid receptors in brain areas where increased cannabinoid activity inhibits 
social play, for example through the well-known disruptive effects of cannabinoid 
agonists on working memory and behavioral flexibility (Egerton et al. 2006), causing 
a cognitive state that is incompatible with the adequate execution of complex social 
acts. Indeed, consistent with the notion that cannabinoid agonists disrupt cognition in 
the social domain, direct activation of CB1 cannabinoid receptors has been shown to 
impair social memory (Schneider and Koch 2002).
 Regarding the mechanisms underlying cannabinoid modulation of social play, an 
interesting interaction between opioid and cannabinoid neurotransmission has emerged. 
The effects of indirect cannabinoid agonists on social play were not only blocked by 
the CB1 cannabinoid receptor antagonist SR141716A, but also by naloxone. 
Conversely, the play-enhancing effects of morphine were attenuated by both naloxone 
and SR141716A (Trezza and Vanderschuren 2008a). Thus, opioid-cannabinoid 
interactions, which play an important role in both drug and food reward (Fattore 
et al. 2004; Solinas and Goldberg 2005), also mediate social reward. The effects 
of endocannabinoids and opioids on social play, however, are not identical. At the 
behavioral level, endocannabinoids enhanced the responsiveness to play solicitation, 
but only when reciprocated by an equally socially motivated partner, suggesting that the 
increase in social play caused by augmented endocannabinoid activity was influenced 
by the level of social activity of the test partner. However, this was not the case for 
morphine, which enhanced social play independent of the playful responsiveness of 
the test partner (Trezza and Vanderschuren 2008b). At the pharmacological level, 
indirect cannabinoid agonists enhanced social play through a dopamine-dependent 
mechanism, while the effect of morphine on social play was dopamine-independent 
(Trezza and Vanderschuren 2008a). Interestingly, while cannabinoid neurotransmission 
was involved in the play-enhancing effects of both nicotine and ethanol (Trezza et al. 
2009b), ethanol-induced stimulation of social interactions had opioid-dependent and 
opioid-independent components (Trezza et al. 2009b; Varlinskaya and Spear 2009). 
This further supports the notion that cannabinoid  and opioid neurotransmission 
interact in the modulation of social play, but through distinct behavioral and neural 
mechanisms. 

Dopamine
Because social play is a natural reward, one would expect that drugs that increase 
dopaminergic neurotransmission enhance social play. However, the role of 
dopaminergic neurotransmission in the modulation of social play is less straightforward 
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than expected. Dopamine receptor antagonists reduced social play (Beatty et al. 1984, 
Niesink and Van Ree 1989; Trezza and Vanderschuren 2009), whereas both increases 
and decreases in social play have been reported after treatment with dopamine receptor 
agonists, the reported increases being very modest (Beatty et al. 1984; Siviy et al. 1996; 
Vanderschuren et al. 2008). The psychostimulants amphetamine, methylphenidate 
and cocaine, which indirectly increase dopaminergic neurotransmission by inhibiting 
dopamine reuptake, suppressed social play (Beatty et al. 1982; -1984; Thiel et al. 2008; 
Thor and Holloway 1983; Vanderschuren et al. 2008). However, these drugs also 
inhibit the reuptake of noradrenaline and serotonin, so that neurotransmitters other 
than dopamine might underlie their effects on social play. Indeed, as outlined below, 
the play-suppressant effects of methylphenidate are dependent on noradrenergic 
neurotransmission. Furthermore, selective inhibitors of noradrenaline and serotonin 
uptake reduced social play (Homberg et al. 2007; Vanderschuren et al. 2008), whereas 
selective blockade of dopamine reuptake did not affect social play (Vanderschuren et al. 
2008). Because increases in forebrain dopamine turnover have been found during social 
play (Panksepp 1993), it is possible that dopamine signalling is optimal when social play 
is performed, so that further stimulation of dopaminergic neurotransmission does not 
necessarily result in increased social play. These findings are reminiscent of studies on 
eating, which generally report that in a free feeding situation, changes in dopaminergic 
neurotransmission do not alter food intake. Dopaminergic modulation of feeding only 
emerges when the motivational properties of feeding are explicitly addressed (Barbano 
and Cador 2007; Berridge and Kringelbach 2008; Berridge 2007; Kelley et al. 2005). 
The modulatory role of dopaminergic neurotransmission in social play is further 
supported by data showing that the increase in social play induced by endocannabinoids, 
nicotine and ethanol depended on dopaminergic neurotransmission (Trezza and 
Vanderschuren 2008a; Trezza et al. 2009). 

Noradrenaline
Social play behavior is affected by several drugs that target noradrenergic 
neurotransmission. Early studies have shown that the non-selective adrenoceptor agonist 
ephedrine, the )-adrenoceptor antagonist phenoxybenzamine, the *-adrenoceptor 
antagonist propranolol, the )-1 adrenoceptor antagonist prazosin and the )-2 
adrenoceptor agonist clonidine strongly decreased social play (Beatty et al. 1984; 
Normansell and Panksepp 1985; Siviy et al. 1994). These findings should, however, be 
interpreted with caution, for two reasons. First, quite high doses of the drugs were used, 
which makes it difficult to disentangle specific drug effects on play from more general 
changes in locomotion or arousal. Second, neurochemical specificity has so far only 
been demonstrated only for clonidine and prazosin, the effects of which were partially 
antagonized by the )-2 adrenoceptor antagonist yohimbine and the )-1 adrenoceptor 
agonist St-587, respectively (Normansell and Panksepp 1985; Siviy et al. 1994). 
 More information about the role of noradrenergic neurotransmission in social play 
has come from studies with indirect noradrenergic agonists. Particularly interesting 
are the effects of the psychostimulant methylphenidate, the first-choice medication for 
attention-deficit/hyperactivity disorder (ADHD). Similar to amphetamine (Beatty et  
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al. 1982; -1984; Thor and Holloway 1983), methylphenidate suppressed social play 
behavior, at doses that did not affect locomotor activity or social behavior in general 
(Beatty et al. 1984; Thor and Holloway 1983; Vanderschuren et al. 2008). Methylphenidate 
reduced both the initiation to play and the responsivity to play initiation, without 
inducing tolerance or sensitization (Vanderschuren et al. 2008). 

Table 1 E#ects of opioid, cannabinoid, dopaminergic and noradrenergic drugs on social play behavior 
in adolescent rats
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The fact that methylphenidate suppressed social play independently of the baseline 
levels of play (Vanderschuren et al. 2008) suggests that the effects of this drug on  
social play cannot be explained by a rate-dependency hypothesis. A more likely 
explanation is that methylphenidate reduced social play through a mechanism responsible 
for its therapeutic efficacy in ADHD, such as by improving behavioral inhibition 
(Aron et al. 2003), thus suppressing energetic behaviors that are associated with 
reduced attention for the environment. The effects of methylphenidate on social 
play were mediated by a noradrenergic mechanism: they were mimicked by the 
selective noradrenaline uptake inhibitor atomoxetine, which is also used for the 
treatment of ADHD, but neither by a dopamine reuptake inhibitor nor by a dopamine 
receptor agonist (Vanderschuren et al. 2008). Furthermore, the play-suppressant 
effects of methylphenidate and atomoxetine were blocked by the )-2 adrenoceptor 
antagonist RX821002, but the effects of methylphenidate were not antagonized  
by blockade of )-1 adrenergic, *-adrenergic or dopamine receptors (Vanderschuren 
et al. 2008). 

Concluding remarks

Social play behavior is a specific category of social interaction that is most abundant 
between weaning and puberty (Panksepp et al. 1984; Pellis and Pellis 2009; 
Vanderschuren et al. 1997). It is of great importance for the development of a flexible 
behavioral repertoire, in both social and non-social domains, as well as for the 
maintenance of group cohesion (Pellis and Pellis 2009; "pinka et al. 2001). Social play is 
highly rewarding (Calcagnetti and Schechter 1992; Crowder and Hutto 1992; Douglas  
et al. 2004; Falk 1958; Humphreys and Einon 1981; Ikemoto and Panksepp 1992;  
Mason et al. 1963; Normansell and Panksepp 1990; Thiel et al. 2008; -2009; Trezza 
et al. 2009a; Van den Berg et al. 1999b). A number of neurotransmitter systems has  
been implicated in reward processes, with some specificity in the subcomponents 
of reward they modulate (hedonics, motivation, cognition). Dopaminergic 
neurotransmission is important for the motivational properties of rewards, whereas 
opioids and cannabinoids, depending on their neural site of action, mediate both 
hedonics and motivation (Barbano and Cador 2007; Berridge and Kringelbach 2008; 
Berridge 2007; Kelley et al. 2005). Cognitive properties of rewards are modulated, 
on different neural levels, by opioids, cannabinoids, dopamine and noradrenaline. 
 These neurotransmitter systems have also been implicated in social play behavior.
Stimulation of mu-opioid receptors enhances social play, most likely through an 
increase in its hedonic properties (Normansell and Panksepp 1990; Panksepp et al. 1985; 
Vanderschuren et al. 1995a; -1995c). Enhancing endocannabinoid neurotransmission 
also stimulates social play, and blockade of CB1 cannabinoid receptors attenuates the 
play-stimulating effects of morphine, ethanol and nicotine (Ttezza and Vanderschuren 
2008a; -2008b; -2009; Trezza et al. 2009). Akin to the neuropharmacological modulation 
of food and drug reward (Fattore et al. 2004; Solinas and Goldberg 2005), opioid and 
cannabinoid neurotransmission interact in the modulation of social play behaviour 
(Trezza and Vanderschuren 2008a). What still needs to be determined is whether these 
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opioid-cannabinoid interactions involve cannabinoid-induced synthesis and release 
of endogenous opioids (or vice versa), converging intracellular signal transduction 
pathways through competition for the same pool of Gi-proteins, or direct CB1-& receptor 
heterodimerization at the level of the cell membrane (Vigano et al. 2005). Dopaminergic 
neurotransmission modulates the augmenting effects of endocannabinoids, ethanol 
and nicotine (but remarkably, not opioids) on play (Trezza and Vanderschuren 
2008a; Trezza et al. 2009). Last, both noradrenergic (Vanderschuren et al. 2008) and 
opioid neurotransmission (Vanderschuren et al. 1995b; -1995c) have been suggested 
to modulate certain cognitive aspects of the performance of social play behavior. 
The effect of methylphenidate on social play, mediated through )-2 adrenoceptors, 
may be the result of improved behavioral inhibition, causing attenuation of vigorous 
patterns of behavior that are accompanied by reduced attention for the environment. 
Somewhat related, the role of &- and '-opioid receptors in reducing the suppression of 
social play in a novel environment could be the result of a redistribution of attentional 
resources, shifting behavior away from exploring a novel environment (and its 
potential threats and opportunities) towards engaging in a pleasurable interaction 
with a conspecific. Indeed, opioid neurotransmission does play a role in the 
modulation of attention and working memory (Iordanova et al. 2006; Itoh et al. 1994), 
which may underlie these effects.
 There are two particular lines of research that are essential to fill in the gaps of knowledge. 
First, although systemic pharmacological studies can be suggestive of the brain regions and 
circuits involved, our knowledge of the neuroanatomy of social play behavior is still limited 
(Vanderschuren et al. 1997). Second, although the hypotheses that opioid, dopaminergic, 
cannabinoid and noradrenergic neurotransmission, mediate the hedonic, motivational 
and cognitive properties of social play, is very appealing, these hypotheses should 
be tested using behavioral tasks that specifically measure these distinct aspects of social 
play.
 To conclude, our knowledge of the neural mechanisms of social play behavior has 
markedly increased over the past decades, showing that neurotransmitter systems 
involved in food and drug reward also modulate the positive subjective properties 
of social play. Elucidating the neural substrates of social play behavior and its 
rewarding properties will help us to understand how positive social signals are processed 
in the brain. Furthermore, comparing the neurobiology of the hedonic, motivational 
and cognitive aspects of natural (food, sex, social play) and artificial rewards (drugs of 
abuse) will shed light on how different rewards exert their effects on behavior through 
common and unique neural pathways. Last, understanding the neurobiology of social 
play behavior might contribute to the development of novel treatments for psychiatric 
disorders in which social play is impaired, such as autism, early-onset schizophrenia 
and ADHD (Alessandri 1992; Jordan 2003; Moller and Husby 2000). 
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Abstract

The widespread use of tobacco and alcohol among adolescents might be related to 
the ability of nicotine and ethanol to facilitate social interactions. To investigate the 
neurobehavioral mechanisms underlying the prosocial effects of nicotine and ethanol, 
we focused on social play behavior, the most characteristic social activity in adolescent 
rats. Social play behavior is rewarding, and it is modulated through opioid, cannabinoid 
and dopaminergic neurotransmission, which are also involved in the reinforcing 
properties of nicotine and ethanol. We found that nicotine and ethanol increased social 
play, without affecting locomotion or social exploration. Their effects depended on the 
level of social activity of the partner, and were comparable in familiar and unfamiliar 
environments. At doses that increased social play, nicotine and ethanol had no anxiolytic 
effects in the elevated plus-maze. By contrast, the prototypical anxiolytic drug diazepam 
reduced social play at doses that reduced anxiety. The effects of nicotine on social play 
were blocked by the opioid receptor antagonist naloxone, the CB1 cannabinoid receptor 
antagonist SR141716A, and the dopamine receptor antagonist alpha-flupenthixol. 
The effects of ethanol were blocked by SR141716A and alpha-flupenthixol, but not 
by naloxone. Combined administration of subeffective doses of nicotine and ethanol 
only modestly enhanced social play. These results show that the facilitatory effects of 
nicotine and ethanol on social play are behaviorally specific and mediated through 
neurotransmitter systems involved in positive emotions and motivation, through 
partially dissociable mechanisms. Furthermore, the stimulating effects of nicotine and 
ethanol on social play behavior are independent of their anxiolytic-like properties.
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Introduction

Tobacco and alcohol, alone or in combination, are widely used by adolescents. 
The initial motivation to use these drugs is closely linked to the social context. 
At this age, peer pressure plays a crucial role in the initiation of smoking and drinking. 
In addition, it is a common belief that these drugs facilitate interaction with peers, 
peer acceptance and group cohesion; in other words, meeting up with friends is more 
fun when cigarettes and alcohol are available. Studies in rodents have supported this 
notion, by showing that low doses of nicotine (Cheeta et al. 2001a; -2001b) and ethanol 
(Varlinskaya et al. 2001; Varlinskaya and Spear 2002; -2006) increase social behavior 
in adolescent and adult rats. However, the neurobehavioral mechanisms underlying 
nicotine- and ethanol-induced social facilitation are incompletely understood. 
To address this issue, we investigated the effects of nicotine and ethanol on social play 
behavior in adolescent rats.
 Social play behavior is the most vigorous form of social interaction displayed by 
adolescent mammals. It is strongly conserved in evolution and it is of major importance 
for social and cognitive development (Fagen 1981; Vanderschuren et al. 1997; !pinka 
et al. 2001). For example, social isolation during adolescence, i.e. depriving the animals 
of social play, induces several behavioral impairments in adulthood, particularly in 
the social domain (Potegal and Einon 1989; Hol et al. 1999; van den Berg et al. 1999a; 
-1999b). Consistent with its importance for development and survival, social play is 
rewarding in adolescent rats: it can be used as a positive incentive for maze learning 
(Humphreys and Einon 1981; Normansell and Panksepp 1990) and place conditioning 
(Calcagnetti and Schechter 1992; Douglas et al. 2004; Thiel et al. 2008; Trezza et al. 
2009). Given its rewarding value, it is not surprising that social play is modulated 
through neural systems that also mediate the positive subjective and motivational 
properties of drugs of abuse. For example, we have recently shown that interacting 
opioid, cannabinoid and dopaminergic neurotransmitter systems modulate social 
play behavior (Trezza and Vanderschuren 2008a; 2008b; 2009). Opioid, cannabinoid 
and dopaminergic neurotransmission have been implicated in the reinforcing effects 
of nicotine and ethanol (Van Ree et al. 1999; Di Chiara 2000; Picciotto and Corrigall 
2002; Weiss and Porrino 2002; Laviolette and van der Kooy 2004; Cohen et al. 2005; 
Maldonado et al. 2006; Pierce and Kumaresan 2006; Markou 2008). Therefore, we 
hypothesized that these neurotransmitter systems are also involved in the effects of 
nicotine and ethanol on social play behavior. 
 In humans, the anxiolytic-like properties of nicotine and ethanol have been 
implicated in tobacco and alcohol use. Thus, frequent users report that smoking and 
drinking reduce anxiety and relieve stress (Pomerleau 1986; Gilbert et al. 1989; Kushner 
et al. 1990; -2000; Pomerleau and Pomerleau 1990). Studies in rodents have yielded 
inconsistent results, since both anxiolytic and anxiogenic effects of nicotine and ethanol 
have been reported, depending on the dose, sex, species, strain, the behavioral test used 
and, most importantly, the age of the animals (Cheeta et al. 2001a; Elliott et al. 2004; 
Varlinskaya and Spear 2006). Nevertheless, the social facilitatory effects of nicotine 
and ethanol during adolescence may be the result of the anxiolytic effects of these 
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drugs. To address this issue, we compared the effects of nicotine and ethanol on social 
play behavior in a familiar or unfamiliar environment, as selective increases of social 
behavior in unfamiliar environments indicate anxiolytic effects of drugs (File and Seth 
2003). We also investigated whether doses of nicotine and ethanol that increase social 
play behavior affect behavior in the elevated plus-maze, and compared these effects 
with those of the prototypical anxiolytic drug diazepam. 

Materials and methods

Animals
Male Wistar rats (Charles River, Sulzfeld, Germany) arrived in our animal facility at 
21 days of age and were housed in groups of four in 40 x 26 x 20 (l x w x h) Macrolon 
cages under controlled conditions (temperature 20–21 °C, 55±15 % relative humidity 
and 12/12 h light cycle with lights on at 7.00 a.m.). Food and water were available 
ad libitum. All animals were experimentally naive and were used only once (i.e. different 
groups of rats were used for each experiment). All experiments were approved by the 
Animal Ethics Committee of Utrecht University and were conducted in agreement 
with Dutch laws (Wet op de Dierproeven 1996) and European regulations (Guideline 
86/609/EEC).

Drugs
Nicotine (Sigma-Aldrich, Schnelldorf, Germany) was dissolved in saline and 
administered subcutaneously (s.c.) 10 min before the test. Ethanol (Sigma-Aldrich, 
Schnelldorf, Germany) was administered intraperitoneally (i.p.) 1 h before the test, as 
a 12.6% (v/v) solution in physiological saline. Ethanol doses were varied by changing 
the volume of the 12.6% ethanol solution. The CB1 cannabinoid receptor antagonist 
SR141716A (National Institute of Mental Health’s Chemical Synthesis and Drug Supply 
Program, Bethesda, MD, USA) was dissolved in 5% Tween-80/5% polyethylene glycol/
saline. The nicotinic receptor (nAchR) antagonist mecamylamine hydrochloride 
(Sigma-Aldrich, Schnelldorf, Germany), the opioid receptor antagonist naloxone (Tocris 
Cookson, Avonmouth, UK) and the dopamine receptor antagonist alpha-flupenthixol 
(Sigma-Aldrich, Schnelldorf, Germany) were dissolved in saline. SR141716A (i.p.), 
naloxone (s.c.), mecamylamine (s.c.), and alpha-flupenthixol (i.p.) were administered 
30 min before ethanol and nicotine, respectively. Diazepam (from commercially 
available vials (10 mg/2 ml) of Valium®, Roche, Switzerland) was diluted to the final 
concentration with 5% Tween-80/5% polyethylene glycol/saline, and administered  
i.p. 30 min before test. Since opioid, cannabinoid and dopamine receptor antagonists 
have been shown to reduce social play, we used doses of naloxone, SR141716A and  
alpha-flupenthixol that had no effect on social play by themselves (Trezza and 
Vanderschuren 2009). Except ethanol, solutions were administered in a volume of 2 ml/
kg. Because of the importance of the neck area in the expression of social play behavior 
(Pellis and Pellis 1987), s.c. injections were administered in the flank.
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Social play behavior 
All the experiments were performed in a sound attenuated chamber under dim light 
conditions. The testing arena consisted of a Plexiglas cage measuring 40 x 40 x 60 cm  
(l x w x h), with approximately 2 cm of wood shavings covering the floor. At 26-28 days  
of age, rats were individually habituated to the test cage for 10 min on each of the two 
days prior to testing. In the two experiments where the effects of nicotine and ethanol 
were tested in an unfamiliar environment, the animals were handled, but not habituated 
to the test cages on the two days prior to testing. On the test day, the animals were 
socially isolated for 3.5 h before testing, to enhance their social motivation and thus 
facilitate the expression of social play behavior during testing. This isolation period  
has been shown to induce a half-maximal increase in the amount of social play  
behavior (Niesink and Van Ree 1989; Vanderschuren et al. 1995b; -2008). At the 
appropriate time before testing, pairs of animals were treated with drugs or vehicle.  
In all experiments except for two, both animals of a pair received the same drug 
treatment. The test consisted of placing two animals into the test cage for 15 min.  
The animals in a pair did not differ more than 10 g in body weight and had no previous 
common social experience. The behavior of the animals was videotaped and analysis 
from the video tape recordings was performed afterwards. Coding of the drug solutions 
ensured that both during the experiment and analysis of behavior, the experimenter 
was unaware of the treatment of the animals. Behavior was assessed per pair of animals, 
except in two experiments, where the behavior of both members of a test pair was scored 
separately. For analysis of behavior the Observer 3.0 software (Noldus Information 
Technology B.V. Wageningen, The Netherlands) was used. 
 In rats, a bout of social play behavior starts with one rat soliciting (‘pouncing’) 
another animal, by attempting to nose or rub the nape of its neck. The animal that is 
pounced upon can respond in different ways: if the animal fully rotates to its dorsal 
surface, ‘pinning’ is the result, i.e. one animal lying with its dorsal surface on the floor 
with the other animal standing over it. From this position, the supine animal can  
easily initiate another play bout, by trying to gain access to the other animal’s neck. 
Thus, during social play, pinning, which is considered to be the most obvious posture 
in social play behavior in rats, is not an endpoint, but rather functions as a releaser  
of a prolonged play bout. If the animal that is pounced upon responds by evading,  
the soliciting rat may start to chase it, thus making another attempt to launch a play  
bout (Panksepp et al. 1984; Pellis and Pellis 1987; Vanderschuren et al. 1997).  
The following behaviors were scored per 15 min: frequency of pinning, frequency  
of pouncing, and time spent in social exploration, i.e. sniffing any part of the body 
of the test partner, including the anogenital area. Pinning and pouncing are the  
most characteristic indices of playful social behavior (Panksepp et al. 1984),  
whereas social exploratory behavior is a measure of general social interest. In the 
experiments where both members of a test pair were scored separately, pinning  
or pouncing were scored when the subject pinned or pounced its partner.  
Furthermore, in these experiments play responsiveness was calculated as the probability 
of an animal of being pinned as a result of play solicitation (pouncing) by the test 
partner (Pellis and Pellis 1990; -1991).
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Locomotor activity
To assess whether the effects of ethanol, nicotine and diazepam on social play were 
secondary to changes in locomotor activity, rats were tested, at 28-30 days of age, for 
horizontal locomotor activity in plastic cages (50 x 33 x 40 cm; l x w x h) using a 
video tracking system (EthoVision, Noldus Information Technology B.V. Wageningen, 
The Netherlands), which determined the position of the animal five times per second.  
At the appropriate time before testing, rats were treated with drugs or vehicle and then 
individually transferred from the home cage to the test cage, where locomotor activity 
was monitored for 1h.

Elevated Plus-Maze
To investigate whether doses of nicotine, ethanol and diazepam that affect social play 
also induce changes in anxiety-related behaviors 28-30 day old rats were tested in  
the elevated plus-maze. The elevated plus-maze apparatus consisted of two open 
arms (50 x 10 x 0 cm) and two closed arms (50 x 10 x 40 cm) that extended from a 
common central platform (10 x 10 cm). The apparatus, made of grey Plexiglas, was 
elevated to a height of 60 cm above the floor. A video camera above the maze was 
connected to a video recorder and a television monitor was connected to the video 
recorder. The elevated plus-maze test (Pellow and File 1986) was performed as follows. 
At the appropriate time before testing, rats were treated with drugs or vehicle and then 
individually placed on the central platform facing a closed arm, and a 5-min test period 
was recorded on videotape for subsequent analysis. Behavioral analyses were carried 
out using the Observer 3.0 software (Noldus Information Technology B.V. Wageningen, 
The Netherlands). The following parameters were analyzed: (a) % time spent on the 
open arms (% TO): (seconds spent on the open arms of the maze/300) x 100; (b) % open 
arm entries (% OE): (the number of entries into the open arms of the maze/ number of 
entries into open + closed arms) x 100; (c) number of exploratory head dips (HDIPS) 
made over the edge of the open arms; (d) number of stretched-attend postures (SAP) 
made from the exit of a closed towards an open arm. This exploratory posture is a 
forward elongation of the body, with static hind-quarters, followed by a retraction to 
the original position.

Statistical analysis 
All data were expressed as mean ± SEM. To assess the effects of single or combined 
treatments on social play behavior, data were analyzed using one-way or two-way 
ANOVA, respectively. In the experiments where the two rats in a couple received 
different treatments, the behaviors of the individual animals were analyzed using  
two-way ANOVA, with treatment of the test animal and treatment of the partner as 
factors. To assess the effects of ethanol and nicotine on social play behavior in a familiar 
or an unfamiliar test cage, data were analyzed using two-way ANOVA, with treatment 
and familiarity to the test cage as factors. To assess whether the effects of ethanol and 
nicotine changed over time in animals tested in a familiar or unfamiliar environment, 
the 15 min session was divided in three blocks of 5 min, which were analyzed using  
two-way ANOVA for repeated measures. Parameters measured in the elevated  
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plus-maze were analyzed using one-way ANOVA. Horizontal locomotor activity data 
were divided in four blocks of 15 min, which were analyzed using one-way ANOVA for 
repeated measures. ANOVA’s were followed by Tukey’s post hoc test, where appropriate.

Results 

Effects of nicotine on social play behavior
Nicotine increased the most characteristic parameters of social play behavior.  
At a dose of 0.1 mg/kg, it increased pinning (Figure 1a) and pouncing (Figure 1b).  
In contrast, nicotine did not alter social exploratory behavior (Figure 1c). To investigate 
whether nicotine affected the initiation to play, the responsiveness to play solicitation, 
or both, we performed an experiment in which none, one, or both members of a 
test pair were treated with nicotine. When behavior in this experiment was assessed 
per pair of animals, nicotine increased pinning (Figure 2a) only when both rats in a 
pair were treated. In contrast, nicotine increased pouncing when either one or both 
rats of a pair were treated (Figure 2b). This result was confirmed when behavior of 
individual members of a test pair was scored separately. Pinning was increased only in 
nicotine-treated rats interacting with nicotine-treated partners (Figure 2c). Pouncing 
was increased in all nicotine-treated rats, irrespective of the treatment of the partner 
(Figure 2d). However, nicotine had only an indirect effect on responsiveness to play 
solicitation, as vehicle-treated rats interacting with a nicotine-treated animal showed 
reduced play responsiveness (Figure 2e).

Next, we compared the effects of nicotine on social play in rats tested in a familiar or 
in an unfamiliar environment, to assess whether familiarity to the test cage modulates 
the effects of nicotine on social play behavior. The effects of nicotine on pinning 
(Figure 3a) and pouncing (Figure 3b) were comparable in rats tested in a familiar or 
in an unfamiliar test cage. When behaviors were analyzed in 5 min intervals, nicotine 
increased pinning (Figure 3c) and pouncing (Figure 3d) during the first 5 min of the 
test, both in a familiar and in an unfamiliar test cage. This effect might be the result 

Figure 1 Nicotine (NIC, 0.03-0.1 mg/kg, s.c.) increased pinning ((a) F2,29=4.45, p<0.05) and pouncing ((b) 
F2,29=5.72, p<0.01), without a#ecting social exploration ((c) F2,29=0.19, n.s.). Data represent mean ± SEM 
frequency of pinning and pouncing, and mean ± SEM duration of social exploration. *p<0.05, **p<0.01 vs. 
vehicle group (white bar; Tukey’s post hoc test, n = 10-11 per treatment group)
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of the rapid pharmacokinetic profile of nicotine in rats, where brain levels of nicotine 
peak within approximately 15 min following subcutaneous injection (Matta et al. 2007).

Effects of ethanol on social play behavior
Ethanol increased social play behavior. At a dose of 0.25 g/kg, ethanol increased 
pinning (Figure 4a) and pouncing (Figure 4b), without affecting social exploration 
(Figure 4c). By treating either one or both partners of the test dyad, we next investigated 
whether ethanol affected play initiation, responsiveness to play solicitation, or both.  
When behavior was assessed per pair of animals, ethanol increased pinning  
(Figure 5a) and pouncing (Figure 5b) only when both rats in a pair were treated.  
The analysis of individual animals in each pair confirmed that pinning was increased 
only when both rats in a pair were treated with ethanol (Figure 5c). In contrast, 
pouncing was increased in ethanol-treated rats playing with either ethanol- or with 
vehicle-treated partners (Figure 5d). However, ethanol did not affect responsiveness to 
play solicitation (Figure 5e). Familiarity to the test cage did not influence the effects of 
ethanol on pinning (Figure 6a), but it did influence the effects of ethanol on pouncing, 
as ethanol increased pouncing only in rats that were not habituated to the test cage 
prior to testing (Figure 6b). When behaviors were analyzed in 5 min intervals, pinning 
(Figure 6c) and pouncing (Figure 6d) did not differ between ethanol- and vehicle-
treated rats during any of the 5 min blocks.

Effects of combined exposure to nicotine and ethanol on social play behavior
Functional interactions exist between nicotine and ethanol in the regulation of 
motivational and emotional processes (Abreu-Villaca et al. 2008). These interactions 
have been suggested to play an important role in the combined use of tobacco  
and alcohol. Therefore, we investigated whether nicotine and ethanol also interact  
in the modulation of social play behavior in adolescent rats. Combined treatment 
with subeffective doses of nicotine (0.03 mg/kg) and ethanol (0.125 g/kg) did not  
alter pinning (Figure 7a), but resulted in a small but significant increase in pouncing 
(Figure 7b). 

Pharmacological mechanisms of the effects of nicotine on social play behavior
At a dose that did not affect social play behavior by itself, the nAchR antagonist 
mecamylamine (1 mg/kg, s.c.) blocked the increase in pinning (Figure 8a) and pouncing 
(Figure 8b) induced by nicotine (0.1 mg/kg, s.c.), suggesting that the increase in social 
play induced by nicotine was mediated by activation of nAchRs. The opioid receptor 
antagonist naloxone (1 mg/kg, s.c.) blocked the increase in pinning (Figure 8c) and 
pouncing (Figure 8d) induced by nicotine (0.1 mg/kg, s.c.). Similarly, the effects of 
nicotine on pinning (Figure 8e, g) and pouncing (Figure 8f, h) were blocked by the CB1 
cannabinoid receptor antagonist SR141716A and the dopamine receptor antagonist 
alpha-flupenthixol (0.125 mg/kg, i.p.), respectively. These results suggest that opioid, 
cannabinoid and dopaminergic neurotransmission are involved in the effects of 
nicotine on social play behavior.
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Figure 2 E#ects of nicotine (NIC, 0.1 mg/kg, s.c.) on social play behavior when injected to none, one or 
both partners of the test dyad. When behavior was assessed per pair of animals (a, b), nicotine increased 
pinning ((a) F2,29=8.36, p=0.001) only when both rats in a pair were treated. Conversely, nicotine 
increased pouncing when either one or both rats of a pair were treated ((b) F2,29=13.12, p<0.001). !is 
result was con$rmed when behavior of individual members of a test pair was scored separately. Pinning 
was increased ((c) F(treatment subject)1,56 =9.22, p<0.01; F(treatment partner)1,56 =1.87, n.s.; F(treatment subject x treatment partner) 

1,56 =3.15, p=0.08) only when both rats in a pair were treated with nicotine. Conversely, pouncing was increased 
((d) F(treatment subject)1,56 =25.69, p<0.001; F(treatment partner)1,56 =0.86, n.s.; F(treatment subject x treatment partner)1,56 =0.02, n.s.) in 
nicotine-treated rats interacting either with nicotine- or  vehicle-treated partners. In couples where one rat was 
treated with nicotine and the other one with vehicle, vehicle-treated rats were less responsive to play solicitation 
((e) F(treatment subject)1,56 =0.001, n.s.; F(treatment partner)1,56 =0.59, n.s.; F(treatment subject x treatment partner)1,56 =6.79, p<0.05).  
Data represent mean ± SEM frequency of pinning and pouncing, and mean ± SEM percentage of responses 
to play solicitation. *p<0.05, **p<0.01 vs. couples in which both rats were treated with vehicle (white bar; 
Tukey’s post hoc test, n = 12-24 per treatment group)
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Figure 3 E#ects of nicotine (NIC, 0.1 mg/kg, s.c.) on social play behavior in adolescent rats tested in a familiar 
or an unfamiliar environment. !e e#ects of nicotine on pinning ((a) F(familiarity)1,36 =0.96, n.s.; F(treatment)1,36 =18.66, 
p<0.001; F(familiarity x treatment)1,36 =0.16, n.s.) and pouncing ((b) F(familiarity)1,36 =1.31, n.s.; F(treatment)1,36 =31.72, p<0.001; 
F(familiarity x treatment)1,36 =0.098, n.s.) were comparable in rats tested either in a familiar or unfamiliar test cage.  
When behaviors were analyzed in 5 min intervals, nicotine increased pinning ((c) F(familiarity)1,36 =1.48, n.s.; 
F(treatment)1,36 =3.42, p<0.05; F(familiarity x treatment)1,36 =0.071, n.s.) and pouncing ((d) F(familiarity)1,36 =1.14, n.s.; F(treatment)1,36 
=7.76, p<0.001; F(familiarity x treatment)1,36 =0.86, n.s.) during the $rst 5 min of the test, either in a familiar or unfamiliar 
test cage. Data represent mean ± SEM frequency of pinning and pouncing. *p<0.05, **p<0.01 vs. vehicle-treated 
rats tested in a familiar test cage (striped white bar); $p<0.05, $$p<0.01 vs. vehicle-treated rats tested in an 
unfamiliar test cage (white bar) (Tukey’s post hoc test, n = 10 per treatment group)

Figure 4 Ethanol (EtOH, 0.125-0.5 g/kg, i.p.) increased pinning ((a) F3,29=4.86, p<0.01) and pouncing ((b) 
F3,29=4.16, p<0.05), without a#ecting social exploration ((c) F3,29=0.06, n.s.). Data represent mean ± SEM 
frequency of pinning and pouncing, and mean ± SEM duration of social exploration. *p<0.05 vs. vehicle group 
(white bar; Tukey’s post hoc test, n = 8 per treatment group)
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Pharmacological mechanisms of the effects of ethanol on social play behavior
The opioid receptor antagonist naloxone (1 mg/kg, s.c.) did not block the increase in 
pinning (Figure 9a) and pouncing (Figure 9b) induced by ethanol (0.25 g/kg, s.c.), 
suggesting that the endogenous opioid system is not involved in the effects of ethanol 
on social play. In contrast, the CB1 cannabinoid receptor antagonist SR141716A and the 
dopamine receptor antagonist alpha-flupenthixol completely antagonized the increase 
in pinning (Figure 9c, e) and pouncing (Figure 9d, f ) induced by ethanol (0.25 g/kg, 
s.c.). These results show that both cannabinoid and dopaminergic mechanisms underlie 
the increase in social play induced by ethanol. The nAchR antagonist mecamylamine 
(0.1 mg/kg, s.c.) did not block the increase in pinning (Figure 9g) and pouncing  
(Figure 9h) induced by ethanol, suggesting that nAchRs are not involved in the  
increase in social play induced by ethanol.

Effects of diazepam on social play behavior
The anxiolytic drug diazepam decreased social play behavior. At the dose of 1 mg/
kg, diazepam reduced pinning (Figure 10a) and pouncing (Figure 10b). This effect 
was behaviorally specific, since diazepam increased social exploration: compared to 
vehicle-treated rats, rats treated with 1 mg/kg diazepam spent more time on social 
exploration with their partner (Figure 10c).

Effects of nicotine, ethanol and diazepam in the elevated plus-maze
Diazepam (1 mg/kg, i.p.) induced anxiolytic-like effects in adolescent rats tested in 
the elevated plus-maze. It increased the percentage of time spent in the open arms of 
the maze (Figure 11a) and the percentage of entries into the open arms (Figure 11b). 
Moreover, it increased the number of head dips (Figure 11c) and reduced the frequency 
of stretched attend postures (Figure 11d). None of these parameters was affected by 
nicotine (0.1 mg/kg, s.c.) and ethanol (0.25 g/kg, i.p.) treatment. This suggests that the 
increase in social play induced by nicotine and ethanol is not associated with changes 
in anxiety-like behaviors. Conversely, the decrease in social play induced by diazepam 
is not due to anxiogenic effects of this drug.

Effects of nicotine, ethanol and diazepam on locomotor activity
Nicotine (0.1 mg/kg, s.c.), ethanol (0.25 g/kg, i.p.) and diazepam (1 mg/kg, i.p.) did 
not affect locomotor activity during any of the 15 min intervals of the test (Figure 12). 
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Figure 5 E#ects of ethanol (EtOH, 0.25 g/kg, i.p.) on social play behavior when injected to none, one or both 
partners of the test dyad. When behavior was assessed per pair of animals (a, b), ethanol increased pinning 
((a) F2,45=6.07, p<0.01) and pouncing ((b) F2,45=6.81, p<0.01) only when both rats in a pair were treated.  
!e analysis of individual animals in a pair con$rmed that pinning was increased only when both rats in a pair 
were treated with ethanol ((c) F(treatment subject)1,88 =9.67, p<0.01; F(treatment partner)1,88 =1.15, n.s.; F(treatment subject x treatment 

partner)1,88 =0.36, n.s.). Conversely, pouncing was increased ((d) F(treatment subject)1,88 =22.47, p<0.001; F(treatment partner)1,88 
=0.02, n.s.; F(treatment subject x treatment partner)1,88 =0.23, n.s.) in ethanol-treated rats interacting either with ethanol- or 
vehicle-treated partners. !ere were no changes in play responsiveness a+er ethanol treatment ((e) F(treatment 

subject)1,88 =0.29, n.s.; F(treatment partner)1,88 =2.06, n.s.; F(treatment subject x treatment partner)1,88 =2.03, n.s.). Data represent mean 
± SEM frequency of pinning and pouncing, and mean ± SEM percentage of responses to play solicitation. 
*p<0.05, **p<0.01 vs. couples in which both rats were treated with vehicle (white bar; Tukey’s post hoc test, n 
= 15-31 per treatment group)
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Figure 6 E#ects of ethanol (EtOH, 0.25 g/kg, i.p.) on social play behavior in adolescent rats tested in a 
familiar or an unfamiliar environment. Ethanol increased pinning ((a) F(familiarity)1,36 =0.33, n.s.; F(treatment)1,36 
=16.91, p<0.001; F(familiarity x treatment)1,36 =0.033, n.s.) in rats tested either in a familiar or in an unfamiliar test 
cage, whereas in increased pouncing ((b) F(familiarity)1,36 =9.8, p<0.01; F(treatment)1,36 =17.74, p<0.001; F(familiarity x 

treatment)1,36 =1.52, n.s.) only in rats which were habituated to the test cage prior to testing. When behaviors 
were analyzed in 5 min intervals, pinning ((c) F(familiarity)1,36 =0.63, n.s.; F(treatment)1,36 =1.7, n.s.; F(familiarity x treatment)1,36 
=0.071, n.s.) and pouncing ((d) F(familiarity)1,36 =0.089, n.s.; F(treatment)1,36 =1.39, n.s.; F(familiarity x treatment)1,36 =0.29, n.s.) 
did not di#er between ethanol- and vehicle-treated rats during any of the 5 min blocks. Data represent mean 
± SEM frequency of pinning and pouncing. *p<0.05 vs. vehicle-treated rats tested in a familiar test cage  
(striped white bar); $p<0.05, $$p<0.01 vs. vehicle-treated rats tested in an unfamiliar test cage (white bar) 
(Tukey’s post hoc test, n = 10 per treatment group)

Figure 7 Combined treatment with sube#ective doses of nicotine (NIC, 0.03 mg/kg, s.c.) and ethanol (EtOH, 
0.125 g/kg, i.p.) induced no changes in pinning ((a) F3,42=1.36, n.s.), but resulted in a small, although signi$cant 
increase in pouncing ((b) F3,42 =4.24, p<0.05). Data represent mean ± SEM frequency of pinning and pouncing. 
*p<0.05 vs. vehicle group (white bar; Tukey’s post hoc test, n = 10-12 per treatment group)
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Figure 8 Pharmacological mechanisms of the e#ects of nicotine on social play behavior. !e increase in pinning 
(a, c, e, g) and pouncing (b, d, f, h) ) induced by nicotine (NIC, 0.1 mg/kg, s.c.) was blocked by the nAChR 
antagonist mecamylamine (MEC 1 mg/kg, s.c.; (a): F(MEC)1,27 =2.2, n.s.; F(NIC)1,27 =9.04, p<0.001; F(MEC x NIC)1,27 
=1.57, n.s.; (b) F(MEC)1,27 =6.97, p<0.05.; F(NIC)1,27 =14.33, p<0.001; F(MEC x NIC)1,27 =7.91, p<0.01), the opioid receptor 
antagonist naloxone (NAL 1 mg/kg, s.c.; (c): F(NAL)1,26 =10.78, p<0.01; F(NIC)1,26 =3.5, p=0.07; F(NAL x NIC)1,26 =10.33, 
p<0.001; (d): F(NAL)1,26 =29.8, p<0.001; F(NIC)1,26 =10.7, p<0.01; F(NAL x NIC)1,26 =13.45, p<0.01), the CB1 cannabinoid 
receptor antagonist SR141716A (SR, 0.1 mg/kg, i.p.; (e): F(SR)1,43 =2.19, n.s.; F(NIC)1,43 =7.85, p<0.01; F(SR x NIC)1,43 
=3.73, p=0.06; (f): F(SR)1,43 =4.98, p<0.05; F(NIC)1,43 =8.41, p<0.01; F(SR x NIC)1,43 =8.73, p<0.05), the dopamine 
receptor antagonist alpha-,upenthixol (FLUP, 0.125 mg/kg, i.p.; (g): F(FLUP)1,27 =6.97, p<0.05; F(NIC)1,27 =4.26, 
p<0.05; F(FLUP x NIC)1,27 =4.13, p=0.05; (h): F(FLUP)1,27 =29.26, p<0.001; F(NIC)1,27 =27.94, p<0.001; F(FLUP x NIC)1,27 =8.88, 
p<0.01). Data represent mean ± SEM frequency of pinning and pouncing. *p<0.05, **p<0.01 vs. vehicle group 
(white bar; Tukey’s post hoc test, n = 8-13 per treatment group)
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Figure 9 Pharmacologial mechanisms of the e#ects of ethanol on social play behavior. !e opioid receptor 
antagonist naloxone (NAL 1 mg/kg, s.c.) did not block the increase in pinning ((a) F(NAL)1,92 =0.11, n.s.; F(EtOH)1,92 
=18.51, p<0.001; F(NAL x EtOH)1,92 =0.98, n.s.) and pouncing ((b) F(NAL)1,92 =0.59, n.s.; F(EtOH)1,92 =29.64, p<0.001; F(NAL 

x EtOH)1,92 =3.25, p=0.07) induced by ethanol (EtOH, 0.25 g//kg, i.p.). !e CB1 cannabinoid receptor antagonist 
SR141716A (SR, 0.1 mg/kg, i.p.) and the dopamine receptor antagonist alpha-,upenthixol (FLUP, 0.125 mg/kg, 
i.p.) antagonized the increase in pinning and pouncing ((c): F(SR)1,28 =4.2, p=0.05; F(EtOH)1,28 =3.051, p=0.09; F(SR 

x EtOH)1,28 =4.54, p<0.05; (d): F(SR)1,28 =3.99, p<0.01; F(EtOH)1,28 =5.3, p<0.05; F(SR x EtOH)1,28 =9.26, p<0.01; (e): F(FLUP)1,27 
=11.31, p<0.01; F(EtOH)1,27 =6, p<0.05; F(FLUP x EtOH)1,27 =7.37, p<0.05; (f): F(FLUP)1,27 =15.53, p<0.001; F(EtOH)1,27 =2.61, 
n.s.; F(FLUP x EtOH)1,27 =5.94, p<0.05) induced by ethanol (EtOH, 0.25 g//kg, i.p.), whereas the nAChR antagonist 
mecamylamine (MEC 1 mg/kg, s.c.) did not ((g): F(MEC)1,41 =0.038, n.s.; F(EtOH)1,41 =14.96, p<0.001; F(MEC x EtOH)1,41 

=0.021, n.s.; (h): F(MEC)1,41 =0.27, n.s.; F(EtOH)1,41 =19.74, p<0.001; F(MEC x EtOH)1,41 =1.23, n.s.). Data represent mean ± 
SEM frequency of pinning and pouncing. *p<0.05, **p<0.01 vs. vehicle group (white bar; Tukey’s post hoc test, 
n = 8-12 per treatment group)

Figure 10 Diazepam (DIAZ, 0.1-1 mg/kg, i.p.) decreased pinning ((a) F2,23=5.64, p<0.05) and pouncing ((b) 
F2,23=3.96, p<0.05), but increased social exploration ((c) F2,23=5.22, p<0.05). Data represent mean ± SEM 
frequency of pinning and pouncing and mean ± SEM duration of social exploration. *p<0.05 vs. vehicle group 
(white bar; Tukey’s post hoc test, n = 8 per treatment group)
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Figure 11 E#ects of nicotine, ethanol and diazepam on anxiety-related behaviors in the elevated plus-maze. 
Diazepam (DIAZ 1 mg/kg, i.p.) increased the time spent in the open arms of the maze (%TO, (a) F3,30=7.56, 
p<0.001) and the number of entries into the open arms (%OE (b) F3,30=6.94, p=0.001). Moreover, it increased 
the number of head dips (HDIPS (c) F3,30=18.94; p<0.001) and reduced the frequency of stretched attend 
postures (SAP (d) F3,30=9.07, p<0.001). None of these parameters was a#ected by nicotine (NIC, 0.1 mg/kg, s.c.) 
and ethanol (EtOH, 0.25 g/kg, i.p.) exposure. Data represent mean ± SEM of the percent time spent on the open 
arms (% TO), percent of open entries (% OE), number of head dips (HDIPS) and number of stretched attend 
postures (SAP). **p<0.01 vs. vehicle group (white bar; Tukey’s post hoc test, n = 7-8 per treatment group)

Figure 12 E#ects of nicotine, ethanol and diazepam on locomotor activity. Nicotine (NIC, 0.1 mg/kg, s.c.), 
ethanol (EtOH, 0.25 g/kg, i.p.) and diazepam (DIAZ 1 mg/kg, i.p.) did not a#ect locomotor activity during 
any of the 15 min intervals of the test (F(treatment)3,84 =0.31, n.s.; F(intervals)3,84 =176,3, p<0.001; F(treatment x interval)3,84 

=0.25, n.s.)
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Discussion

By focusing on social play behavior, the most characteristic social activity displayed 
by adolescent mammals, the present study investigated the neurobehavioral 
mechanisms underlying the prosocial effects of nicotine and ethanol during 
adolescence. We found that a low dose of nicotine increased social play behavior 
in adolescent rats. In keeping with previous findings (Varlinskaya et al. 2001; 
Varlinskaya and Spear 2002; -2006), a low dose of ethanol also increased social 
play behavior. The stimulating effects of nicotine and ethanol on social play 
were behaviorally specific. They were the result of increased play solicitation, 
but not associated with changes in social exploratory behavior, locomotor 
activity, or anxiety-related behaviors. Nicotine enhanced social play behavior 
through interactions with dopamine, opioid and cannabinoid neurotransmission, 
whereas the effects of ethanol were opioid-independent, but sensitive to 
blockade of dopamine or cannabinoid receptors. Combined administration of 
subeffective doses of nicotine and ethanol only modestly enhanced social play.  
These data demonstrate that nicotine and ethanol have selective prosocial effects, 
through pharmacological mechanisms that are at least partially dissociable.
 When nicotine and ethanol were injected to none, one or both partners of the test 
dyad, pouncing, which is an index of play solicitation, was found to be increased in 
all nicotine- and ethanol-treated rats, irrespective of the treatment of their test 
partners. Interestingly, pinning was significantly increased only when both rats in a 
pair were treated with nicotine or ethanol. Unlike pouncing, pinning requires active 
participation of both animals in the social interaction, indicating that the increase 
in social play induced by treatment with nicotine and ethanol depends on the level 
of social activity of the partners. In our experiments, rats responded to play solicitation 
by either evading (which in the vast majority of cases resulted in vigorous following 
and chasing, thus prolonging the playful interaction), or rotating to supine (resulting 
in pinning). Analysis of the likelihood of responding to pouncing by rotating to 
supine showed that nicotine and ethanol did not change this way of responding to 
play solicitation. It follows that nicotine and ethanol also hardly affected evasions. 
Thus, the increases in pinning found in dyads treated with nicotine or ethanol is likely 
to be the result of the increase in the number of pounces that occur in an interaction 
when both animals solicit their partners more.
 In the present study, we focused on the effects of nicotine and ethanol on social 
behavior in adolescent rats, because tobacco and alcohol use in adolescents might 
be related to the prosocial effects of nicotine and ethanol. There is only limited 
information on whether the prosocial effects of nicotine and ethanol are specific 
for adolescent individuals. Nicotine has been found to stimulate social interaction in 
both adolescent and adult rats (Cheeta et al. 2001a; -2001b), but playful social behaviors 
were not explicitly assessed in these studies. Varlinskaya and Spear (2002; -2006) 
have investigated the age-dependence of the effects of ethanol on social interaction.  
They found that the effects on playful social behavior were most pronounced 
in young adolescent animals (about the same age as the animals used in the present 
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study), but that the effects on social exploratory behavior were present from young 
adolescence until adulthood.
 In the central nervous system, nicotine and ethanol exert their effects on behavior 
through different primary sites of action, but they interact with comparable 
neurotransmitter systems. The effects of nicotine are mediated by nAchRs, which 
are pentameric ligand-gated ion channels. Indeed, we found that pretreatment with 
mecamylamine, a nAchR antagonist that crosses the blood-brain barrier, blocked the 
effects of nicotine on pinning and pouncing, showing that the increase in social play 
induced by nicotine is mediated by activation of nAchRs. Ethanol modulates neuronal 
excitability through an interaction with a variety of ligand-gated ion channels, 
including GABA-A receptors, NMDA glutamate receptors and nAchRs (Tabakoff and 
Hoffman 1996; Narahashi et al. 1999; Cardoso et al. 1999; Dopico and Lovinger 2009). 
Investigating with which ion channel ethanol directly interacts to exert its effects on 
social play was beyond the scope of the present study. However, our findings that 
pretreatment with mecamylamine did not alter the effect of ethanol on social play 
and that the effect of ethanol was not mimicked by diazepam, suggest that nAchRs 
and GABA-A receptors are not the primary mediators of this effect. Interestingly, low 
doses of the non-competitive NMDA receptor antagonist MK-801 have been shown to 
enhance social play (Siviy et al. 1995), suggesting that the effect of ethanol on social 
play behavior is mediated through an interaction with NMDA receptors.
 To investigate the pharmacological mechanisms underlying the increase in social 
play behavior induced by nicotine and ethanol, we focused on opioid, cannabinoid and 
dopaminergic neurotransmission, for the following reasons. These neurotransmitter 
systems play an important role in both drug and natural rewards (van Ree et al. 
1999; Gardner 2005; Salamone et al. 2005; Solinas and Goldberg 2005; Maldonado 
et al. 2006; Pierce and Kumaresan 2006; Berridge 2007; Berridge and Kringelbach 
2008), and we have recently shown that they modulate social play behavior as well 
(Trezza and Vanderschuren 2008a; -2008b; -2009). In addition, opioid, cannabinoid 
and dopamine systems have been implicated in the reinforcing properties of nicotine 
and ethanol (Van Ree et al. 1999; Di Chiara 2000; Picciotto and Corrigall 2002; Weiss 
and Porrino 2002; Laviolette and van der Kooy 2004; Cohen et al. 2005;  Maldonado 
et al. 2006; Pierce and Kumaresan 2006; Markou 2008). It is therefore possible that 
nicotine and ethanol increase social play behavior through interaction with opioid, 
cannabinoid and/or dopaminergic neurotransmission. Indeed, the increase in social 
play induced by nicotine was blocked by pretreatment with the opioid receptor 
antagonist naloxone, the CB1 cannabinoid receptor antagonist SR141716A and the 
dopamine receptor antagonist alpha-flupenthixol. There is overlapping distribution 
of nAchRs, CB1, opioid and dopamine receptors in brain regions involved in positive 
emotions and motivation, such as the nucleus accumbens, ventral tegmental area, 
amygdala, prefrontal and orbitofrontal cortex (Mansour et al. 1994a; -1994b; Tsou et 
al. 1998; Picciotto et al. 2000). Thus, these data suggest that the increase in social play 
induced by nicotine is the result of activation of dopaminergic, opioid and cannabinoid 
neurotransmission mediated by nAchR stimulation in these brain regions (Di Chiara 
and Imperato 1988; Houdi et al. 1991; Gonzales et al. 2002; Britt and McGehee 2008). 
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Clearly, the exact neural sites of action of nicotine, and how stimulation of nAchRs 
alters dopaminergic, opioid and cannabinoid neurotransmission to mediate the effects 
on social play behavior remain to be elucidated. 
 The increase in social play induced by ethanol was antagonized by the CB1 
cannabinoid receptor antagonist SR141716A and the dopamine receptor antagonist 
alpha-flupenthixol. Like nicotine, ethanol might increase social play by changing 
endocannabinoid activity in brain areas involved in positive emotions and motivation 
(e.g. Caillé et al. 2007) which, in turn, would lead to activation of dopaminergic 
neurotransmission, although ethanol could, of course, also enhance social play by 
direct activation of dopaminergic neurotransmission (Di Chiara and Imperato 1988; 
Brodie et al. 1999). Previous studies have shown that nicotine and ethanol interact in 
the regulation of emotional behavior during adolescence (Abreu-Villaca et al. 2008). 
However, unlike nicotine, the effects of ethanol on social play were not blocked by the 
opioid receptor antagonist naloxone, indicating a divergence in the pharmacological 
mechanisms underlying the effects of nicotine and ethanol on social play. Two further 
observations support this notion. First, pretreatment with mecamylamine did not 
counteract the increase in pinning and pouncing induced by ethanol, showing that 
ethanol does not increase social play by acting through nAchRs. Second, combined 
treatment with subeffective doses of nicotine and ethanol induced a slight increase in 
play solicitation, but did not increase pinning. Together, these data therefore suggest 
that nicotine and ethanol enhance social play behavior through interactions with 
neurotransmitter systems involved in positive emotions and motivation, but through 
partially dissociable mechanisms of action. 
 It was recently reported that naloxone and the selective " opioid receptor antagonist 
CTOP counteracted the stimulating effects of ethanol on social play (Varlinskaya 
and Spear 2009). Interestingly, in the study by Varlinskaya and Spear (2009), 
animals were socially isolated for only 30 min before the test, and tested against  
non-isolated, untreated partners, resulting in lower levels of social play than in our setup.  
Thus, ethanol-induced facilitation of social play under conditions of moderate social 
motivation, and with test partners that do not reciprocate social initiative to the  
same degree, is opioid-dependent, whereas the enhancement of social play by 
ethanol when both animals are equally motivated (i.e. both treated with ethanol and  
both isolated for 3.5 hours before testing) is not. Regardless, what these data  
collectively show is that ethanol-induced enhancement of social interactions has 
opioid-dependent and opioid-independent components, a suggestion that is supported 
by the finding of Varlinskaya and Spear (2009) that naloxone and CTOP did not  
lock the ethanol-induced increase in social investigation. 
 Anxiolytic effects have been suggested to underlie the prosocial properties of  
ethanol and nicotine (File and Seth 2003; Cheeta et al. 2001a). Therefore, it is possible 
that anxiolytic effects contribute to the increase in social play induced by nicotine  
and ethanol. Our results, however, do not support this possibility. Nicotine increased 
social play to a similar extent in a familiar and an unfamiliar test cage, showing that 
the effects of this drug on social play behavior do not change in a mildly anxiogenic 
environment. By and large, ethanol also increased social play in both familiar and 
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unfamiliar environments (see Figures 4, 5, 6 and 9), although in one particular 
experiment, the effect of ethanol on pouncing was more pronounced in an unfamiliar 
test cage (Figure 6b). Thus, if anything, anxiolytic effects only play a very minor 
role in the effect of ethanol on social play in young adolescent rats (Varlinskaya and  
Spear 2002; -2006). Furthermore, compared with the prototypical anxiolytic diazepam, 
doses of nicotine and ethanol that increased social play had no anxiolytic effects in  
the elevated plus-maze. As expected, adolescent rats treated with diazepam spent  
more time in the open arms of the maze, exhibited a significantly higher number of 
head dips and a lower number of stretched-attend postures, which is indicative of  
nxiolytic-like effects of the drug. None of these parameters was affected by nicotine 
or ethanol. Interestingly, the anxiolytic dose of diazepam reduced social play behavior 
in adolescent rats, but increased social exploratory behavior. This experiment was 
performed in a non-anxiogenic, i.e. dimly lit and familiar, environment. In addition, 
diazepam did not affect locomotor activity. Therefore, we do not think that anxiolytic 
or sedative properties of diazepam underlie the changes in social interaction. Rather, 
the effects of diazepam may be the result of behavioral competition, leading to a 
reorganization of the social repertoire of the animals, whereby playful social behaviors 
are replaced by exploratory forms of social interaction. These results have important 
implications. First, they reveal a dissociation between the effects of nicotine and ethanol 
on social behavior and their anxiolytic-like properties: thus, the prosocial effects 
of nicotine and ethanol during adolescence are not secondary to anxiolytic effects 
of these drugs. Second, the present results confirm previous findings showing that 
anxiolytic and antidepressant drugs do not necessarily increase social play behavior 
(Vanderschuren et al. 1997; Homberg et al. 2007). Third, the finding that diazepam 
decreased social play behavior while increasing social exploration confirms that social 
behaviors related and unrelated to play have different ontogenetic profiles and different 
neural underpinnings (Vanderschuren et al. 1997). 
 In summary, the present results show that nicotine and ethanol increase social 
play behavior in adolescent rats, and shed light on the neurobehavioral mechanisms 
underlying these effects. In particular, the augmenting effects of nicotine and 
ethanol on social play are behaviorally specific, mediated through neurotransmitter 
systems involved in positive emotions and motivation, partially divergent on the 
pharmacological level and unrelated to anxiety-related behaviors. Given the importance 
of peer relationships during adolescence, and the high rates of tobacco and alcohol 
use among teenagers, increasing our knowledge about how these drugs affect social 
behavior at this age is an important issue in addiction research.
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Abstract

Rationale Social interactions and addictive behavior may be related. This is especially 
pertinent during adolescence, when there are profound changes in the social repertoire, 
and the sensitivity to the positive and negative effects of drugs is altered.
Objectives To provide an overview of our current understanding of the relationship 
between adolescent social behavior and drug addiction, based mostly on preclinical 
studies.
Methods We discuss the rewarding properties of social play behavior, the most 
characteristic form of social behavior in young mammals, as well as the effects of 
drugs of abuse on adolescent social play behavior. Furthermore, social risk factors for 
addiction are described, including antisocial personality traits and social insults during 
adolescence. Last, we discuss research that investigates social influences on drug taking, 
as well as the consequences of prolonged drug use on the quality of social interactions. 
Results Adolescent social play behavior is highly rewarding. Furthermore, drugs of 
abuse from all classes, with the exception of psychostimulants, can enhance social 
play. Antisocial personality traits, most prominently conduct disorder, are a prominent 
risk factor for addictive behavior. Preclinical studies have consistently shown altered 
sensitivity to drugs as a result of social isolation during adolescence. The social 
environment of an individual has a profound, but complex, influence on drug use, and 
prolonged drug use adversely affects social interactions.
Conclusions Even though there are many outstanding questions, there is a clear 
interaction between social behavior and drug use, at both the behavioral and the neural 
level.
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Introduction

Humans and many other mammalian species are social animals, spending a substantial 
amount of time on interactions with conspecifics. Typically, social species create 
emergent social organizations, ranging from temporary aggregations to large, permanent 
social groups. This social environment is of fundamental and enduring significance for 
species that rely on parental care and social needs beyond the individual (Cacioppo and 
Hawley 2009; Miczek et al. 2008). The social behavioral repertoire of an individual is 
not fixed over time, as it undergoes pronounced changes throughout the course of life. 
Marked alterations in the structure and function of social behavior take place during 
youth, including increased complexity of the social repertoire and a shift in the social 
interest from parents to peers (Nelson et al. 2005; Spear 2000).
 This period of social re-orientation is a critical developmental event during which 
the brain undergoes substantial functional and structural changes (Blakemore 
2008; Counotte et al. 2011; Crone and Dahl 2012; Nelson et al. 2005; Spear 2000). 
Social experience during youth (i.e. childhood and adolescence in humans, equivalent 
to the juvenile and adolescent stages in rodents) is thought to facilitate neural and 
behavioral development to equip the individual with a flexible and adaptive behavioral 
repertoire (Pellis and Pellis 2009; "pinka et al. 2001). Similar to children, most young 
mammals spend a substantial part of maturation engaging in play with peers, such 
as running, chasing, climbing and play fighting (Fagen 1981; Panksepp et al. 1984; 
Pellis and Pellis 2009; "pinka et al. 2001; Vanderschuren et al. 1997). It is thought that 
social play subserves the development of an adequate and flexible behavioral repertoire 
(Pellis and Pellis 2009; "pinka et al. 2001; Vanderschuren et al. 1997). Conversely, 
disruptions in the early social environment can result in persistent neurobiological 
changes that may increase the vulnerability for psychiatric disorders later in life 
(for reviews see Curley et al. 2011; Nemeroff 2004). Adolescence, the period of 
maturational changes in brain and behavior (Blakemore 2008; Counotte et al. 2011; 
Crone and Dahl 2012; Nelson et al. 2005), is also known to be a period when humans 
start experimenting with psychoactive substances, such as alcohol, tobacco and 
cannabis. Remarkably, studies in humans and animals have provided ample evidence 
that the sensitivity to the positive, as well as the negative subjective properties of 
drugs changes during adolescence (Schramm-Sapyta et al. 2009). Although the picture 
is not straightforward, it seems to be that the positive effects of drugs are increased,
and some of their negative effects (i.e., withdrawal, ataxia, nausea) are reduced. 
This makes adolescence a particularly intriguing period for understanding mechanisms 
of drug use and addictive behavior, not least because of the notion that an earlier 
start of drug use in life is thought to increase the risk of subsequent addiction (Anthony 
and Petronis 1995; Grant and Dawson 1997; -1998). 
 Although adolescence has received a substantial amount of interest in relation to 
drug use and addiction, the relationship between adolescent social behavior and drug 
addiction remains incompletely understood. Interestingly, among the psychiatric risk 
factors that have been identified for drug addiction, social dysfunctions in youth are 
among the most pronounced ones. That is, disruptive behavior disorders (conduct 
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disorder and oppositional defiant disorder) have been identified as the most prominent 
risk factor for addiction in humans (Costello et al. 2003; Disney et al. 1999; Fergusson 
et al. 2007; Kim-Cohen et al. 2003; Merikangas and Avenevoli 2000; Rutter et al. 2006; 
Young et al. 1995). These disorders are characterized by pronounced social aberrations, 
a lack of empathy probably being the most dramatic symptom (Matthys and Lochman 
2010). Moreover, attention deficit hyperactivity disorder (ADHD) in childhood and 
adolescence is associated with elevated rates of antisocial and addictive disorders as 
well, probably mediated through impaired impulse control (Biederman et al. 2006). In 
addition, it is increasingly recognized that factors in the social environment, such as 
loneliness, subordination and peer-pressure have marked influences on drug taking.
 One obvious neural substrate for the relationship between social behavior and 
drug addiction comprises the circuits involved in positive emotions and motivation. 
Indeed, many social behaviors, including social play behavior, have intrinsic positive 
emotional properties (Trezza et al. 2011a; Vanderschuren 2010), and it may very well 
be that the positive subjective effects of drugs of abuse are exerted through the same 
systems that underlie the positive emotional properties of social behavior (Trezza et 
al. 2010; Young et al. 2011). It is therefore reasonable to assume that aberrant social 
behavior in adolescence is directly related to the vulnerability for drug use and addiction. 
This may either be because of an underlying dysfunction in the neural circuits of positive 
emotions and motivation, or because aberrant social behavior evokes changes in brain 
and behavior that translate into an enhanced vulnerability to drug problems.
 The present review explores the relationship between adolescent social behavior and 
drug addiction. First, the rewarding properties of adolescent social play behavior, and 
the effects of drugs of abuse on social play will be discussed. Next, social risk factors 
for drug abuse will be summarized, as well as the role of social factors in drug use. 
Implications for future studies will be discussed.

Adolescent social behavior as a natural reinforcer

After weaning, the structure and function of mammalian social behavior profoundly 
changes. Whereas the earliest forms of social behavior in life are directed at parents- for 
the most part, mothers- this changes after weaning into behaviors that are directed at 
peers. In most, if not all mammalian species, this period in life is characterized by an 
abundance of social play behavior, also referred to as rough-and-tumble play (Fagen 
1981; Panksepp et al. 1984; Pellis and Pellis 2009; Vanderschuren et al. 1997).  Social 
play behavior is thought to be a specific category of social interaction, rather than a 
primordial version of sexual, affiliative or aggressive behavior (Pellis and Pellis 2009; 
Vanderschuren et al. 1997). It contains elements of adult social behaviors, but these are 
displayed in a exaggerated and out-of-context fashion. By varying, repeating, and/or 
recombining subsequences of behavior outside their primary context, it is thought that 
play facilitates the development of physical, cognitive and social capacities, especially 
to acquire the ability to flexibly use these under changeable circumstances. In addition, 
social play has stress-reducing effects and serves to maintain group cohesion (Pellis and 
Pellis 2009; "pinka et al. 2001). 
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The word ‘play’, in itself, already implicates that the activity is pleasurable. 
Indeed, over the years, laboratory studies in rats and primates have shown that social 
play behavior has pleasurable and reinforcing properties. These studies used widely 
employed paradigms to study the positive emotional and motivational properties 
of food, sex and drugs, such as place conditioning, operant conditioning and maze 
learning (Trezza et al. 2011a; Vanderschuren 2010). The first studies demonstrating the 
reinforcing properties of play were published by Mason and colleagues (Mason et al. 
1962; -1963). They developed an operant conditioning paradigm to demonstrate that 
chimpanzees would respond for social interaction (play, petting or grooming). Of the 
various social activities on offer, play was the strongest reinforcer. Furthermore, they 
showed that play was as reinforcing as palatable food. To the best of our knowledge, 
these are the only studies to demonstrate that play is reinforcing in an operant setup, 
although recent findings indicate that social play can also serve to maintain lever 
pressing  in rats (Van Kerkhof, Achterberg, Servadio, Trezza and Vanderschuren, 
manuscript in preparation). Maze learning experiments have shown that young rats 
can readily discriminate between two arms of a T-maze, preferring interaction with an 
unconfined conspecific over interaction with a caged rat, and preferring interaction with 
an undrugged and playful, over a drugged, non-playful conspecific (Humphreys and 
Einon 1981; Ikemoto and Panksepp 1992; Normansell and Panksepp 1990). Consistent 
with the operant conditioning findings discussed above, the results from these studies 
have also shown that play is as powerful an incentive as food.
 The positive emotional properties of social play have been repeatedly demonstrated 
in place conditioning setups (Achterberg et al. 2012; Calcagnetti and Schechter 
1992; Crowder and Hutto, Jr. 1992; Douglas et al. 2004; Peartree et al. 2012; Thiel et 
al. 2008; -2009; Trezza et al. 2009b; -2011b; Van den Berg et al. 1999). By and large, 
these studies have demonstrated that it is social play, rather than non-playful social 
activities, that induce conditioned place preference. This indicates that social play is 
the most pleasurable component of the social repertoire of young rats. Thus, rats prefer 
environments associated with interaction with a non-drugged and playful partner 
over environments where they interacted with a rat that has been rendered less playful 
by treatment with scopolamine or methylphenidate (Calcagnetti and Schechter 1992; 
Trezza et al. 2009b). Furthermore, the magnitude of social play-induced conditioned 
place preference was shown to be dependent on the duration of social isolation during 
the experiment (Trezza et al. 2009b), which is consistent with the observation that 
the amount of social play displayed in a test session is directly related to the duration 
of social isolation before the experiment (Niesink and Van Ree 1989; Vanderschuren 
et al. 1995a; -2008). Interestingly, using a suboptimal conditioning protocol, Thiel et 
al. (2008; -2009) demonstrated that treatment with nicotine or cocaine, in doses that 
by themselves did not evoke place preference, but reduced social play, enhanced the 
development of conditioned place preference. These findings suggest that the positive 
subjective properties of drugs can add up to those of social interaction, or that their 
subjective effects are stronger in a social setting. This same laboratory subsequently 
demonstrated that social play itself is not necessary to evoke conditioned place 
preference in adolescent rats, as rats also developed place preference for an environment 
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associated with interaction with a conspecific through a wire mesh barrier (Peartree et 
al. 2012). However, for this place preference to occur, a greater number of conditioning 
sessions was necessary than for preference with an environment associated with a non-
confined, playful partner, demonstrating that play is a stronger positive incentive than 
limited physical contact through a mesh barrier.

Effects of drugs of abuse on adolescent social play behavior

Opiates are probably the most widely investigated class of drugs in terms of their effects 
on social play. It has been reported repeatedly that low doses of morphine enhance 
social play (Niesink and Van Ree 1989 Panksepp et al. 1985; Trezza and Vanderschuren 
2008a; -2008b; Vanderschuren et al. 1995a; -1995c), an effect that was mimicked by 
methadone, fentanyl and beta-endorphin (Niesink and Van Ree 1989; Vanderschuren 
et al. 1995b; -1997). The stimulating effect of morphine on social play behavior is 
most likely exerted through mu-opioid receptors in the nucleus accumbens (Trezza 
et al. 2011b). Consistent with the notion that opiates facilitate play by increasing its 
pleasurable properties, blockade of nucleus accumbens mu-opioid receptors prevented 
the development of social play-induced conditioned place preference (Trezza et al. 
2011b). Indeed, nucleus accumbens mu-opioid receptors have also been implicated in 
the pleasurable properties of palatable food (Kelley 2004; Peciña and Berridge 2000).
 With regard to the effect of cannabinoid drugs, it was a remarkable finding that direct 
and indirect stimulation of cannabinoid receptors yielded opposite effects on social play. 
Thus, when animals were treated with drugs that directly stimulate CB1 cannabinoid 
receptors, such as the synthetic cannabinoid receptor agonist WIN55,212-2 (Trezza 
and Vanderschuren 2008a; -2008b), methanandamide, a metabolically stable analogue 
of the endocannabinoid anandamide (Trezza and Vanderschuren 2009), or with 
-9-tetrahydrocannabinol (THC; Fig. 1), the main psychoactive compound in 
cannabis, a reduction in social play was found. In contrast, if animals were treated with 
drugs that indirectly stimulate CB1 cannabinoid receptors, such as the anandamide 
hydrolysis inhibitor URB597 or the endocannabinoid reuptake inhibitor VDM-11, 
social play behavior was enhanced (Trezza et al. 2012; Trezza and Vanderschuren 
2008a; -2008b; -2009). These opposite effects of direct and indirect cannabinoid 
receptor agonists are probably the result of the fact that there is little, if any, constitutive 
cannabinoid activity in the brain, whereas CB1 cannabinoid receptors are widely 
distributed in the central nervous system. Therefore, treatment with direct cannabinoid 
agonists will indiscriminately stimulate CB1 cannabinoid receptors, including in 
regions where cannabinoid activity evokes emotional or cognitive changes that 
hamper the expression of social play. If indirect cannabinoid agonists are used, 
however, only ongoing cannabinoid activity, relevant to the given situation, will be 
stimulated (Di Marzo et al. 2004; Piomelli 2003). Together, these data indicate that 
endocannabinoids are released in brain regions involved in social play behavior, and 
that stimulating this endocannabinoid activity facilitates social play. Indeed, subsequent 
work showed that social play is associated with increased anandamide levels in the 
nucleus accumbens and amygdala, and that stimulation of endocannabinoid activity 
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within the basolateral amygdala was necessary and sufficient to enhance social play 
behavior (Trezza et al. 2012). 
 Treatment with ethanol has repeatedly been shown to have biphasic effects on social 
play behavior. Low doses facilitate play, whereas higher doses reduce it (Trezza et 
al. 2009a; Varlinskaya et al. 2001; -2010; Varlinskaya and Spear 2002; -2006; -2009). 
It remains to be shown whether the stimulating effect of a low dose of ethanol is the 
result of social disinhibition, or by an enhancement of the pleasurable or motivational 
properties of play. Evidence for the notion that ethanol facilitates play through its 

Figure 1 Treatment with -9-tetrahydrocannabinol (THC) reduces social play behavior, through stimulation of 
CB1 cannabinoid receptors. Pairs of 4-week-old, weight-matched male Wistar rats were socially isolated for 
3.5 hr before the test, and treated 30 min before a 15 min test of social play behavior as described previously 
(Trezza and Vanderschuren 2008a). THC dose dependently reduced pinning (A; F[treatment](3,30)=13.13, p<0.001]) 
and pouncing (B; F[treatment](3,30)=10.40, p<0.001]). Pretreatment with the CB1 receptor antagonist SR141716A 
(SR) blocked the e#ect of THC on social play (A: pinning; F[THC](1,31)=9.09, p<0.01]; F[SR](1,31)=4.41, p=0.05;  
F[SR x THC](1,31)=6.00, p<0.05; B: pouncing; F[THC](1,31)=4.11, p=0.05]; F[SR](1,31)=0.70, NS; F[SR x THC](1,31)=4.01, p=0.06). 
THC did not a#ect social exploration or locomotor activity (data not shown). Mean + SEM frequency of pinning  
(A, C) and pouncing (B, D) are shown. * p<0.05, ** p<0.01 compared to vehicle (Tukey HSD)
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anxiolytic properties is not very strong, as ethanol does not seem to facilitate social play 
to a greater extent in an unfamiliar environment (Trezza et al. 2009a; Varlinskaya and 
Spear 2002; -2006). 
 An enhancement of social play behavior has been reported after treatment with a 
low dose of nicotine (Trezza et al. 2009a). Interestingly, another study found either no 
effect of nicotine, or a reduction in play, depending on dose and route of administration 
(Thiel et al. 2009). Together, these findings indicate that nicotine (just like ethanol 
and morphine) has biphasic effects on adolescent social behavior. Importantly though, 
nicotine and ethanol, under certain circumstances, facilitate social behavior, which may 
contribute to tobacco and alcohol use in adolescence.
 The data summarized above indicate that drugs of abuse, most likely through their 
interaction with the neural circuits of positive emotions and motivation, enhance 
rewarding social interactions in adolescent rats. By extension, one would assume that 
enhancement of social play behavior is a property that all drugs of abuse have in common. 
However, psychostimulant drugs stand apart as a class of drugs that potently inhibits 
social play. Indeed, the play-suppressant effects of low doses of cocaine (Ferguson et al. 
2000; Thiel et al. 2008), amphetamine (Beatty et al. 1982; -1984; Thor and Holloway 1983), 
methylphenidate (Beatty et al. 1982; -1984; Thor and Holloway 1983; Vanderschuren 
et al. 2008) and MDMA (Homberg et al. 2007) is a well-documented and consistent 
finding in the literature. The neural and behavioral underpinnings of these effects are 
incompletely understood. These effects occur at doses of these drugs that are too low to 
induce marked psychomotor hyperactivity, suggesting that it is not an epiphenomenon 
of hyperactivity or stereotypy. Moreover, unlike their psychomotor effects (Delfs et al. 
1990; Kelly et al. 1975; Pijnenburg et al. 1975), the effects of psychostimulant drugs 
on social play are not mediated through a dopaminergic mechanism. They are not 
mimicked by treatment with a dopamine reuptake inhibitor (Vanderschuren et al. 2008) 
or a non-selective dopamine receptor agonist (Beatty et al. 1984; Niesink and Van Ree 
1989; Vanderschuren et al. 2008), and not blocked by pretreatment with a dopamine 
receptor antagonist (Beatty et al. 1984; Vanderschuren et al. 2008). Rather, the effect of 
methylphenidate on social play behavior was mimicked by the selective noradrenaline 
reuptake inhibitor atomoxetine, and blocked by the alpha2-adrenoceptor antagonist 
RX821002 (Vanderschuren et al. 2008), indicating a noradrenergic mechanism of action. 
Since serotonin reuptake blockade also reduces play (Homberg et al. 2007; Knutson et 
al. 1996), a serotonergic mechanism of action of amphetamine and cocaine to suppress 
play is also likely.  

Social risk factors for drug addiction

Antisocial personality disorder as a predisposing factor
The risk for addictive disorders is not equally distributed in the general population. 
Alcohol and drug addiction are predisposed by inherited behavioral propensities or 
personality traits, through interaction with the physical and social environments (Tarter 
1988). Several studies have shown that antisocial personality disorder (ASPD) is highly 
comorbid with drug and alcohol addiction (Alterman and Cacciola 1991; Cloninger 
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et al. 1978; Helzer and Pryzbeck 1998; Hesselbrock and Hesselbrock 2006; Kessler 
et al. 1996; Kofoed and MacMillan 1986; Regier et al. 1990). For example, in a large 
representative sample of US adults from The National Epidemiologic Survey on Alcohol 
and Related Conditions (2001-2002), addictive disorders significantly correlated with 
the prevalence of ASPD, even after correction for demographic characteristics and the 
presence of other psychiatric disorders (Compton et al. 2007). Not only the prevalence 
was increased, as patients with ASPD also appear to start abusing drugs and alcohol at 
an earlier age, have more severe abuse, and have a stronger family history of psychiatric 
and substance use disorders compared with non-ASPD substance abusers (Altman et 
al. 1996; Alterman and Cacciola 1991; Carroll et al. 1993; Hesselbrock 1986; Randolph 
and Yates 1993). Characteristics of individuals with ASPD include a diverse collection 
of symptoms reflecting patterns of irresponsible and antisocial behaviors that begin in 
childhood and persist into adulthood (American Psychiatric Association 2000; National 
Collaborating Centre for Mental Health 2009; Skodol et al. 2011). Adult antisocial 
behavior without a history of childhood antisocial behavior is often classified as adult 
antisocial behavioral syndrome (AABS), which is also frequently diagnosed in addicted 
patients. In a study that examined the rates of different antisocial syndromes among 
cocaine-dependent and cannabis-dependent individuals, more than half of the addicted 
patients who met the adult behavioral criteria for ASPD did not meet the criteria for 
a childhood diagnosis of conduct disorder (CD), and were considered to have AABS 
(Mariani et al. 2008). The dissociation between the onset of antisocial characteristics, 
i.e. CD versus AABS, might be helpful to understand the predisposing role of antisocial 
behavior in drug and alcohol addiction versus drug-induced antisocial behavior 
(see below). Childhood antisocial behavior, i.e. CD, has been suggested to precede 
the development of drug and alcohol addiction (Hawkins et al. 1992). In a study of 
626 pairs of adolescent twins, CD was found to increase the risk to develop substance 
problems in adolescence regardless of gender, especially if antisocial characteristics 
persisted after adolescence (Disney et al. 1999). In line with this finding, a diagnosis 
of early childhood antisocial behavior is associated with earlier onset of alcohol and 
drug addiction (Bonomo et al. 2004; Lewis 2011; Harpur and Hare 1994; Hesselbrock 
and Hesselbrock 2006; Young et al. 1995; Wilens and Biederman 1993). Indeed, CD 
and oppositional defiant disorder (together referred to as disruptive behavior disorders; 
Matthys and Lochman 2010) are considered to be the most prominent psychiatric risk 
factor for addiction (Costello et al. 2003; Disney et al. 1999; Fergusson et al. 2007; 
Kim-Cohen et al. 2003; Merikangas and Avenevoli 2000; Rutter et al. 2006; Young et 
al. 1995).
 Together, these studies indicate that antisocial behavior disorders are associated with 
an increased vulnerability for drug and alcohol addiction. The underlying mechanisms 
for this remarkably strong association are as yet unknown. There may be a common 
genetic vulnerability for these disorders (Hicks et al. 2004). Alternatively, certain 
behavioral or neural characteristics of disruptive behavior disorders may enhance 
the risk for addictive behavior (Finn et al. 2002; Fairchild et al. 2009; Schutter et al. 
2011). Indeed, neurobiological and psychological studies have indicated that disruptive 
behavior disorders are associated with reduced sensitivity to reward, reduced sensitivity 
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to punishment, as well as impairments in executive functions (for review see Matthys 
et al. 2012a; - 2012b), constructs that have also been implicated in addictive disorders 
(Everitt and Robbins 2005; Koob and Volkow 2010; O’Brien 1996; Volkow and Li 2004).

The influence of adolescent social isolation on the vulnerability for addiction
Social experiences early in life are known to be critical for shaping the development of 
the mammalian central nervous system and they have profound influences on behavior 
throughout life. In this regard, the influence of adolescent social experiences on the 
susceptibility for alcohol and drug addiction is of particular interest. Many cases of 
addiction have their roots in adolescence and early adulthood, when critical brain 
circuits are still developing. During this period, maturation of the mesocorticolimbic 
circuitry is critical for the appropriate formation of descending cortical projections, 
and maladaptations within this circuitry have been linked to disrupted social behavior 
as well as drug addiction (Andersen 2003; Everitt and Robbins 2005; Koob and Volkow 
2010). Human children and most young mammals spend a substantial part of maturation 
engaging in play with peers. The deprivation of play during development results in a 
variety of behavioral changes that are persistent throughout life, including drug-related 
behavior (for review see Vanderschuren et al. 1997). Rats deprived of social interactions 
during the adolescent period consume greater amounts of ethanol (Schenk et al. 1990) and 
morphine (Alexander et al. 1981; Hadaway et al. 1979; Marks-Kaufman and Lewis 1984) 
than their group-housed counterparts. Cocaine and amphetamine self-administration 
was also increased by isolated rearing, apparent as a leftward shift in the dose–response 
curve for these drugs (Bardo et al. 2001; Ding et al. 2005; Howes et al. 2000; Phillips 
et al. 1994a, -b; Schenk et al. 1987). In contrast, there was a decreased sensitivity of 
isolation-reared rats to morphine (Wongwitdecha and Marsden 1996), cocaine (Berry 
and Marsden 1994; Schenk et al. 1986), amphetamine (Wongwitdecha and Marsden 
1995), and heroin (Schenk et al. 1986) using a conditioned place preference procedure. 
However, in these so-called isolation rearing models, animals are continuously isolated 
from weaning onwards (Fone and Porkess 2008; Heidbreder et al. 2000; Robbins et al. 
1996), which provides no answer as to the specific period of social isolation that is critical 
for the induction of neurobehavioral changes. In a recent study (Baarendse, Limpens and 
Vanderschuren, manuscript in preparation), we have shown that social isolation during 
three weeks in development that social play behavior is highly abundant enhances the 
acquisition of cocaine self-administration, as well as the motivation to self-administer 
the drug under a progressive ratio schedule of reinforcement. This indicates that social 
isolation during a restricted, but important social developmental period, resulted in an 
enhanced motivation for cocaine. The increased sensitivity to cocaine was observed 
despite a prolonged period of re-socialization, indicating that early social insults can 
change behavior throughout life. 

Social influences on drug taking
The findings summarized above indicate that social experiences during development are 
capable of exerting persistent neurobiological changes that interact with the vulnerability 
for drug addiction later in life. Social factors later in life also affect drug use (Nader et 
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al. 2012). Most widely investigated is the influence of social defeat stress on drug taking 
(for reviews see Miczek et al. 2008; Neisewander et al. 2012), that will not be discussed 
in detail here. Recent studies have investigated the influence of presence of a conspecific 
on drug self-administration. Interestingly, one of these studies has shown that this 
depends on whether the conspecific has access to the drug or not, since access of both 
animals to cocaine facilitated self-administration, but presence of a conspecific without 
access to cocaine inhibited it in the self-administering rat (Smith 2012). In another 
study, presence of a cagemate during amphetamine self-administration enhanced intake 
of a high unit dose of the drug, but reduced it for low unit dose, indicating that social 
influences also depend on drug dose. Furthermore, investigation of social influences 
of ethanol drinking in prairie voles demonstrated that drinking was only facilitated 
if the cagemate was of the same sex (Hostetler et al. 2012). Demonstration of a 
drug-associated cue by a familiar conspecific has also been shown to overcome the 
aversive effects of nicotine in adolescent rats, thus facilitating the acquisition of nicotine 
self-administration (Chen et al. 2011). These recent studies provide an excellent starting 
point for the investigation of social factors that affect drug use, showing that social 
influences on addictive behavior rely on a variety of factors, such as simultaneous access 
to drug (as a proxy for drug use in a social context), but also sex, and pharmacological 
factors such as drug dose. 
 A further, perhaps obvious aspect of social behavior that has consequences for 
addictive behavior is the nature of the interaction. Analysis of the individual differences 
in social interaction has suggested that rats that show less social interest are more 
vulnerable to the development of inflexible amphetamine intake later on (Galli and 
Wolffgramm 2004). Furthermore, drug taking has also been shown to be influenced 
by social rank. Subordinate rats consume more ethanol, benzodiazepines, 
d-amphetamine and opiate solutions as compared with their dominant counterparts, 
even if the hierarchical situation is not present anymore (Blanchard et al. 1987; 
Ellison 1981; Heyne 1996; Wolfframm and Heyne 1991; Heyne and Wolffgramm 1998). 
Furthermore, social housing in macaque monkeys evoked an increased susceptibility 
of subordinate monkeys to the reinforcing effects of cocaine, which was associated 
with lower striatal dopamine D2 receptor density (Morgan et al. 2002). It should be 
noted that dominant animals not only win more physical confrontations, but also 
receive more social attention, such as grooming and huddling. Consistent with the 
observation that dominant monkeys had higher striatal dopamine D2 receptor densities, 
a correlation between social status, social support and striatal dopamine D2 binding has 
also been found in humans. Volunteers with a higher social status or perceived social 
support had higher values for D2 receptor binding (Martinez et al 2010). Moreover, a 
lower density of D2 receptors in the putamen has been found to correlate strongly with 
detached personality, a trait that includes lack of closeness and warmth in personal 
relations (Farde et al. 1997). Striatal dopamine D2 receptor density has also been found 
to be reduced after several weeks of social isolation in rats initiated at young adulthood 
(Bean et al. 1991; Rilke et al. 1995; Wolffgramm & Heyne 1995). 
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Disrupted social behavior by drug and alcohol addiction
The use of alcohol and addictive drugs can have profound short- and long-term 
consequences on behavior, including those in the social domain. In human studies, 
observations of mother–child interactions revealed deficits in parental behavior 
of cocaine- and opiate-addicted mothers. Poor parenting was reflected by more 
disengagement and overall reduction in reciprocity towards their newborns, reduced 
expression of positive affect and less sensitivity to infant cues compared to drug-free 
mothers (Burns et al. 1991; -1997; Cash and Wilke 2003; Gottwald and Thurman 
1994; Hawley et al. 1995; Johnson et al. 2002; Suchman and Luthar 2000; for review 
see Rutherford et al. 2011). It has been suggested that in drug addicts more adaptive 
rewards such as social affiliation and relationships are not as salient as drug-related 
rewards, resulting in a shift in behavioral focus (Rutherford et al. 2011). Rodent studies 
have also documented disruptive effects of chronic exposure to alcohol and drugs of 
abuse on maternal behavior (Febo and Ferris 2007; Johns et al. 1994; -1998; Frankova 
1977; Nelson et al. 1998; Slamberova et al. 2001; -2005a; -2005b; Zimmerberg and Gray 
1992). Other prominent effects of drug abuse on human social behavior are higher 
expression of partner-directed physical and psychological aggression (Chermack and 
Taylor 1995; Giancola et al. 2009; Chermack et al. 2008; O’Farrell and Fals-Stewart 
2000). Nevertheless, the severity of problem behavior depends strongly on both distal, 
i.e. demographics, family history variables, and more proximal factors, i.e. binge 
drinking and type of drugs (Rawson et al. 2002; Smith et al. 1984; Chermack et al. 2001; 
-2006; Testa et al. 2003; O’Farrell and Murphy 1995). Together, these clinical studies 
indicate that drug abuse has profound negative consequences on different aspects of 
social behavior. 
 Drug abuse also seems to interact with the social development of the offspring, since 
infants and young children prenatally exposed to alcohol or cocaine show poorer social 
attachment and display more aggressive and abnormal play behavior (Chasnoff et al. 
1987; Oro and Dixon 1987; Rodning et al. 1989; Sobrian and Holson 2011) and higher 
prevalence of antisocial personality disorder (D’Onofrio et al. 2007; Disney et al. 2008; 
Riley and McGee 2007). Interestingly, drug exposure at very early developmental stages 
may also result in altered adolescent social behavior. Exposure to a moderate dose of 
THC during pregnancy and lactation decreased social play behavior in adolescent rats 
(Trezza et al., 2008). Comparably, the synthetic cannabinoid agonist CP55,940, repeatedly 
administered during the postnatal period, reduced social interaction in 60-day-old rats 
(O’Shea et al. 2006). Remarkably, prenatal treatment with a moderate dose of ethanol 
reduced adolescent play (Mooney and Varlinskaya 2011), whereas prolonged treatment 
with high doses of ethanol (mimicking the fetal alcohol spectrum disorder) increased it 
(Lawrence at al. 2008). Prenatal exposure to morphine was shown to increase social play 
(Hol et al. 1996; Niesink et al. 1996; -1999). Treatment with cocaine during gestation, 
on the other hand, was found to reduce social play behavior in two studies (Wood et 
al. 1994; -1995), whereas another study found increased play, but retarded learning of 
a play-rewarded T-maze task (Willford et al. 1999). Combined, these data indicate that 
prenatal drug exposure does change social play, but that the direction of the difference 
depends on the drug and exposure regimen.
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Concluding remarks

There is an increasing interest in the interaction between social behaviors and the 
sensitivity to addictive disorders, in both preclinical and clinical research. In this 
article, we provide an overview of this emerging research field. We have discussed 
the importance of the dynamic social repertoire of developing animals, where 
peer-peer interactions in youth are thought to play a critical role in social and cognitive 
development. Furthermore, we have reviewed the empirical evidence that social play 
behavior in adolescence has rewarding properties, and the acute effects of drugs of 
abuse on social play. In the second part of the article, we address the social influences 
on drug use and drug addiction. Social aberrations, in the form of CD and ASPD, 
have been identified as prominent risk factors for addiction. Conversely, interfering 
with social development during adolescence affects the sensitivity for later drug use. 
Moreover, changes in the social environment have clear, but complex consequences for 
drug taking, whereas prolonged drug use has deleterious effects on social interaction. 
Together, these data demonstrate a clear relationship between social interactions and 
drug addiction. The substrates for this interaction comprise the neural circuits involved 
in positive emotions and motivation, on which both positive social interactions and 
drugs of abuse impinge. In addition, there appears to be a bidirectional interaction 
between social behavior and drug addiction, as certain social deficits and insults 
enhance the vulnerability to addiction, and addictive behavior can adversely affect the 
quality of social interactions.
 The findings reviewed here provide a clear outline of a most intriguing research field, 
which promises to contribute a great deal to our understanding of the neurobiology 
of social behavior, drug addiction, and the interaction between those two. There are 
several outstanding questions, which would be most relevant to address in future 
studies. First of all, the nature of the predisposing role of antisocial behaviors in 
drug addiction needs to be clarified in more detail. Does antisocial behavior directly 
enhance the vulnerability to addiction, and if so, are the most important mechanisms 
of a neural or a societal kind? Or, is it rather that both antisocial behavior and drug 
addiction are the result of a common set of (genetic, neural, or social) vulnerability 
factors? And through which neural mechanism does antisocial behavior predispose to 
addiction? Research so far has indicated that CD is associated with deficient reward 
processing, punishment processing and executive dysfunction (Matthys et al. 2012a; 
-2012b), which provides multiple, perhaps interacting roads by which CD increases the 
risk for addiction. To resolve these issues, both human and animal studies can make 
a major contribution. For example, animal studies have the advantage that cause and 
consequence can more readily be distinguished than human studies. In addition, they 
allow for a more detailed investigation of the neural substrates of behavior. On the other 
hand, long-term prospective studies in humans are indispensable to firmly make the 
case that what has been indicated by animal studies is indeed what happens in humans. 
As for animal studies, isolation rearing approaches have provided ample evidence that 
early social disruptions alter the sensitivity to drugs of abuse. However, what still needs 
to be revealed, is which period in development is the most sensitive to social insults. 
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In addition, the availability of novel animal models that emulate symptoms of full-
blown addiction and relapse (e.g. Cooper et al. 2007; Deroche-Gamonet et al. 2004; 
Lesscher et al. 2010; Vanderschuren and Everitt 2004, for reviews see Shaham et al. 
2003;Vanderschuren and Ahmed 2012), allows for the critical test whether social insults 
during development alter the sensitivity to drug use, drug addiction or relapse. Last, 
the emerging field that investigates social influences on drug taking (Chen et al. 2011; 
Gipson et al. 2011; Hostetler et al. 2012; Smith 2012) points to a complex interaction 
between drug use and the social environment. These studies call for a further, in-depth 
analysis of which social factors affect drug taking under which circumstances.
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Abstract 

Rationale High levels of impulsivity are a core symptom of psychiatric disorders 
such as ADHD, mania, personality disorders and drug addiction. The effectiveness 
of drugs targeting dopamine (DA), noradrenaline (NA) and/or serotonin (5-HT) in 
the treatment of impulse control disorders emphasizes the role of monoaminergic 
neurotransmission in impulsivity. However, impulsive behavior is behaviorally and 
neurally heterogeneous, and several caveats remain in our understanding of the role of 
monoamines in impulse control.
Objectives To investigate the role of DA, NA and 5-HT in two main behavioral 
dimensions of impulsivity.
Methods The effects of selective DA (GBR12909; 2.5–10 mg/kg), NA (atomoxetine; 
0.3–3.0 mg/kg) and 5-HT (citalopram; 0.3–3.0 mg/kg) reuptake inhibitors, as well as 
amphetamine (0.25–1.0 mg/kg) were evaluated on impulsive action in the 5-choice 
serial reaction time task (5-CSRTT) and impulsive choice in the delayed reward task 
(DRT). In the 5-CSRTT, neuropharmacological challenges were performed under 
baseline and long intertrial interval (ITI) conditions, to enhance impulsive behavior 
in the task.
Results Amphetamine and GBR12909 increased impulsive action and perseverative 
responding, and decreased accuracy and response latency in the 5-CSRTT. Atomoxetine 
increased errors of omission and response latency under baseline conditions in the 
5-CSRTT. Under a long ITI, atomoxetine also reduced premature and perseverative 
responding and increased accuracy. Citalopram improved impulse control in the 
5-CSRTT. Amphetamine and GBR12909, but not citalopram or atomoxetine reduced 
impulsive choice in the DRT. 
Conclusions Elevation of DA neurotransmission increases impulsive action and reduces 
impulsive choice. Increasing NA or 5-HT neurotransmission reduces impulsive action. 
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Introduction 

Exaggerated impulsive behavior very often has undesirable consequences. As such, 
impulsivity is prominent in the symptomatology of a variety of psychiatric disorders, 
such as attention-deficit/hyperactivity disorder (ADHD), drug addiction, problem 
gambling, mania and personality disorders (American Psychiatric Association 2000; 
Chamberlain and Sahakian 2007; Moeller et al. 2001). Moreover, impulsivity may 
be a behavioral marker for enhanced vulnerability to drug addiction. Poor response 
inhibition or enhanced impulsive decision making predisposes adolescents for 
smoking, alcoholism and substance abuse (Aubrain-McGovern et al. 2009; Nigg et 
al. 2006). Consistently, animal studies have shown that high impulsivity predicts the 
vulnerability to alcohol consumption, cocaine self-administration and nicotine seeking 
(Dalley et al. 2007; Diergaarde et al. 2008; Perry et al. 2005;  Poulos et al. 1995). It is  
now widely recognized that impulsivity consists of various, mostly independent 
behavioral dimensions that can be neuroanatomically and neuropharmacologically 
dissociated (Dalley et al. 2011; Eagle and Baunez 2010; Evenden 1999; Pattij and 
Vanderschuren 2008; Winstanley 2011). In general, two main subtypes of impulsive 
behavior are distinguished, i.e. impulsive choice and impulsive action. Impulsive 
choice refers to the inability to delay gratification, which is behaviorally apparent 
as a preference for a small, immediate gain over a larger reward that one has to wait  
for. Impulsive action comprises behavior resulting from a deficit in the ability to 
withhold responding or stop ongoing behavior. Both behavioral subtypes of impulsivity 
appear in the patient population and these can be studied in preclinical models with 
high translational value (Evenden 1999; Moeller et al. 2001; Solanto et al. 2001; 
Winstanley 2011). 
 Different classes of drugs are used in the treatment of disorders characterized by 
disrupted impulse regulation, such as ADHD, personality disorders and problem 
gambling. The psychostimulant drugs amphetamine (AdderallTM) and methylphenidate 
(RitalinTM, ConcertaTM) are the first-choice treatment for ADHD, whereas the selective 
noradrenaline reuptake inhibitor atomoxetine (Strattera®) is a widely used alternative 
(Biederman and Faraone, 2005). The therapeutic use of these drugs has sparked great 
interest in the role of monoaminergic neurotransmission in impulsivity. The primary 
mode of action of amphetamine is to enhance monoaminergic neurotransmission,  
by blocking the reuptake and evoking the release of dopamine (DA), noradrenaline 
(NA) and, to a lesser extent, serotonin (5-hydroxytryptamine, 5-HT) (Kuczenski and 
Segal 1989; Kuczenski et al. 1995; Ritz and Kuhar 1989; Rothman et al. 2001; Seiden et 
al. 1993; Sulzer et al. 1995). Administration of amphetamine has been shown to decrease 
impulsive choice in delay-discounting paradigms (Barbelivien et al. 2008; Cardinal et al. 
2000; De Wit et al. 2002; Isles et al. 2003; Richards et al. 1999; Sun et al. 2011; Van Gaalen 
et al. 2006b; Wade et al. 2000; Winstanley et al. 2003, but see Evenden and Ryan 1996), 
but to increase premature responding, an index of impulsive action, in the 5-choice 
serial reaction time task (5-CSRTT; Cole and Robbins 1987; -1989; Harrison et al. 1997; 
Murphy et al. 2008; Paterson et al. 2011; Pattij et al. 2007; Sun et al. 2011; Van Gaalen 
et al. 2006a). Pharmacological analysis of the effects of amphetamine has indicated 
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that DA neurotransmission plays an important, opposing role in the modulation of 
impulsive action and impulsive choice (Cole and Robbins 1989; Pattij et al. 2007; van 
Gaalen et al. 2006a, 2006b, 2009). Atomoxetine is a potent NA reuptake inhibitor with 
no appreciable affinity for the DA or 5-HT transporter (Bolden-Watson and Richelson 
1993), that has been shown to be effective in the treatment of ADHD (Kratochvil et al. 
2006; Simpson and Perry 2003; Spencer et al. 2002; Wilens 2006). Although selective 
inhibition of NA reuptake has been reported to have beneficial effects on impulsive 
action in the 5-CSRTT (Blondeau and Dellu-Hagedorn 2007; Navarra et al. 2008; Paine 
et al. 2007; Paterson et al. 2011; Robinson et al. 2008; Sun et al. 2011; Van Gaalen et al. 
2006a), its effects on impulsive choice are inconclusive (Robinson et al. 2008; Sun et 
al. 2011; Van Gaalen et al. 2006b). Interestingly, 5-HT was the first neurotransmitter 
system to be implicated in impulsivity (Linnoila et al. 1983; Soubrié 1986). Selective 
5-HT reuptake inhibitors (SSRIs) are not regularly prescribed as therapeutic drugs for 
ADHD (Biederman and Faraone 2005; Elia et al. 1999; Fone and Nutt 2005; Kutcher 
et al. 2004), although they are used for the treatment of other disorders associated 
with poor impulse control, such as problem gambling, sexual addiction, personality 
disorders and impulsive aggression (Coccaro and Kavoussi 1997; Hollander and Rosen 
2000). Remarkably, the effects of SSRIs on different forms of impulsive behavior have 
not been characterized in depth (Bari et al. 2009; Evenden and Ryan 1996). 
 Although the role of monoamine neurotransmission in impulsive behavior has been 
widely investigated, several caveats remain. First, as mentioned above, the consequences 
of selective blockade of the 5-HT transporter for impulsive behavior are largely 
unknown. Second, beneficial effects of selective NA reuptake inhibitors on impulsive 
action (as assessed in the 5-CSRTT and stop signal task) have been consistently reported 
by different studies, but its effects on impulsive choice are inconclusive. Third, in 
studies on impulsive action using the 5-CSRTT, well-trained animals are used, that 
often display very low levels of impulsivity. This makes it easy to detect impairments 
in impulse control, but leaves relatively little room to observe reductions in premature 
responding, which is most relevant from a therapeutic point of view. The present study 
sought to further characterize the role of monoamine neurotransmission in impulsive 
behavior, taking these caveats into account. To that aim, we investigated the effects of 
selective inhibitors of the reuptake of DA (GBR12909), NA (atomoxetine) and 5-HT 
(citalopram), on two main behavioral dimensions of impulsivity in rats. Impulsive 
action was studied using the 5-CSRTT (Carli et al. 1983; Robbins 2002), and the 
delayed reward task (DRT; Evenden and Ryan 1996) was used to measure impulsive 
choice. Amphetamine was also included as its effects on impulsive behavior have been 
well described (Eagle and Baunez 2010; Pattij and Vanderschuren 2008). To increase 
the possibility to observe drug-induced reductions in impulsive action, we performed 
neuropharmacological challenges in the 5-CSRTT under both baseline as well as 
long intertrial interval (ITI) conditions. The use of a long ITI, in which the animal 
unexpectedly has to wait longer for the instruction signal to appear, enhances levels 
of impulsive action in the 5-CSRTT (Dalley et al. 2002; Navarra et al. 2008; Paterson 
et al. 2011). Not only does a long ITI evoke higher levels of premature responding, 
it may also be that performance under baseline conditions relies on different neural 



95

Neuropharmacological modulation of impulsivity

and cognitive processes than responding under novel, challenging circumstances. 
For example, NA neurotransmission appears to be especially engaged when task 
contingencies unexpectedly change (Cole and Robbins 1992; Dalley et al. 2001; Sirviö 
et al. 1993). Thus, drug effects under baseline and long ITI conditions in the 5-CSRTT 
may be qualitatively or quantitatively different. 
 
Materials and methods

Subjects
Male Lister Hooded rats (Harlan CPB, Horst, The Netherlands), weighing 200–250 g 
at the beginning of the experiment, were housed two per cage under reversed lighting 
conditions (lights on from 19.00 to 07.00 h). After two weeks of habituation, rats were 
placed on a restricted diet of 14 g of standard rat chow per day and body weights were 
monitored on weekly basis. Feeding occurred in the rats’ home cages at the end of the 
experimental day. All experiments were approved by the Animal Ethics Committee 
of Utrecht University and were conducted in agreement with Dutch laws (Wet op de 
Dierproeven, 1996) and European regulations (Guideline 86/609/EEC).

Behavioral apparatus
Behavioral testing for all experiments was conducted in 16 identical operant chambers 
(30.5#24#21 cm; Med Associates, St. Albans, VT, USA) enclosed in sound attenuating 
boxes. The boxes were equipped with a fan to provide ventilation and to mask extraneous 
noise. Set in the curved wall of each box was an array of five holes. Each nose poke unit 
was equipped with an infrared detector and a yellow light-emitting diode stimulus light. 
Food pellets (45 mg, Formula P; Bio-Serv) could be delivered at the opposite wall via 
a dispenser. The chamber could be illuminated by a white house light mounted in the 
center of the roof. Online control of the apparatus and data collection were performed 
using MED-PC version 1.17 (Med Associates). 

Behavioral procedures
A detailed description of the 5-CSRTT and DRT procedure has been provided previously 
(Van Gaalen et al. 2006a, Van Gaalen et al. 2006b, respectively). Separate groups of 
animals were trained for each experiment. For both behavioral paradigms, similar 
habituation and magazine training protocols were followed. This protocol consisted 
of a habituation exposure to the operant chambers for two daily 30-min sessions, 
during which sucrose pellets were placed in the response holes and food magazine. 
Subsequently, in the next two sessions, in total 75 pellets were delivered with a random 
interval to allow the animals to associate the sound of pellet delivery with reward.  
This procedure was followed by magazine shaping, in which animals were trained 
to make a nose poke into an illuminated response hole to earn reward. The spatial 
location of the stimulus lights was adjusted according to the experimental paradigm. 
Each session of magazine training consisted of 100 trials and lasted approximately 30 
min. Five sessions were scheduled per week (one session per day, Monday–Friday), 
during the dark phase of the light/dark cycle.
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Five-choice serial reaction time task Rats were trained to detect and respond to a brief 
visual stimulus presented randomly in one of the five nose poke units to obtain a food 
reward. A trial started with an ITI of 5 sec, followed by 1 second illumination of one 
of the five apertures and 2 sec limited hold. Following a nose poke in the illuminated 
aperture, i.e. a correct response, animals were rewarded with the delivery of one food 
pellet (45 mg, Formula P, Research Diets) in the food magazine. During the training 
session, stimulus duration was set at 32 sec and was gradually decreased over sessions 
to 1 second until animals reached stable baseline performance (accuracy, >80% correct 
choice and <20% errors of omission). Each daily session consisted of 100 discrete trials 
or 30 min, whichever occurred first. A nose-poke response into a non-illuminated 
aperture, i.e. an incorrect response, as well as a failure to respond within 5 sec after the 
onset of the stimulus, i.e. an error of omission, resulted in no food delivery and a time-
out period with the house light extinguished for 5 sec. Nose pokes made during the ITI, 
i.e. before the onset of the stimulus (premature responses) were recorded as a measure 
of impulsivity, and resulted in a 5 sec time-out and no food reward. Perseverative 
responses, i.e. repeated responding during the presentation of the stimulus, were 
measured but did not have any programmed consequences. The following behavioral 
measures were recorded: (1) premature responses, i.e. number of responses into any of 
the holes during the ITI preceding stimulus presentation; (2) accuracy, i.e. percentage 
of correct responses [(number correct responses)/(correct + incorrect responses) 
x 100]; (3) latency of correct responses, i.e. the mean time between stimulus onset and 
nose poke in the illuminated unit; (4) omission errors, i.e. the total number of omitted 
trials during a session and; (5) perseverative responses after correct choice.Following 
acute drug administration under baseline conditions, a cohort of rats was used for 
pharmacological manipulation under long ITI conditions. During these sessions the 
ITI was extended to 7 s to provoke impulsive behavior (Dalley et al. 2002). The long 
ITI session consisted of 100 trials (ITI 7 s, stimulus duration 0.5 s) per session and was 
repeated once a week. The long ITI days were at all times preceded and followed by 
two baseline days (ITI 5 s, stimulus duration 0.5 s) to avoid habituation to the long ITI.  

Delayed reward paradigm Rats were faced with a choice between a small, immediate 
food reward and a larger, but delayed food reward. Ultimately, the delayed option 
is more beneficial, but the subjective value of the large food reward declines with 
increasing delay to its delivery (Logue 1988). In the final stage of the task, a session 
was divided into five blocks of 12 trials. Each block started with two forced trials in 
which, after initiating the trial by a nose poke into the center hole, either the left or 
the right hole was illuminated in a counterbalanced fashion. For the next 10 trials, 
the animals had a free choice and both the left and right units were illuminated.  
Nose poking into one position resulted in the immediate delivery of a small reinforcer 
(one food pellet), whereas a nose poke into the other position resulted in the delivery 
of a large, but delayed, reinforcer (four food pellets). Over sessions, the delays for the 
large reinforcer were progressively increased within a session from 0 to 10, 20, 40 and 
60 sec per block. After delivery of the reinforcer or the choice phase time elapsed, an 
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ITI commenced until the next trial started. As the trial time was fixed, the ITI duration 
depended on the duration of the delay. The position associated with the small and large 
reinforcer was always the same for each individual, but counterbalanced for the group. 
The behavioral measure to assess task performance, i.e. the percentage preference for 
the large reinforcer as a function of delay, was calculated as the number of choices 
for the large reinforcer/(number choices large + small reinforcers) *100. Furthermore, 
no response during the choice phase within 10 sec was counted as an omission and 
the total number of omitted choice trials per block of 10 trials within a session were 
calculated.

Drugs
(+)-Amphetamine sulphate was purchased from O.P.G. (Utrecht, The Netherlands). 
GBR12909 dihydrochloride, atomoxetine hydrochloride and citalopram hydrobromide 
were obtained from Tocris Bioscience (UK). All drug doses were calculated as salt, 
dissolved in 0.9% saline (amphetamine, atomoxetine, citalopram) or sterile water 
(GBR12909). Drugs were freshly prepared each day before testing and injected 
intraperitoneally (i.p.) in a volume of 1 ml/kg body weight. Drug tests were conducted 
on Tuesdays and Fridays with baseline training sessions on the other weekdays. Before 
the first test day, all animals had been habituated twice to i.p. saline injections. Drugs 
were administered according to a Latin square design and each animal received a 
maximum of two different drugs. In addition, in a subgroup of rats pharmacological 
manipulations were tested in the 5-CSRTT under a long ITI of 7 sec once a week 
according to a Latin square design with baseline training sessions (intertrial interval of 
5 sec) inbetween. 

Statistical analysis
All data are presented as means and standard errors of the mean, and analyzed using 
SPSS for Windows, version 15.0. The data of the delayed reward task were subjected 
to an arcsin transformation before statistical analysis (McDonald, 2009). In the DRT, 
animals that did not show a delay-dependent curve in their choice behavior (0 % choice 
for large reward at 0s delay, 100 % choice for large reward at 40 and 60s delay) were 
excluded from the experiment. Data were analyzed by one- (5-CSRTT) or two-factor 
(DRT) repeated-measures ANOVAs with drug treatment (5-CSRTT, DRT) and delay 
to large reinforcer (DRT) as within-subjects variables. If the outcome of the repeated-
measures ANOVA yielded significant effects of dose or dose x delay at p < 0.05 level, 
further post-hoc analysis were performed using paired-samples t tests. Pharmacological 
effects on 5-CSRTT performance under a long ITI were analyzed using paired-samples 
t tests (vehicle versus drug treatment).
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Results

Effect of monoamine reuptake inhibitors in the 5-CSRTT - baseline
As depicted in Fig. 1a and Table 1, amphetamine significantly increased the number 
of premature responses and perseverative responses in the 5-CSRTT [F(3,45)=13.12, 
p<0.001 and F(3,45)=3.64, p<0.05, respectively]. Post-hoc analysis revealed that the 
increase of premature and perseverative responses was significant at all tested doses 
(p<0.01 and p<0.05, respectively). In addition to the effect on impulsivity, systemic 
administration of amphetamine reduced accuracy, i.e. percentage of correct responses 
at all doses [F(3,45)=8.82, p<0.001], whereas the response latency was only reduced 
at a dose of 0.5 mg/kg (table 1) [F(3,45)=3.37, p<0.05]. Errors of omission were 
differentially affected by amphetamine, as 0.25 mg/kg of amphetamine reduced the 
amount of errors of omission, no effect was found at the intermediate dose of 0.5 mg/kg 
and 1 mg/kg of amphetamine resulted in a significant increase (Table 1) [F(3,45)=10.49, 
p<0.001]. Systemic administration of the selective DA reuptake inhibitor GBR12909 
resulted in enhanced premature and perseverative responses at a dose of 10 mg/kg 
(Fig. 1b and Table 1) [F(3,45)=8.46, p<0.007 and F(3,45)=10.26, p<0.004, respectively]. 
At this dose the percentage of correct responses and response latency were reduced 
(table 1) [F(3,45)=6.02, p<0.01 and F(3,45)=3.93, p=0.01, respectively]. GBR12909 
had no effect on errors of omission [F(3,45)=2.23, NS]. Atomoxetine, the selective NA 
reuptake inhibitor, enhanced the errors of omission and slowed response latency at all 
tested doses without affecting impulsive behavior (Fig. 1c and Table 1) [F(3,45)=26.43, 
p<0.001, F(3,45)=23.22, p<0.001, F(3,45)=2.54, NS, respectively]. The other parameters 
of 5-CSRTT performance were unaffected by atomoxetine treatment under baseline 
conditions [correct responses: F(3,45)=2.23, NS and perseverative responses: 
F(3,45)=0.8, NS]. 
 Premature responding was decreased after treatment with the selective 5-HT reuptake 
inhibitor citalopram at the intermediate dose of 1.0 mg/kg (Fig. 1d) [F(3,45)=2.98, 
p<0.05], whereas the response latency was increased at a dose of 1.0 mg/kg and 3.0 
mg/kg [F(3,45)=2.79, p=0.05]. Further comparisons indicated that accuracy, errors of 
omissions and perseverative responses were unaffected by citalopram [F(3,45)=0.23, 
NS, F(3,45)=0.99, NS, F(3,45)=1.97, NS, respectively].

Effect of monoamine reuptake inhibitors in the 5-CSRTT - long IT
Under long ITI conditions in the 5-CSRTT, the effects of monoamine reuptake inhibitors 
were tested at a dose that affected impulsive behavior under baseline conditions, i.e. 
10 mg/kg GBR12909 and 1 mg/kg citalopram. For atomoxetine, that did not alter 
impulsive behavior under baseline conditions, the highest dose was used (i.e. 3 mg/
kg). An intermediate dose of amphetamine (0.5 mg/kg) was used, as this dose had no 
effect on the errors of omission under baseline conditions, but did markedly increase 
impulsive behavior in the 5-CSRTT (Table 1). 
 Similar as under baseline conditions, amphetamine (0.5 mg/kg) and GBR12909  
(10 mg/kg) increased the amount of premature and perseverative responses and 
attenuated accuracy under long ITI conditions (Fig. 2a,b) [premature responses: df=15, 
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t=-4.07, p=0.001 and df=14, t=-3.49, p=0.01, perseverative responses: df=15, t=-3.21, 
p<0.01 and df=14, t=-2.50, p<0.05, correct responses: df=15, t=2.70, p<0.05 and df=14, 
t=2.52, p<0.05, respectively]. In addition, GBR12909 (10 mg/kg) decreased response 
latency, whereas amphetamine had no effect on this parameter [df=14, t=2.91, p=0.01 
and df=15, t=-0.44, NS, respectively]. No effect of amphetamine and GBR12909 was 
observed on errors of omission [df=15, t=-0.65, NS and df=14, t=0.66, NS]. 
 Atomoxetine (3 mg/kg) reduced premature and perseverative responding under 
long ITI conditions (Fig. 2c) [df=15, t=6.0, p<0.001 and df=15, t=4.47, p<0.001, 
respectively]. Additional comparisons revealed that all other parameters of 5-CSRTT 
were enhanced by atomoxetine under these conditions (fig. 2c) [correct responses: 
df=15, t=-2.97, p=0.01; omissions: df=15, t=-2.33 p<0.05; response latency: df=15,  
t=-2.26, p<0.05]. 
 Premature and perseverative responses were both reduced by citalopram (1 mg/kg) 
pretreatment under long ITI conditions (fig. 2d) [premature responses: df=15, t=4.28, 
p=0.001, perseverative responses: df=15, t=2.49, p<0.05]. Under these conditions, 
citalopram did not affect accuracy, errors of omission and response latency [correct 
responses: df=15, t=-0.22, NS, omissions: df=15, t=-0.19, NS and response latency: 
df=15, t=1.26, NS].

Figure 1 E#ects of amphetamine (a), the selective DA reuptake inhibitor GBR12909 (b), the selective NA 
reuptake inhibitor atomoxetine (c) and the selective 5-HT reuptake inhibitor citalopram (d) on premature 
responding, i.e. impulsive action, under baseline conditions (visual stimulus presented 5 sec a+er trial initiation) 
in the 5-CSRTT. In total, n=16 animals were included in the analysis. *p<0.05 and **p<0.01 compared to vehicle 
treatment (paired-samples t test). All data are expressed as mean±SEM.
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Figure 2 E#ects of amphetamine (a), the selective DA reuptake inhibitor GBR12909 (b), the selective NA reuptake inhibitor 
atomoxetine (c) and the selective 5-HT reuptake inhibitor citalopram (d) on 5-CSRTT performance under long ITI conditions 
(visual stimulus presented 7 sec a+er trial initiation). In total, n=15 animals were included in the analysis. *p<0.05 and 
**p<0.01 compared to vehicle treatment (paired-samples t test). All data are expressed as mean±SEM.
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Effect of monoamine reuptake inhibitors on impulsive choice in the DRT
Overall, animals showed a delay-dependent decline in their choice behavior for 
the large, delayed reward [vehicle, delay: F(4,48)=31.49, p<0.001]. Amphetamine 
significantly enhanced the preference for the large delayed reward [dose: F(3,36)=3.11, 
p<0.05; dose#delay: F(12,144)=1.33, NS], and post-hoc analysis revealed that this 
effect was significant for all doses of amphetamine at the 40 sec delay and for 0.5 
and 1 mg/kg amphetamine at a delay of 60 sec (Fig. 3a). The selective DA reuptake 
inhibitor GBR12909 also increased the preference for the larger delayed reward [dose: 
F(3,39)=11.07, p<0.001; dose#delay: F(12,156)=2.29, p=0.01]. Post-hoc analysis of the 
data showed a significant effect of 10 mg/kg of GBR12909 on all delays, i.e. 10, 20, 40 
and 60 sec (Fig. 3b). At a dose of 5 mg/kg GBR12909 resulted in an increased preference 
for the large reward at the delay of 10 and 20 sec (Fig. 3b). The selective NA reuptake 
inhibitor atomoxetine did not alter choice behavior in the DRT at any delays [dose: 
F(3,39)=0.31, NS; dose#delay: F (12,156)=1.64, NS]. The selective 5-HT reuptake 
inhibitor citalopram also did not affect choice behavior in the DRT (Fig. 3d) [dose: 
F(3,39)=1.27, NS; dose#delay: F (12,156)=1.11, NS].

Table 1 E#ects of amphetamine, GBR12909, atomoxetine and citalopram on behavioral performance 
(accuracy, omissions, premature and perseverative responses, response latency) under baseline 
conditions (visual stimulus presented 5 sec a+er trial initiation) in the 5-CSRTT 

In total, n=16 animals were included in the analysis. *p<0.05 and **p<0.01 compared to vehicle treatment (paired-samples 
t test). All data are expressed as mean±SEM.
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Discussion

In order to advance our understanding of the role of monoamine neurotransmission 
in impulse control, the present study investigated the effects of selective monoamine 
reuptake inhibitors on two behavioral dimensions of impulsivity, i.e. impulsive action 
in the 5-CSRTT and impulsive choice in the DRT. Besides comparing three selective 
monoamine reuptake inhibitors and amphetamine in two separate measures of 
impulsivity within a single study, we aimed to address several outstanding questions 
with regard to monoamine neurotransmission and impulsive behavior. Thus, we 
have shown that the 5-HT reuptake blocker citalopram selectively reduces premature 
responding in the 5-CSRTT, but does not affect impulsive choice in the DRT. In 
addition, the NA reuptake inhibitor atomoxetine reduced impulsive action primarily 
when levels of premature responding were high (i.e. under a long ITI), but did not 
affect impulsive choice. Furthermore, using a long ITI in the 5-CSRTT, we show that 
amphetamine and the DA reuptake blocker GBR12909 enhance, and that atomoxetine 
and citalopram reduce impulsive action. Thus, the effects of these drugs on impulsive 

Figure 3 E#ects of amphetamine (a), the selective DA reuptake inhibitor GBR12909 (b), the selective NA 
reuptake inhibitor atomoxetine (c) and the selective 5-HT reuptake inhibitor citalopram (d) on the percentage 
choice for the large reinforcer in the delayed reward paradigm. In total, n=13-15 animals were included in the 
analysis. *p<0.05 and **p<0.01 compared to vehicle treatment (paired-samples t test). All data are expressed 
as mean±SEM
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behavior were not qualitatively different under baseline and long ITI conditions. 
Consistent with previous findings, we also show that amphetamine and the selective 
dopamine reuptake blocker GBR12909 decreased impulsive choice. 
 Amphetamine has been consistently reported to disrupt inhibitory control, i.e. 
the ability to withhold responding in the 5-CSRTT (Cole and Robbins 1987; -1989; 
Harrison et al. 1997; Murphy et al. 2008; Paterson et al. 2011; Pattij et al. 2007; Sun 
et al. 2011; Van Gaalen et al. 2006a). Our findings confirmed this disinhibitory effect 
of amphetamine, that increased the number of premature responses in the 5-CSRTT 
at all doses tested (0.25-1 mg/kg). In addition to response inhibition, the 5-CSRTT 
provides several relatively independent measures of performance, such as task 
efficiency, motivation and attentional capacity (Robbins 2002). Alongside its effects on 
premature responding, amphetamine also attenuated accuracy, enhanced perseverative 
responding, reduced response latency (at 0.5 mg/kg only) and had biphasic effects on 
errors of omission. The effects of amphetamine were comparable under baseline and 
long ITI conditions. Although not universally reported as effects of amphetamine in 
the 5-CSRTT, the present profile of effects is highly comparable to previous reports 
(reduced accuracy: Cole and Robbins 1989; Harrison et al. 1997; Pattij et al. 2007; Sun 
et al. 2011; increased omissions: Cole and Robbins 1987; -1989; Harrison et al. 1997; 
Murphy et al. 2008; Sun et al. 2011; Van Gaalen et al. 2006a; faster response latency: 
Cole and Robbins 1987; -1989; Harrison et al. 1997; Pattij et al. 2007). 
 Amphetamine increases extracellular levels of DA, NA, and, to a lesser extent, 5-HT 
by binding to monoamine transporters on the cell membrane and on intracellular 
neurotransmitter storage vesicles as a false substrate thereby promoting reverse transport 
of cytosolic transmitter stores (Seiden et al. 1993; Sulzer et al. 1995). Comparable to 
amphetamine, GBR12909 also enhanced premature responding, reduced accuracy, 
enhanced perseverative responding and reduced response latencies, under both baseline 
and long ITI conditions. This indicates that the effects of amphetamine in the 5-CSRTT 
–except for the increases in errors of omission at the highest dose- are mediated by DA 
(Fernando et al. 2011; Seu et al. 2009; Van Gaalen et al. 2006a). Pharmacological studies 
have shown that the amphetamine-induced augmentation of premature responding in 
the 5-CSRTT largely depends on DA D2 receptor stimulation in the nucleus accumbens 
(Cole and Robbins 1989; Pattij et al. 2007; Van Gaalen et al. 2006a; -2009). Conversely, 
reducing DA neurotransmission using DA receptor antagonists or low doses of DA D2 
receptor agonists, that suppress DA neurotransmission by stimulating presynaptic D2 
autoreceptors, has been found to reduce impulsive action in the 5-CSRTT (Fernando et 
al. 2011; Koskinen and Sirvio 2001; Lecourtier and Kelly 2005; Passetti et al. 2003; Van 
Gaalen et al. 2006a; Winstanley et al. 2010). DA-mediated increases in the salience of the 
reward-related cues in the task and/or increased response vigor by amphetamine may 
explain its effects in the 5-CSRTT (Berridge and Robinson 1998; Cardinal et al. 2002). 
This results in a higher rate of performance reflected by a lower amount of errors of 
omission and faster response latency, albeit at the expense of task accuracy and reduced 
impulse control. This is consistent with the well-established effect of psychostimulant 
drugs on behavior, i.e. a general enhancement of the rate of behavioral performance, 
causing short and simple behaviors to dominate the behavioral repertoire, and cutting 
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short of complex chains of behavior (Lyon and Robbins 1975). At the highest dose of 
amphetamine (1 mg/kg), this results in a more general disruption of task performance 
in the 5-CSRTT. Interestingly, the increase in errors of omission at this highest dose 
likely relies on NA rather than DA neurotransmission, because this effect was mimicked 
by atomoxetine but not GBR12909. This indicates that at higher doses, the effects of 
amphetamine on 5-CSRTT performance are mediated by increases in both DA and NA 
neurotransmission.
 Neurobiological and pharmacological data provide evidence for the hypothesis that 
NA plays a key role in both the etiology and treatment of ADHD (Arnsten 2009; Biederman 
and Spencer, 1999). Moreover, clinical observations have shown that a subgroup 
of patients who do not respond to psychostimulants, such as amphetamine and 
methylphenidate, do respond to atomoxetine (Newcorn et al. 2008).  Selective inhibition 
of NA reuptake by atomoxetine reduced premature responding in the 5-CSRTT 
under long ITI conditions. NA neurotransmission has been implicated in the 
regulation of behavior under novel or demanding circumstances (Aston-Jones 
and Cohen 2005; Cole and Robbins 1992; Dalley et al. 2001; McGaughy et al. 2002, 
Sirviö et al. 1993). In the 5-CSRTT, PFC NA levels rise when task contingencies 
are changed (Dalley et al. 2001), and cortically NA-depleted rats are slower to 
adapt to changing task requirements (Milstein et al. 2007). Our observation that 
atomoxetine was predominantly effective under (relatively) novel and challenging, 
long ITI conditions corresponds with these findings. Interestingly, previous studies 
that reported reduced impulsivity in the 5-CSRTT under baseline conditions after 
atomoxetine treatment used a shorter stimulus duration (0.5 sec vs 1 sec in the 
present study; Blondeau and Dellu-Hagedorn 2007; Robinson et al. 2008; Sun et al. 
2011). Under these more demanding test conditions, levels of premature responses 
are higher, and performance may depend on NA signaling to a greater extent. 
An alternative, not necessarily inconsistent explanation is that the absence of an effect 
of atomoxetine on impulsivity under baseline conditions in our study was due to  a floor 
effect, so that the increase in premature responses under long ITI conditions provided 
a larger window to observe a decrease in impulsivity. Interestingly, atomoxetine indeed 
seems to reduce impulsive action in the 5-CSRTT primarily in rats characterized by 
high levels of premature responses (Blondeau and Dellu-Hagedorn 2007; Fernando et al. 
2011) or high levels of premature responding due to prolonged ITI durations (Navarra 
et al. 2008; Paterson et al. 2011). In these studies, no effect of selective blockade of NA 
by atomoxetine on impulsive action was observed in low impulsive rats (Fernando et al. 
2011), efficient rats (Blondeau and Dellu-Hagedorn 2007) or at short intertrial interval 
durations (4 and 5s ITI: Paterson et al. 2011; Navarra et al. 2008) consistently reflected 
by low baseline premature responding. 
 Atomoxetine also increased errors of omission and lengthened response latencies, 
under both baseline and long ITI conditions, suggesting that this drug somewhat 
slowed down the performance in the 5-CSRTT. These effects of atomoxetine are 
consistent with previous findings with noradrenaline reuptake inhibitors, especially at 
higher doses (Blondeau and Dellu-Hagedorn 2007; Fernando et al. 2011; Navarra et al. 
2008; Paine et al. 2007; Sun et al. 2011; Van Gaalen et al. 2006a). Motivational deficits 
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do not likely underlie these increased omissions and response latencies, because NA 
reuptake inhibitors have been shown to increase reinforcement rates in differential 
reinforcement of low-responding schedules (O’Donnell et al. 2005). Interestingly, under 
the challenging long ITI conditions, accuracy was improved by systemic atomoxetine 
(see also Navarra et al. 2008), supporting the role of NA neurotransmission in behavioral 
vigilance (Arnsten 2004; Aston-Jones and Cohen 2005). Together, these data suggest 
that NA neurotransmission is particularly involved in the modulation of behavior in 
the 5-CSRTT under circumstances when task performance is suboptimal, either as a 
result of demanding task requirements or as a result of inherent individual differences 
in behavior. Increasing NA neurotransmission then leads to a more conservative 
pattern of responding, whereby task accuracy and impulse control increase, but speed 
of performance declines somewhat.
 The serotonin reuptake inhibitor citalopram resulted in a decrease in premature 
responding in the 5-CSRTT at an intermediate dose of 1 mg/kg. A similar improvement 
in impulse control was observed under long ITI conditions. In contrast to amphetamine, 
GBR12909 and atomoxetine, the effect of citalopram on premature responding was quite 
selective, as accuracy and errors of omission were not affected. Our finding is in line 
with the observation that enhanced 5-HT transmission in 5-HT transporter knockout  
rats is associated with reduced premature responding in the 5-CSRTT (Homberg et 
al. 2007). Conversely, forebrain 5-HT depletion significantly increases premature 
responding in the 5-CSRTT (Harrison et al. 1997; Winstanley et al. 2004).  
Together, these studies suggest that increasing 5-HT activity may be a possible 
mechanism for attenuation of impulsive action. In vivo microdialysis within the medial 
prefrontal cortex has shown a positive relationship between premature responding  
and basal 5-HT levels, although no alteration in 5-HT efflux during task performance 
was found (Dalley et al. 2002). These results indicate a role for tonic 5-HT levels  
in the prefrontal cortex in impulsive regulation in the 5-CSRTT. However, 5-HT 
depletion using 5,7-DHT infusion into the medial prefrontal cortex did not affect 
impulsive action in the 5-CSRTT (Fletcher et al. 2009). Thus, the role of 5-HT in 
impulse action is not straightforward, which is likely related to the great diversity 
of 5-HT receptors, and the fact that 5-HT modulates impulsive action through  
different brain regions (Eagle and Baunez 2010; Pattij and Vanderschuren 2008). 
 In contrast to its effects on impulsive behavior in the 5CSRTT, amphetamine had 
beneficial effects on impulsive choice, exemplified by the enhanced ability of the 
animals to choose a large, delayed reward instead of a small, immediate reward.  
Our finding is in keeping with previous studies in mice, rats and humans (Barbelivien 
et al. 2008; De Wit et al. 2002; Isles et al. 2003; Richards et al. 1999; Van Gaalen et al. 
2006b; Wade et al. 2000; Winstanley et al. 2003), although this effect of amphetamine is 
found to be dose-, baseline- and context-dependent (Barbelivien et al. 2008, Cardinal 
et al. 2000; Evenden and Ryan 1996; Isles et al. 2003). In this study, we showed that 
impulsive choice was decreased after blockade of DA by GBR12909 but not selective 
blockade of NA or 5-HT by atomoxetine or citalopram, respectively. An important 
regulatory role of DA in impulsive choice has been proposed before (Wade et al. 2000; 
Van Gaalen et al. 2006b), as the improved impulsive choice by amphetamine was 
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blocked by the DA D2 receptor antagonist eticlopride (Van Gaalen et al. 2006b). 
 In the present study, atomoxetine did not affect impulsive choice. In agreement with 
our findings, Sun et al. (2011) found no effect on impulsive choice following atomoxetine 
administration. In contrast, Robinson et al. (2008) reported that atomoxetine reduced 
impulsive choice, whereby the increase in percentage choice for the large reward after 
atomoxetine treatment was most pronounced at the shorter delays. The somewhat 
less selective NA reuptake blocker desipramine had no consistent effect in the DRT 
(Van Gaalen et al. 2006b). Together, these data suggest that acute enhancement of NA 
neurotransmission has at best modest effects on impulsive choice in a delayed reward 
task.
 In vivo microdialysis experiments have shown that 5-HT release within the medial 
prefrontal cortex correlates with performance in the DRT (Winstanley et al. 2006), 
indicating that 5-HT release is essential for proper delay discounting judgments. 
However, inconsistent effects of forebrain 5-HT depletions on impulsive choice 
have been found (Bizot et al. 1999; Mobini et al. 2000; Winstanley et al. 2003; -2004; 
Wogar et al. 1993). Likewise, inconsistent effects of 5-HT depletion have been found 
in humans, as tryptophan depletion increased delay discounting in healthy volunteers 
in one study (Schweighofer et al. 2008), but not another (Crean et al. 2002). In the 
present study, selective inhibition of 5-HT reuptake by citalopram did not affect choice 
behavior in the delayed reward task. In agreement with our findings, Evenden and 
Ryan (1996) found that the tolerance to delay of gratification was not affected by acute 
administration of citalopram or imipramine. Early studies on the neural mechanisms 
of impulsive behavior have implicated low levels of 5-HT in impulsivity (Linnoila et al. 
1983; Soubrié 1986). Together with previous findings discussed here, our data indicate 
that elevation of 5-HT levels by SSRIs has a beneficial effect on impulsive action but not 
impulsive choice, suggesting that the early association of 5-HT with impulsivity relates 
more to the former than to the latter.
 The present study aimed to pinpoint the separate roles of three monoamine 
neurotransmitters in two forms of impulsive behavior using selective DA, NA and 
5-HT reuptake blockers. Two limitations to this approach should be mentioned.  
First, although GBR12909, atomoxetine and citalopram display low affinity for  
the other monoamine transporters (Fone and Nutt 2005; Rothman et al. 2001), 
transporter-selective reuptake inhibitors are not necessarily transmitter-selective 
reuptake inhibitors. DA reuptake in the striatum depends primarily on the DA 
transporter, whereas DA reuptake in the prefrontal cortex depends on both the NA 
transporter and the DA transporter, due to the low density of the DA transporter  
in this area (Carboni et al. 2006; Moron et al. 2002; Tanda et al. 1997).  
Atomoxetine therefore indirectly boosts prefrontal cortical DA via its effects on the NA 
transporter, but it does not modulate DA levels in the striatum (Bymaster et al. 2002). 
Thus, a contribution of prefrontal DA to the effects of atomoxetine in the 5-CSRTT  
can not be excluded. However, the COMT inhibitor tolcapone that selectively  
modulates DA, but not NA, did not attenuate impulsive action in rats that exhibited  
sub-optimal 5-CSRTT performance, suggesting that cortical DA does not contribute  
to the effects of atomoxetine on impulsive action (Paterson et al. 2011). Second, through 
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their downstream effects, increased synaptic DA, NA and 5-HT levels can indirectly 
alter the activity of other neurotransmitter systems (e.g. Di Giovanni et al. 1999; 
Vanderschuren et al. 1999), so that coordinated activity of multiple neurotransmitter 
systems mediates adaptive behavior. For example, with regard to impulse control, 
5-HT-DA interactions have been shown to be involved in impulsive choice in rats.  
Thus, forebrain 5-HT lesions attenuated the ability of amphetamine to decrease 
impulsive behavior in a delay-discounting task, particular in rats with high baseline 
levels of impulsivity, but did not themselves alter delay-discounting performance 
(Winstanley et al. 2003). Therefore, involvement of neurotransmitters other than  
DA, NA and 5-HT, respectively, in the behavioral effects of GBR12909, atomoxetine 
and citalopram can not be excluded.
 In conclusion, the neuropharmacological manipulations presented here indicate a 
differential contribution of DA, NA and 5-HT in the modulation of two dimensions 
of impulsivity. Inhibition of the reuptake of DA exerted opposite effects on impulsive 
action (increase) and impulsive choice (decrease), whereas inhibition of NA and 
5-HT reuptake reduced impulsive action but not impulsive choice. The current study 
therefore supports the well-established notion of the heterogenous nature of impulsivity 
(Dalley et al. 2011; Eagle and Baunez 2010; Evenden 1999; Pattij and Vanderschuren 
2008). The existence of independent processes of impulse control is exemplified in the 
psychiatric population, although it is difficult to relate certain forms of impulsivity 
with particular disorders (Moeller et al. 2001; Solanto et al. 2001; Sonuga-Barke 2003). 
Nevertheless, deficits in one of the subtypes of impulsivity, or genetic variation in 
monoamine signaling (e.g. Colzato et al. 2010; Hamidovic et al. 2009) may contribute to 
the differential responsiveness and effectiveness of drug treatments in impulse control 
disorders. As such, understanding the contribution of different neurotransmitter 
systems to distinct forms of impulsivity may contribute to the development of selectively 
tailored pharmacotherapeutic treatments of impulse control disorders. 
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Abstract

Rationale The inability to make profitable long-term deci- sions has been implicated in 
several psychiatric disorders. There is emerging evidence to support a role for dopamine 
(DA) in decision making, but our understanding of the role of noradrenaline (NA) 
and serotonin (5-HT) in decision making, and of possible interactions between the 
three monoamines, is limited. Moreover, impulsivity has been associated with aberrant 
decision making, but the underlying mechanisms are incompletely understood.
Objective The purpose of this study is to improve our un- derstanding of the 
neuropharmacological mechanisms of decision making and impulse control. Methods 
We investigated the effects of amphetamine (0.25–1.0 mg/kg) and selective reuptake 
inhibitors of DA (GBR12909; 2.5–10 mg/kg), NA (atomoxetine; 0.3–3.0 mg/kg), and 
5-HT (citalopram; 0.3–3.0 mg/kg) in a rat gambling task (rGT). Since the rGT allows 
for detection of impulsive action, i.e., premature responding, we also assessed the 
relationship between decision making and impulsivity.
Results In the rGT, rats developed an optimal choice strategy from the first session 
onwards. Elevation of endogenous DA or NA levels increased and decreased impulsivity, 
respectively, but did not alter decision making. However, simultaneous blockade of 
DA and NA disrupted decision making, reflected by a relative decrease in choice for 
the advantageous choice options. Increasing 5-HT neurotransmission did not affect 
decision making or impulsivity.
Conclusions These data suggest important but complementary or redundant roles of DA 
and NA neurotransmission in decision-making processes based on reward probability 
and punishment. Moreover, impulse control and decision making in the rGT rely on 
dissociable mechanisms.
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Introduction

Optimal decision making in a changeable and unpredictable environment depends on 
the ability to evaluate relative risks, costs and benefits associated with different response 
options to determine appropriate courses of action. The inability to make profitable 
short- and long-term decisions, leading to suboptimal strategy selection or risk-taking 
behavior, has a major negative impact on daily functioning. Indeed, decision-making 
deficits are a core problem in several psychiatric disorders such as drug addiction, 
attention-deficit hyperactivity disorder, pathological gambling, schizophrenia, and 
Parkinson’s disease (Bark et al. 2005; Bechara et al. 2001; Brand et al. 2004, 2005; 
Cavedini et al. 2002; Ernst et al. 2003; Johnson et al. 2006; Lawrence et al. 2006; Luman 
et al. 2008; Malloy-Diniz et al. 2007; Rogers and Robbins 2001; Schutter et al. 2011; 
Shurman et al. 2005). It is therefore of critical importance to understand the neural 
mechanisms of decision making, and how they are impaired in psychiatric disorders.
 The Iowa Gambling Task (IGT) is a widely used task to assess decision-making 
processes. In this task, participants have to accumulate money, by choosing cards from 
four decks that vary in both the size and probability of gains and losses (Bechara et 
al. 1994). Unbeknownst to the participants, the two decks that initially appear most 
attractive (by producing higher gains) are the least profitable in the long run since they 
also produce higher losses. The task reflects various components of real-life decision 
making as it incorporates the unpredictability of the consequences of a choice, the need 
to weigh short- and long-term gains and losses, and the necessity to exert behavioral 
control to maximize gains in the long term (Bechara et al. 1994). In the present study, 
a rodent model of decision making was used, i.e., rat gam- bling task (rGT), in which 
rats are confronted with multiple response options that differ in the probability and 
magnitude of rewards and punishments (Zeeb et al. 2009; Zeeb and Winstanley 2011). 
To maximize the total net gain, rats must learn to avoid the risky response options, 
which are associated with larger food rewards, but also with longer and more frequent 
punishment timeouts, similar to the optimal strategy in the IGT. Previous experiments 
have revealed that the choice in the rGT is guided by the integration of the probability 
and size of the expected reward with the probability and the magnitude of expected 
punishment (Zeeb et al. 2009).
 Monoaminergic neurotransmission critically regulates executive functions at the level 
of the frontal cortex (Floresco and Jentsch 2011; Robbins and Arnsten 2009). Dopamine 
(DA), noradrenaline (NA), and serotonin (5-HT) are therefore important candidates 
for the modulation of decision making. There is emerging evidence to support a role 
for DA in decision making. For instance, DA agonist therapy has been associated with 
impairments in decision making in patients with Parkinson’s disease and restless leg 
syndrome (Gallagher et al. 2007; Seedat et al. 2000; Weintraub et al. 2006). Impaired 
decision making has also been reported after acute DA depletion in healthy individuals 
(Sevy et al. 2006). In the rGT, treatment with amphetamine impaired, whereas the 
DA D2 receptor antagonist eticlopride improved performance. Treatment with DA D1 
or D2 receptor agonists did not alter decision-making behavior in the rGT (Zeeb et 
al. 2009). In a different decision-making task, where choice for a large food reward 
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was associated with probabilistic footshock punishment, amphetamine reduced 
risky decision making (Mitchell et al. 2011; Simon et al. 2009, 2011). This effect of 
amphetamine was blocked by the DA D2 receptor antagonist eticlopride, and mimicked 
by the DA D2/D3 receptor agonist bromocriptine (Simon et al. 2011). There is sparse 
evidence for a role of 5-HT and NA in decision making. Chronic treatment with a 
mixed 5-HT2A-D2 receptor antagonist was found to improve IGT performance in 
obsessive–compulsive disorder patients (Cavedini et al. 2002), whereas equivocal 
results have been obtained regarding the effects of selective 5- HT reuptake inhibitors 
on decision making in pathological gambling (Grant and Potenza 2007; Hollander and 
Rosen 2000; Van den Brink 2012). In the rGT, performance was slightly impaired after 
treatment with the 5-HT1A receptor agonist 8-OHDPAT (Zeeb et al. 2009). In heroin 
addicts, treatment with the alpha-2 adrenoceptor agonist clonidine improved decision-
making performance (Zhang et al. 2012). However, the selective NA reuptake inhibitor 
reboxetine did not influence gambling task performance in healthy subjects (O’Carroll 
and Papps 2003). Thus, although there is evidence to indicate involvement of DA in 
decision making in the IGT and rGT, our understanding of the role of NA and 5-HT, 
and possible interactions between the three monoamines, is limited.
 In clinical studies, the personality trait of impulsivity has been frequently associated 
with aberrant decision making. High levels of impulsiveness, i.e., acting without 
consideration of the possible consequences, were found to be related with lower net 
scores on the IGT (Franken et al. 2008). Likewise, Zermatten et al. (2005) showed that 
decision making in the IGT was influenced by the impulsivity-related trait of lack of 
premeditation. In abstinent regular ecstasy users, elevated impulsivity was associated 
with impaired decision making in a risky decision-making task (Morgan et al. 2006). 
Although these findings suggest an overlap between the neurobehavioral underpinnings 
of impulsivity and decision making, other studies have reported that impaired decision 
making and exaggerated impulsivity can manifest independently (Franken and Muris 
2005; Jollant et al. 2005; Kreek et al. 2005; Mavaddat et al. 2000; Van der Plas et al. 
2009). The fact that different questionnaires (Barratt Impulsiveness Scale, Behavioral 
Inhibition System Scale, and 17 Impulsiveness Scale) and experimental tasks (stop signal 
reaction time task and matching familiar figures test) were used to identify impulsivity 
could contribute to the discrepancies between studies, especially since impulsivity is 
known to be a heterogeneous construct (Evenden 1999).
 In order to improve our understanding of the neuropharmacological mechanisms of 
decision making, we investigated the effects of treatment with amphetamine, as well 
as the selective DA, NA, and 5-HT reuptake inhibitors GBR12909, atomoxetine, and 
citalopram on behavior in the rGT (Zeeb et al. 2009; Zeeb and Winstanley 2011). On the 
basis of previous studies, we hypothesized that rGT performance would be impaired by 
DA reuptake blockade (using amphetamine or GBR12909; Mitchell et al. 2011; Simon et 
al. 2009, 2011; Zeeb et al. 2009), whereas blockade of the reuptake of NA (O’Carroll and 
Papps 2003) or 5-HT (Grant and Potenza 2007; Hollander and Rosen 2000) would be 
less effective. In a previous study, these monoamine reuptake inhibitors were found to 
differentially influence two dimensions of impulsive behavior, i.e., impulsive action and 
impulsive choice (Baarendse and Vanderschuren 2012). The setup of the rGT used here 
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also allows for the detection of impulsive action (i.e., premature responding). Therefore, 
we assessed the relationship between decision making and impulsivity by comparing 
their neuropharmacological modulation by the reuptake inhibitors.

Materials and methods

Subjects
Forty male Lister Hooded rats (Harlan CPB, Horst, The Netherlands), weighing  
250–275 g at the start of the experiments, were housed two per cage under reversed 
lighting conditions (lights on from 1900 to 0700 hours). After 2 weeks of habituation 
to the housing conditions, rats were placed on a restricted diet of 14 g of standard rat 
chow per day. Body weights were monitored on a weekly basis. Feeding occurred in 
the rats’ home cages at the end of the experimental day. Water was available ad libitum. 
All experiments were approved by the Animal Ethics Committee of Utrecht University 
and were conducted in agreement with Dutch laws (Wet op de Dierproeven 1996) and 
European regulations (Guideline 86/609/EEC). Five sessions were scheduled per week 
(one session per day, Monday–Friday) during the dark phase of the light/dark cycle.

Apparatus
Behavioral testing was conducted in 16 identical operant conditioning chambers 
(30.5 0 24 0 21 cm; Med Associates, St. Albans, VT, USA) each enclosed within a 
ventilated sound-attenuating cabinet (Med Associates Inc, VT). The boxes were 
equipped with a fan to provide ventilation and to mask extraneous noise. Set in the 
curved wall of each box was an array of five holes. Each nose-poke unit was equipped 
with an infrared detector and a yellow light- emitting diode stimulus light. Sucrose 
pellets (45 mg, For- mula P; Bio-Serv) could be delivered at the opposite wall via a 
dispenser. The chamber could be illuminated by a white house light, mounted in the 
center of the roof. Online control of the apparatus and data collection was performed 
using MEDPC version 1.17 (Med Associates).

Rat gambling task
Habituation and magazine training Animals were first habituated to the operant chambers 
over two daily sessions, during which sucrose pellets were placed in the response 
holes and food magazine. Animals were then trained to make a nose-poke response 
into an illuminated response hole within 10 s to earn a reward, similar to the training 
for the five-choice serial reaction time task (5CSRT) (Baarendse and Vanderschuren 
2012; Carli et al. 1983; Robbins 2002). The spatial location of the stimulus light varied 
pseudorandomly between trials across holes 1, 2, 4, and 5. Each session consisted of 100 
trials and lasted approximately 30 min. After habituation and magazine training, rats 
are confronted with four choices differing in the probability and magnitude of rewards 
and punishments (Zeeb et al. 2009; Zeeb and Winstanley 2011).
rGT In brief, animals were tested once daily in a 30-min session. A trial started with 
a 5-s intertrial interval (ITI) followed by illumination of holes 1, 2, 4, and 5 for 10 s. 
A response in an illuminated hole turned off all stimulus lights, and led to either the 
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delivery of reward, or the start of a timeout “punishment” period. If the trial was 
rewarded, the appropriate amount of sucrose pellets was immediately delivered into 
the food tray. If the trial was punished, no reward was delivered, and the stimulus light 
within the chosen hole flashed at 0.5 Hz until the punishing timeout had elapsed. We 
used an adapted version of the rGT, in which animals were first exposed to ten free choice 
sample sessions before exposure to the forced- and full free choice sessions. In the free 
sample sessions, the first two choices for each option were rewarded, after which the 
reward and punishment contingencies associated with the four response options were 
introduced. The free sample sessions were followed by a forced-choice version for five 
sessions before moving on to the full free choice task. In the forced-choice version, only 
one hole was illuminated, to equalize experience of the animals with all of four reward 
and punishment contingencies, thereby preventing the development of a bias toward a 
particular hole. As in the 5CSRT, premature responses were punished by a 5-s timeout 
period, signaled by illumination of the house light. A trial was scored as an omission if 
animals failed to respond within 10 s. The reinforcement schedules were designed such 
that the optimal strategy was to select the two-pellet option (P2) in terms of reward 
earned per unit time, associated with a 10-s time-out period that occurs 20 % of the time 
(80 % chance of reward). The next best option is P1 (5-s timeout, 90 % chance of reward). 
The two disadvantageous options were both associated with larger immediate gain, i.e., 
three or four sucrose pellets, but also longer timeout periods (P3, 30-s timeout, 50 % 
chance of reward; P4, 40-s timeout, 40 % chance of reward). The hypothetical amount of 
reward that could be obtained if an option was chosen exclusively per session amounted 
to the following: P2, 411 pellets; P1, 295 pellets; P3, 135 pellets; and P4, 99 pellets. 
Therefore, the optimal strategy is to prefer the advantageous options, i.e., P2 and P1, 
which are associated with smaller, immediate gain, but also less punishment resulting in 
more reward in the long term, while avoiding the tempting, yet disadvantageous, large 
reward options associated with greater loss, i.e., P3 and P4. The spatial locations of the 
pellet choice options (P1–4) were counterbalanced across subjects. That is, half of the 
animals was tested in a version of the task in which the order of the response options 
(in holes 1, 2, 4, and 5, respectively) was P1, P4, P2, and P3, and the other half of the 
animals was tested in a version of the task in which the order of the response options 
was P4, P1, P3, and P2.
 The percentage of choices was used to determine preferences for each option, 
calculated as (number of choices for a particular option/number of total choices made) 
0 100. Choice scores were also assessed, which were calculated as the sum of the two 
advantageous options (average percentage choice of P1 and P2) and the sum of the 
two disadvantageous options (average percentage choice of P3 and P4). In addition, the 
amount of premature responses and omissions made were calculated.

Drugs
(+)-Amphetamine sulphate was purchased from O.P.G. (Utrecht, The Netherlands). 
GBR12909 dihydrochloride, atomoxetine hydrochloride, and citalopram hydrobromide 
were purchased from Tocris Bioscience (UK). All drug doses were calculated as salt, 
dissolved in 0.9 % saline (amphetamine, atomoxetine, and citalopram) or sterile 
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water (GBR12909). Drugs were freshly prepared each day before testing and injected 
intraperitoneally (i.p.) in a volume of 1 ml/kg body weight. Injections were given 30 min 
before behavioral testing commenced since we have previously demonstrated clear-cut 
effects on impulsivity of these drugs using this pretreatment interval (Baarendse and 
Vanderschuren 2012). Drug tests were conducted on Tuesdays and Fridays with baseline 
training sessions on the other weekdays. Pharmacological challenges began once stable 
baseline behavior had been established. Before the first test day, all animals had been 
habituated twice to i.p. saline injections. Drugs were administrated as follows: cohorts of 
ten rats received three different doses of one drug including saline according to a Latin 
square design, followed by the same procedure with a second drug. Each animal received 
a maximum of two different drugs, and the order of drugs was counterbalanced between 
cohorts of rats (amphetamine–citalopram; GBR12909–atomoxetine; citalopram– 
GBR12909; atomoxetine–amphetamine). Subsequently, a cohort of 20 rats was used to 
test the effects of drug combinations, which were administrated according to a Latin 
square design as well. Due to experimental errors, the data of some rats were excluded 
from the analysis. Animals were tested drug-free for a minimum of 1 week between 
drugs and drug combinations to prevent carryover effects.

Data analysis
All data are presented as means and standard errors of the mean and analyzed using 
SPSS for Windows, version 15.0. An arcsine transformation was performed before 
analysis of the percentage of choice to limit the effect of an artificially imposed ceiling 
(McDonald 2009). Analysis of choice be- havior per quartile of trials (Q1–Q4) or free 
sampling choice sessions (first 10 sessions) and free choice sessions (session 11–29) 
were performed using a one-way, repeated-measures analysis of variance (ANOVA) with 
quartile or session as within-subject factor and choice (two or four levels, advantageous–
disadvantageous choices, and P1–4, respectively) as between-subject factor.
 Data from the pharmacological challenges were analyzed using a two-way, repeated-
measures ANOVA with choice (two or four levels, advantageous–disadvantageous 
choices, and P1–4, respectively) and drug dose (four levels, vehicle plus three doses 
of compound) or drug combination (four levels, vehicle–vehicle plus combinations 
of two mono- amine reuptake inhibitors) as within-subject factors. If the outcome of 
the repeated-measures ANOVA yielded significant effects of dose or dose 0 choice 
at p < 0.05 level, further post hoc analysis was performed using one-way ANOVA for 
comparison between choice options or paired samples t tests for comparison between 
drug doses.

Results

Development of choice behavior during rGT acquisition
A detailed analysis of choice behavior per quartile of trials during the first free sampling 
choice session is depicted in figure 1 (A, B). Animals started with an equal preference 
for the advantageous versus disadvantageous options during the first quartile of 
trials (Q1), but developed a preference for the advantageous options within the next 



122

Chapter 6

quartiles of trials (figure 1A) [quartile x choice: F(3,66)=2.70, p<0.05, Q1: NS, Q2-4: 
p<0.02]. Analysis of the four different pellet options per quartile revealed an effect of 
choice [quartile x choice: F(9,132)=1.40, NS; choice: F(3,44)=3.36, p<0.03], but post-
hoc comparison indicated no significant difference between the pellet options (figure 
1B). During subsequent training sessions, there was a significant preference for the 
advantageous choice options during free sampling choice sessions [session x choice: 
F[sessions 1-10] (9,702)=10.19, p<0.001] and free choice sessions [session x choice:  
F[session 11-29](18,1404)=1.96, p<0.01] (figure 1C). Post-hoc analysis indicated a 
significant difference between the advantageous options versus the disadvantageous 
options for all training sessions (session 1-29, p<0.001). Analysis per pellet option 
revealed a significant difference between the four different pellet options during the free 
sampling choice sessions [session x choice: F[sessions 1-10](27,1404)=10.31, p<0.001] 
and free choice sessions [session x choice: F[session 11- 29](54,2808)=7.33, p<0.01]. 
Post-hoc analysis indicated that option P1 was significantly different from all other 
options during sessions 6-7, 10-17, 19 and 22, whereas option P2 was significantly more 
chosen compared with the other four options from session 7 onwards (p<0.05) (figure 
1D).

Effect of amphetamine and monoamine reuptake inhibitors on decision making
Treatment with neither amphetamine, nor GBR12909, atomoxetine or citalopram 
significantly influenced choice expressed as percentage of choice for the advantageous 
versus disadvantageous options (figure 2A-D) [dose x choice: F[amphetamine] 
(3,57) =0.96, NS; F[GBR12909](3,57)=0.28, NS; F[atomoxetine](3,39)=0.35m, NS; 
F[citalopram](3,54)=1.02, NS]. The effects of treatment with amphetamine and the 
monoamine reuptake inhibitors on choice behavior expressed per response option, i.e., 
P1, P2, P3, and P4, are shown in table 1. Administration of amphetamine at a dose of 
0.5 mg/kg and 1 mg/kg decreased the choice of P2, and increased choice of P1 [dose x 
choice: F(9,171)=2.54, p<0.01]. In view of previously reported effects of a higher dose of 
amphetamine than used here (i.e., 1.5 mg/kg; Zeeb et al. 2009), the effect of 1.5 mg/kg 
of amphetamine was tested after the dose-effect study with amphetamine. This higher 
dose of amphetamine significantly shifted choice behavior from the advantageous 
[saline 67.2%±5; amphetamine 55.9%±4.4] towards disadvantageous options [32.8%±5; 
amphetamine 44.1%±4.4]. In addition, the pattern of effects on the four response 
options was comparable to that reported by Zeeb et al. (2009), i.e., an increase in P1 
and P4, and a decrease in P2 and P3 (saline: P1: 15±1.5, P2: 52.2±4.7, P3: 17±3.7, 
15.8±3.3; amphetamine: P1: 21.3±2.2, P2: 34.6±4.4, P3: 8.2±1.7, P4: 35.8±4.8). DA 
and 5-HT reuptake inhibition by GBR12909 and citalopram, respectively, did not alter 
choice behavior for the different options [dose x choice: F[GBR12909](9,171)=1.26, NS; 
F[citalopram](9,161)=1.06, NS]. The NA reuptake inhibitor, atomoxetine, significantly 
decreased the choice of option P1 as well as option P4, at an intermediate dose of 1 mg/ 
kg [dose x choice: F(9,117)=1.99, p<0.05] (table 1). in terms of advantageous options 
versus disadvantageous options, with a significant shift in choice behavior induced 
by the GBR12909-atomoxetine combination (figure 3) [drug x choice: F(3,57)=4.70, 
p<0.01]. All combinations of monoaminergic reuptake inhibitors resulted in a significant 
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Figure 1 Development of choice pattern in the rGT. Advantageous versus disadvantageous options (A) and 
four di#erent response options (B) during each quartile of trials within the 1st 30-min session. Advantageous 
versus disadvantageous options (C) and four di#erent response options (D) over training sessions. In total, 
n=40 animals were included in the analysis. All data are expressed as mean±SEM. Note that not all scales of 
the panels are identical
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increase in the choie of P1, which was accompanied by a decrease in choice of P2 [drug 
x choice: F(9,171)=8.2, p<0.001], comparable with the effect of amphetamine (table 1). 
However, only with the combination of GBR12909 and atomoxetine was this shift in 
choice behavior accompanied with significant increases in the choice for P3 and P4, 
resulting in a shift in advantageous toward disadvantageous choices (p<0.05) (figure 3 
and table 1).

Effect of amphetamine and monoamine reuptake inhibitors on premature responding
Amphetamine significantly increased the number of premature responses, i.e. responses 
during the 5 s intertrial interval, in the rGT (figure 4A) [F(3,57)=12.0, p<0.01].  
Post-hoc analysis revealed that the increase in premature responses was significant at 
all doses tested (p<0.05). Systemic administration of GBR12909 resulted in enhanced 
premature responding at a dose of 5 and 10 mg/kg (figure 4B) [F(3,57)=7.6, p<0.01]. 
Amphetamine and GBR12909 had no effect on the amount of errors of omission 
(table 1) [F[amphetamine](3,57)=2.51, NS; F[GBR12909](3,57)=1.23, NS]. On the 
other hand, atomoxetine decreased premature responses and enhanced the errors of 

amphetamine (mg/kg)

atomoxetine (mg/kg)

GBR12909 (mg/kg)

citalopram (mg/kg)
Figure 2 E#ects of amphetamine (A), the selective DA reuptake inhibitor GBR12909 (B), the selective NA 
reuptake inhibitor atomoxetine (C) and the selective 5-HT reuptake inhibitor citalopram (D) on choice 
behavior, i.e., advantageous options versus disadvantageous options in the rGT. In total, n=20, n=20, n=14, and 
n=19 animals were included in the analysis, respectively. All data are expressed as mean±SEM
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Table 1 E#ects of amphetamine, the selective DA reuptake inhibitor GBR12909, the 
selective NA reuptake inhibitor atomoxetine, the selective 5-HT reuptake inhibitor 
citalopram and combined administration of the reuptake inhibitors on choice behavior, 
i.e., percentage of choice for pellet option P1, P2, P3, and P4, and errors of omission in 
the rGT

Figure 3 E#ects of combined administration of the selective DA reuptake inhibitor GBR12909 (10 mg/kg), the 
selective NA reuptake inhibitor atomoxetine (3 mg/kg) and/or the selective 5-HT reuptake inhibitor citalopram 
(3 mg/kg) on choice behavior, i.e., advantageous options versus disadvantageous options in the rGT. In total, 
n=20 animals were included in the analysis. **p<0.01 compared to vehicle treatment (paired samples t-test). 
All data are expressed as mean±SEM

In total, n=14-24 animals were included in the analysis. Asterisk indicates p<0.05 and two asterisks 
indicate p<0.01 compared to vehicle treatment (paired samples t-test). All data are expressed as 
mean±SEM.
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omission at all doses tested (figure 4C and table 1) [F[premature responses](3,39)=4.84, 
p<0.01, F[errors of omission](3,39)=11.11, p<0.01]. Both premature responding and 
errors of omission were unaffected by treatment with citalopram (figure 4D and table 
1) [F[premature responses](3,54)=0.16, NS; F[errors of omission](3,54)=0.75, NS]. 
Simultaneous blockade of DA (GBR12909) with either NA (atomoxetine) or 5-HT 
(citalopram) reuptake significantly increased premature responding in the rGT, whereas 
blockade of NA (atomoxetine) combined with 5-HT (citalopram) reuptake decreased 
premature responding (figure 5) [F(3,69)=24.43, p<0.01]. The errors of omission, on 
the other hand, were increased when DA (GBR12909) or 5-HT (citalopram) reuptake 
blockade was combined with atomoxetine (table 1) [F(3,69)=20.39, P<0.01], but not 
when GBR12909 was combined with citalopram.

amphetamine (mg/kg)

atomoxetine (mg/kg)

GBR12909 (mg/kg)

citalopram (mg/kg)

Figure 4 E#ects of amphetamine (A), the selective DA reuptake inhibitor GBR12909 (B), the selective  
NA reuptake inhibitor atomoxetine (C) and the selective 5-HT reuptake inhibitor citalopram (D) on 
premature responding, i.e., impulsive action, in the rGT. In total, n=20, n=20, n=14, and n=19 animals were 
included in the analysis, respectively. Asterisk indicates p<0.05 and two asterisks indicate p<0.01 compared 
to vehicle treatment (paired samples t-test). All data are expressed as mean±SEM. Note that not all scales 
of the panels are identical



127

Neuropharmacological modulation of decision making

Discussion

In the present study, we used the rGT to show that rats are capable of developing an 
optimal choice strategy within a limited amount of sessions without knowing the 
reinforce- ment contingencies of the different response options. From the first session 
onwards, rats preferred the advantageous options (P1 and P2) characterized by low 
pellet gain, but high probability of reinforcement and short punishment timeouts, over 
the more disadvantageous options (P3 and P4) associated with larger reward size, but 
lower net gains in the long run. Because the task contingencies were unknown to the 
rats, the first free choice training session is analogous to gambling behavior in the IGT 
(Bechara et al. 1994). Similar to healthy human subjects (Bechara et al. 1994; Brand et al. 
2007), the rats displayed a shift from primarily explorative behavior at the beginning of 
the task, during which they sample all the options, toward a more exploitative strategy 
involving substantially more choices of the advantageous options. After task acquisition, 
decision making under known reinforcement schedules was investigated. Simultaneous 
DA and NA transporter blockade resulted in a shift towards risky decision making 
reflected by a decrease in choice for the advantageous options and increase in choice 
for the disadvantageous options. Elevation of endogenous DA or NA levels by single 
transporter blockade resulted in disrupted impulse control or slowed task performance, 
respectively, but was not sufficient to disrupt decision making.
 Decision making is a complex cognitive function that is guided by the integration 
of different mental processes, such as the formation of preferences, selection and 
execution of actions, evaluation of outcomes, sensitivity to loss or punishment, delay 
aversion, attention, and behavioral flexibility (Ernst and Paulus 2005). Monoaminergic 

Figure 5 E#ects of combined administration of the selective DA reuptake inhibitor GBR12909 (10 mg/kg), the 
selective NA reuptake inhibitor atomoxetine (3 mg/kg) and/or the selective 5-HT reuptake inhibitor citalopram 
(3 mg/kg) on premature responding, i.e., impulsive action, in the rGT. In total, n=20 animals were included in 
the analysis. Asterisk indicates p<0.05 and two asterisks indicate p<0.01 compared to vehicle treatment (paired 
samples t-test). All data are expressed as mean±SEM
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neurotransmission may modulate decision making to interfere independently with one 
or more of these processes. For example, DA has been implicated in incentive motivation, 
salience of emotionally charged cues or events, and action invigoration (Berridge 2007; 
Cardinal et al. 2000; Cools et al. 2011; Robbins and Everitt 2007; Salamone et al. 1994, 
2007). On the other hand, NA appears to be especially involved in decision making 
when contingencies are unexpectedly changed and alternatives are explored (Aston-
Jones and Cohen 2005; Bouret and Sara 2005; Cole and Robbins 1992; Dalley et al. 2001; 
Sirviö et al. 1993; Usher et al. 1999). The contribution of 5-HT to decision making is 
more complex and is likely to involve multiple receptor systems (for review, see Rogers 
2011). Most prominently, 5-HT function has been associated with aversive processing 
in decision making (Boureau and Dayan 2010; Cools et al. 2008, 2011; Dayan and Huys 
2008; Kranz et al. 2010; Tops et al. 2009). The modulatory role of monoaminergic 
neurotransmission may depend on the complexity of decision making and the processes 
involved. For example, manipulation of DA neurotransmission has been reported to 
influence decision-making processes based solely on reward or punishment probability 
(Simon et al. 2011; St Onge and Floresco 2009; Zeeb et al. 2009), whereas the role 
of DA in decision making appears more limited when reward size, probability, and 
punishment duration are integrated (Zeeb et al. 2009; present study). Together with 
the data presented here, these findings suggest that the neural basis of decision making 
strongly depends on task complexity and requirement of cognitive effort and conflict 
resolution (Raylu and Oei 2002).
 Elevation of DA, NA, or 5-HT by inhibiting transmitter reuptake did not substantially 
influence choice behavior in the rGT. It is possible that each of these monoamines has 
a unique role in certain components of decision making, but that these separate roles 
are not essential for the overall performance of choice behavior in the rGT. The lack 
of a substantial effect of GBR12909, atomoxetine, or citalopram on choice behavior 
in the rGT can be explained by functional redundancy in monoaminergic function. 
Indeed, redundant mechanisms have, for example, been described for catecholamine 
signaling in fear conditioning. Signaling through à2-adrenergic receptors or D5-DA 
receptors is itself not essential for fear memory consolidation, but if function of these 
receptors is simultaneously inhibited, through pharmacological or genetic means, 
consolidation of fear memory is disrupted (Ouyang et al. 2012). In the present study, 
it was shown that only if DA transporter blockade was combined with NA transporter 
blockade, decision making was impaired, reflected by a shift from advantageous choices 
towards more disadvantageous choices. This disruption in choice pattern was specific 
for the combination of GBR12909 and atomoxetine as combined administration of 
GBR12909 or atomoxetine with citalopram did not substantially alter decision making. 
A detailed analysis of choice for the different options after treatment with GBR12909 
and atomoxetine showed that the percentage of choice for P2, the optimal option, was 
significantly de- creased, whereas choice for the advantageous option P1, as well as the 
risky options P3 and P4, was elevated. Combined DA and NA transporter blockade 
thereby seems to flatten the choice profile for the different options resulting in impaired 
decision making. This pronounced flattening of the choice profile, i.e., increased choice 
for P1 and P4 and decreased choice of P2 and P3, causing a decrease in advantageous 
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choices, was also observed with a higher dose of amphetamine (1.5 mg/kg) (Zeeb et al. 
2009; present study). The effect of GBR12909–atomoxetine is not likely the result of a 
motivational deficit since increasing DA neurotransmission enhances the willingness 
of rats to wait longer or work harder for larger rewards in delay and effort discounting 
tasks (Cardinal et al. 2000; Denk et al. 2005; Floresco et al. 2008a, b; Salamone et al. 
1994; Van Gaalen et al. 2006b). Moreover, NA reuptake inhibitors have been shown to 
increase reinforcement rates in differential reinforcement of low responding schedules 
(O’Donnell et al. 2005). Since the shift towards the disadvantageous options under 
GBR12909–atomoxetine was accompanied by an elevation of choice for P1, an increase 
in the motivation for larger rewards or decreased sensitivity to the punishment delay 
is also not a plausible explanation of the disruption in decision making. More likely, 
combined DA and NA reuptake inhibition seems to impair the ability to distinguish 
between options that are associated with differences in probability of reward and 
punishment. Catecholamine neurotransmission has been closely implicated in fronto-
executive functioning, whereby DA and NA may have complementary functions (for 
review, see Robbins and Arnsten 2009). Thus, prefrontal DA and NA signaling has to 
be within a critical range to enable functions such as attentional selection, resistance to 
interference, monitoring, behavioral inhibition, task switching, and planning (Arnsten 
1997, 2000; Dalley et al. 2004; Floresco and Magyar 2006; Robbins and Arnsten 2009; 
Zahrt et al. 1997). Combined disruption of two or more of these component processes 
by inhibiting the reuptake of DA and NA may then lead to the impairments in decision 
making observed here, although there may also be functional redundancy in the role of 
DA and NA in decision making.
 An alternative explanation for the disruption in decision making after combined 
treatment with GBR12909 and atomoxetine is a pharmacokinetic interaction, whereby 
ad- ministration of one drug enhances the bioavailability of the other. Importantly, 
however, GBR12909 and atomoxetine did not influence each other’s effects on premature 
responses or errors of omission (see Figs. 4, 5 and Table 1). That is, in the presence of 
GBR12909 (which did not affect errors of omission by itself ), the effect of atomoxetine 
on errors of omission was comparable to that of atomoxetine alone. The same holds true 
for premature responses: in the presence of atomoxetine, the effect of GBR12909 was 
comparable to that of GBR12909 alone (in which case the effect of GBR12909 appeared 
to overshadow the modest reduction in premature responses caused by treatment with 
atomoxetine). If a pharmacokinetic interaction between GBR12909 and atomoxetine 
underlies its effects on choice in the rGT, then one might expect this to be reflected in 
the other task parameters as well. Furthermore, since the combination of GBR12909 and 
atomoxetine yielded effects on decision making in the rGT that closely resembled those 
of a high dose of amphetamine, we think that a pharmacokinetic explanation of these 
data is unlikely.
 The personality trait of impulsivity has been frequently associated with impaired 
decision making (Franken et al. 2008; Hanson et al. 2008; Morgan et al. 2006; Verdejo- 
García et al. 2007; Zermatten et al. 2005), suggesting at least partially overlapping 
neurobiological mechanisms. Impulsivity is a heterogeneous behavioral construct that 
can be dissociated into two main subtypes, i.e., impulsive choice and impulsive action 
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(Dalley et al. 2011; Eagle and Baunez 2010; Evenden 1999; Pattij and Vanderschuren 
2008; Winstanley 2011). Neuropharmacological manipulations of monoaminergic 
activity have consistently reported a differential contribution of DA, NA, and 5-HT in 
the modulation of these two dimensions of impulsivity (Baarendse and Vanderschuren 
2012; Dalley et al. 2011; Pattij and Vanderschuren 2008; Van Gaalen et al. 2006a, b). 
In the present study, we showed that impulsive action and decision making in the rGT 
are dissociable at the neuropharmacological level. Consistent with previous findings in 
the 5-CSRTT (Baarendse and Vanderschuren 2012; Cole and Robbins 1987; Paterson et 
al. 2011; Sun et al. 2012; Van Gaalen et al. 2006a), the amount of premature responses, 
i.e., responses made within the ITI before illumination of the stimulus lights, was 
significantly increased by amphetamine and GBR12909 in the rGT. These results 
indicate that impulsive action can be used as an independent additional measure of task 
performance in the rGT. Selective inhibition of NA reuptake by atomoxetine reduced 
premature responding. A decrease in impulsive action by atomoxetine has been shown 
before in the 5-CSRTT, especially under circum- stances when task performance 
is suboptimal due to demanding task conditions or inherent high baseline levels of 
impulsive action (Baarendse and Vanderschuren 2012; Blondeau and Dellu-Hagedorn 
2007; Fernando et al. 2012; Navarra et al. 2008; Paine et al. 2007; Paterson et al. 2011; 
Robinson et al. 2008). Comparable to its effects in the 5-CSRTT, atomoxetine increased 
errors of omission, suggesting that increased NA neurotransmission results in a more 
conservative, but some- what slower task performance. Interestingly, combined DA and 
NA transporter blockade increased premature responding, pointing towards a primary 
role of DA in impulse control. The alterations in impulsive action induced by DA or NA 
transporter blockade were not accompanied by pronounced changes in choice behavior, 
suggesting that the neurobehavioral pathways underlying impulse control and decision 
making are at least partially independent.
 In summary, the neuropharmacological manipulations presented here indicate a 
differential contribution of monoaminergic neurotransmission in the modulation 
of impulse control and decision making measured in the rGT. Inhibition of the 
reuptake of DA or NA altered impulsive action, whereas it did not influence choice 
for the advantageous versus disadvantageous options in the rGT. The current study, 
therefore, supports the clinical observations that impulsivity and decision making can 
manifest independently (Jollant et al. 2005; Mavaddat et al. 2000; Van der Plas et al. 
2009). Combined inhibition of the reuptake of DA and NA impaired choice behavior 
in the rGT, suggesting important, but complementary or redundant roles of DA and 
NA neurotransmission in decision-making processes based on probability of reward 
and punishment. This latter finding is of particular relevance to neuropsychiatric 
disorders that have been associated with impairments in decision making (Bark et al. 
2005; Bechara and Damasio 2002; Brand et al. 2004, 2005; Cavedini et al. 2002; Ernst et 
al. 2003; Garon et al. 2006; Schutter et al. 2011). Improving our knowledge of the neural 
mechanisms involved in decision making may contribute to a better understanding of 
the psychiatric disorders in which this process is compromised.
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Abstract

Background Social experiences during youth are thought to be critical for proper 
social and cognitive development. Conversely, social insults during development can 
cause long-lasting behavioral impairments and create an increased vulnerability for 
psychopathology later in life. 
Methods To investigate the importance of social experience during early adolescence 
for the development of cognitive control capacities, rats were socially isolated from 
postnatal day 21 to 42 followed by re-socialization until they reached adulthood. 
Subsequently, two behavioral dimensions of impulsivity (impulsive action in the 
5-choice serial reaction time task and impulsive choice in the delayed reward task) 
and decision making (in the rat gambling task) were assessed. In separate groups of 
animals, long-lasting cellular and synaptic changes in adult medial prefrontal cortex 
pyramidal neurons were determined following social isolation.
Results Early adolescent social isolation resulted in impairments in impulsive action 
and decision making under novel or challenging circumstances. Moreover, socially 
isolated rats had a blunted response to dopamine reuptake inhibitors (amphetamine 
and GBR12909) in the 5-choice serial reaction time task under challenging conditions. 
Impulsive choice was not affected by social isolation. These behavioral deficits were 
accompanied by a loss of sensitivity to dopamine of pyramidal neurons in the adult 
medial prefrontal cortex. 
Conclusions Social isolation during early adolescence has long-lasting deleterious 
effects on cognitive control and its neural substrates. Altered brain development in 
response to aberrations in the early social environment may account for an increased 
vulnerability for psychiatric disorders.
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Introduction 

Humans and many other mammals are social species. Marked changes in social behavior 
take place during youth, including increased complexity of the social repertoire and a 
dramatic increment of peer-directed social interactions (Nelson et al 2005; Spear 2000). 
This period of social re-orientation is a critical developmental event during which 
the brain undergoes substantial functional and structural changes (Blakemore 2008;  
Nelson et al. 2005). Social experience during youth (i.e. childhood and adolescence 
in humans, roughly equivalent to the juvenile and adolescent stages in rodents) is  
thought to program neural and behavioral development to equip the individual with 
a flexible and adaptive behavioral repertoire (Pellis and Pellis 2009; "pinka et al. 
2001). Conversely, disruption in the early social environment can result in persistent 
neurobiological changes that may increase the vulnerability for psychiatric diseases 
later in life (Curley et al. 2011). Indeed, social species are dramatically affected by social 
isolation or perceived social isolation (loneliness) during development, which has been 
shown to result in a variety of social deficits (Lukkes et al. 2009; Van den Berg et al. 
1999; Von Frijtag et al. 2002), cognitive impairments (Cacioppo and Hawkley 2009; 
Fone and Porkess 2008), and increased vulnerability for drug addiction (Alexander et 
al. 1981; Ding et al. 2005; Hadaway et al. 1979; Howes et al. 2000; Marks-Kaufman 
and Lewis 1984; Schenk et al. 1990) as well as other psychiatric disorders (Leussis and 
Andersen 2008; Wilkinson et al. 1994).
 Adolescence is a critical period of neural maturation (De Bellis et al. 2001; Counotte 
et al. 2010; Sisk and Zehr 2005). In particular, the prefrontal cortex (PFC) is known to 
mature later than most other brain regions, which continues to develop throughout the 
adolescent period in humans (Anderson et al. 1995; Casey et al. 2005; Cunningham et 
al. 2002; Cruz et al. 2003; Durston et al. 2006; Gogtay et al. 2004; Slotkin et al. 2007) 
and rodents (Counotte et al. 2010; Tseng and O’Donnell 2005; -2007). Adverse life 
events are likely to maximally impact on brain regions that are currently in transition, 
while sparing those regions that are more static at the time of impact (Andersen 2003), 
so that environmental insults, such as social isolation, may especially affect PFC 
functions during youth. The vast majority of studies on the role of social interaction 
during development has used the so-called isolation rearing model, in which animals 
are continuously socially isolated from weaning onwards (Fone and Porkess 2008; 
Heidbreder et al. 2000; Robbins et al. 1996). However, the specific period of social 
isolation that is critical for inducing neurobehavioral changes is largely unknown. 
The dramatic changes in social behavior during childhood and adolescence that are 
accompanied by massive transitional processes within frontal cortical regions, suggest 
a developmental relationship between of the expression of social behavior during  
youth and PFC maturation (Leussis and Andersen 2008; Leussis et al. 2008). Since the 
PFC is essential for executive functions, such as impulse control and decision making 
(Arnsten and Li 2005; Bechara et al. 2000; Chambers and Potenza 2003; Miller and  
Cohen 2001; Stuss and Alexander 2000), social interactions during youth are 
hypothesized to contribute to proper development of these cognitive functions. 
To test this hypothesis, we assessed the long-term cognitive effects of disrupted social 
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development by means of social isolation during early adolescence, i.e. postnatal day 
(PND) 21-42 followed by re-socialization. Different behavioral paradigms were used 
to assess distinct forms of impulsivity. Impulsive action was studied using the 5-choice 
serial reaction time task (5-CSRTT) (Carli et al. 1983; Robbins 2002), and the delayed 
reward task (DRT) was used to measure impulsive choice (Evenden and Ryan 1996). 
Decision making was measured using the rat gambling task (rGT) (Zeeb et al. 2009; 
Zeeb and Winstanley 2011), a rodent analogue of the human Iowa gambling task 
(Bechara et al. 1994). To characterize the role of monoamine neurotransmission in 
the long-term behavioral effects of early adolescent social isolation, we investigated 
the effects of amphetamine, as well as selective inhibitors of the reuptake of dopamine 
(GBR12909), serotonin (citalopram) and noradrenaline (atomoxetine) on impulsivity 
and decision making. Moreover, we used slice electrophysiology to determine long-
lasting cellular and synaptic changes in medial PFC (mPFC) pyramidal neurons in adult 
animals following social isolation. 

Material and Methods

Subjects and Experimental Design
Male Lister Hooded rats (for the behavioral experiments; Harlan CPB, Horst, The 
Netherlands) or Long-Evans rats (for the slice electrophysiology experiments; Charles 
Rivers Laboratories, Wilmington, MA, USA) arrived at an age of 21 days and were 
housed either socially (SOC) or individually (ISO) the day after arrival. Rats were housed 
under reversed lighting condition (lights on at 7.00 p.m.) for the behavioral experiments 
and normal light/dark conditions (lights on at 7 a.m.) for the electrophysiology 
experiments. The rats of the isolated group were re-socialized, i.e. housed together 
with an animal of the same treatment group, on day 43. Behavioral testing and 
electrophysiological recordings started at adulthood, i.e., 12 weeks of age, and 
a separate group of animals was used for every experiment (5-CSRTT, DRT, rGT, 
mPFC recordings). During behavioral training and testing, rats were placed on a 
restricted diet of 14 g of standard rat chow per day. All experiments were approved 
by the Animal Ethics Committee of Utrecht University and the University of Maryland 
School of Medicine Institutional Animal Care and Use Committee and were conducted 
in agreement with Dutch laws (Wet op de Dierproeven, 1996), European regulations 
(Guideline 86/609/EEC) and the United States Public Health Service Guide for the Care 
and Use of Laboratory Animals.

Apparatus
Behavioral testing (5-CSRTT, DRT, rGT) was conducted in 16 identical operant 
conditioning chambers (30.5024021 cm; Med Associates, St. Albans, VT, USA) enclosed 
in sound attenuating boxes. The boxes were equipped with a fan to provide ventilation 
and to mask extraneous noise. Set in the curved wall of each box was an array of five nose 
poke holes. Each nose poke unit was equipped with an infrared detector and a yellow 
light-emitting diode stimulus light. Food pellets (45 mg, Formula P; Bio-Serv) could be 
delivered at the opposite wall via a dispenser. The chamber could be illuminated by a 



141

Social development, cognitive control and medial prefrontal cortex

white house light, mounted in the center of the roof. Online control of the apparatus and 
data collection were performed using MEDPC version 1.17 (Med Associates).

Five-choice serial reaction time task
Rats were trained to detect and respond to a brief visual stimulus presented randomly in 
one of the five nose poke units to obtain a food reward as described in detail previously 
(Baarendse and Vanderschuren 2012; Robbins 2002; Van Gaalen et al. 2006a). A trial 
started with an intertrial interval (ITI) of 5 s, followed by 1-s illumination of one 
of the five apertures and 2-s limited hold. Following a nose poke in the illuminated 
aperture, i.e., a correct response, animals were rewarded with the delivery of one food 
pellet (45 mg, Formula P, Research Diets) in the food magazine. During the training 
session, stimulus duration was set at 32 s and was gradually decreased over sessions to 1 
s until animals reached stable baseline performance (accuracy, >80% correct choice and 
<20% errors of omission). Each daily session consisted of 100 discrete trials or 30 min, 
whichever occurred first. An incorrect response as well as failure to respond within  
5 s after the onset of the stimulus resulted in no food delivery and a time-out period 
with the house light illuminated for 5 s. Nose pokes made during the ITI (premature 
responses) were recorded as a measure of impulsivity and resulted in a 5 s time-out and no 
food reward. Perseverative responses, i.e., repeated responding during the presentation 
of the stimulus, were measured but did not have any programmed consequences. 
After baseline performance, rats were exposed to various task manipulations, such as 
increasing the waiting time to 7 s between the trials (long intertrial interval: L ITI), 
decreasing the stimulus duration to 0.5 s (short stimulus duration: S STIM) and 
increasing the performance load by decreasing the intertrial interval to 2.5 s (high 
event rate: HER). The following behavioral measures were recorded: (1) premature 
responses (number of responses into one of the holes during the ITI preceding stimulus 
presentation); (2) accuracy (the percentage of correct responses [(number correct 
responses) / (correct + incorrect responses)0100]); and (3) omission errors  (the total 
number of omitted trials during a session). 

Delayed reward task 
Rats were faced with a choice between a small, immediate food reward and a larger but 
delayed food reward as described before (Baarendse and Vanderschuren 2012; Evenden 
and Ryan 1996; Van Gaalen et al. 2006b). Ultimately, the delayed option is more 
beneficial, but the subjective value of the large food reward declines with increasing 
delay to its delivery. In the final stage of the task, a session was divided into five blocks 
of 12 trials. Each block started with two forced trials in which, after initiating the trial 
by a nose poke into the center hole, either the left or the right hole was illuminated in a 
counterbalanced fashion. For the next 10 trials, the animals had a free choice and both 
the left and right units were illuminated. Nose poking into one position resulted in the 
immediate delivery of a small reinforcer (one food pellet), whereas a nose poke into 
the other position resulted in the delivery of a large, but delayed, reinforcer (four food 
pellets). Over sessions, the delays for the large reinforcer were progressively increased 
within a session from 0 to 10, 20, 40 and 60 s per block. After delivery of the reinforcer 
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or the choice phase time elapsed, an ITI commenced until the next trial started.  
As the trial time was fixed, the ITI duration depended on the duration of the delay. 
The positions associated with the small and large reinforcers were always the same for 
each individual but counterbalanced for the group. Following baseline performance, 
rats were exposed to a task manipulation that consisted of increased delays, i.e., 0, 20, 
40, 60 and 80 s per block. The behavioral measure to assess task performance, i.e., the 
percentage preference for the large reinforcer as a function of delay, was calculated 
as the [(number of choices for the large reinforcer) / (number choices large + small 
reinforcers)0100]. 

Rat gambling task
In this task, rats are confronted with four choices differing in the probability and 
magnitude of reward (food) and punishment (time-out) as described in more detail 
previously (Baarendse et al. 2012; Zeeb et al. 2009). Rats were tested once daily 
in a 30 min session. A trial started with a 5-s intertrial interval (ITI) followed by 
illumination of holes 1, 2, 4, and 5 for 10 s. A response in an illuminated hole turned 
off all stimulus lights, and led to either the delivery of reward, or the start of a time-
out ‘punishment’ period. If the trial was rewarded, the appropriate number of sucrose 
pellets immediately delivered into the food tray. If the trial was punished, no reward 
was delivered and the stimulus light within the chosen hole flashed at 0.5 Hz until 
the punishing timeout had elapsed. We used an adapted version of the rGT, in which 
animals were first exposed to ten free choice sample sessions before exposure to the 
forced- and full free choice sessions. In the free sample sessions, the first two choices 
for each option were rewarded, after which the reward and punishment contingencies 
associated with the four response options were introduced. The free sample sessions 
were followed by a forced-choice version for five sessions before moving on to the 
full free choice task. Similar to the 5-choice serial reaction time task, premature 
responses were punished by a 5-s time-out period, signaled by illumination of the house 
light. A trial was scored as an omission if the animal failed to respond within 10 s. 
 The reinforcement schedules were designed such that the optimal strategy was to select 
the two-pellet option (P2) in terms of reward earned per unit time, associated with a 
10-s time-out period that occurs 20% of the time (80% chance of reward). The next best 
option is P1 (5 s time-out, 90% chance of reward). The two disadvantageous options 
were both associated with larger immediate gain, i.e., three or four sucrose pellets, but 
also longer time-out periods (P3: 30 s time-out, 50% chance of reward; P4: 40 s time-out; 
40% chance of reward). The hypothetical amount of reward that could be obtained if an 
option was chosen exclusively in a 30-min training session amounted to the following: 
P2: 411 pellets, P1: 295 pellets, P3: 135 pellets; and P4: 99 pellets. Therefore, the optimal 
strategy is to prefer the advantageous options, i.e., P2 and P1, which are associated 
with smaller, immediate gain, but also less punishment resulting in more reward in 
the long-term, while avoiding the tempting, yet disadvantageous, large reward options 
associated with greater loss, i.e., P3 and P4. The spatial locations of the pellet choice 
options (P1–4) were counterbalanced across subjects (P1, P4, P2, P3 or P4, P1, P3, P2). 
The percentage of choices for the advantageous and disadvantageous options was used 
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to determine preferences for each option, calculated as number of choices of a particular 
option/number of total choices made x 100. Choice scores were also assessed, which 
were calculated as the sum of the two advantageous options (average percentage choice 
of P1 and P2) and the sum of the two disadvantageous options (average percentage 
choice of P3 and P4).

Drugs 
(+)-Amphetamine sulphate was purchased from O.P.G. (Utrecht, The Netherlands). 
GBR12909 dihydrochloride, atomoxetine hydrochloride and citalopram hydrobromide 
were purchased from Tocris Bioscience (UK). All drug doses were calculated as 
salt, dissolved in 0.9% saline (amphetamine, atomoxetine, and citalopram) or sterile 
water (GBR12909). Drugs were freshly prepared each day before testing and injected 
intraperitoneally (i.p.) in a volume of 1 ml/kg. Animals received five daily test sessions 
per week until stable patterns of performance were observed. Drug tests were conducted 
on Tuesdays and Fridays with baseline training sessions on the other weekdays. 
Before the first test day, all animals had been habituated twice to i.p. saline injections. 
Drugs were administered according to a Latin square design. Injections were given 30 
min (5-CSRTT, rGT) or 10 min (DRT) before behavioral testing commenced, since we 
have previously demonstrated clear-cut effects on impulsivity of these drugs using these 
pretreatment intervals (Baarendse and Vanderschuren 2012). 

Brain slice preparation
At 12 weeks of age, rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) 15 
min before being decapitated. Brains were quickly removed from the skull into ice-cold 
artificial CSF (aSCF) oxygenated with 95% O2-5% CO2 and containing the following 
(in mM): 125 NaCl, 25 NaHCO3, 10 glucose, 3.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2 and 3 
MgCl2, pH 7.45 (295-300 mOsm). Coronal slices (300 um thick) containing the medial 
prefrontal cortex (PFC) were obtained with a vibratome in ice-cold aCSF and incubated 
in warm (~35°C) aCSF solution constantly oxygenated with 95% O2-5% CO2 for at least 
45 min before recording. The recording aCSF (with 1 CaCl2 and 2 MgCl2) was delivered 
to the recording chamber with a pump at the rate of 2 ml/min.

Whole cell recordings
Whole cell recordings from layer V pyramidal neurons were made using standard 
electrophysiological techniques (Tseng et al. 2008). Patch electrodes (7-10 M1) were 
obtained from 1.5 mm borosilicate glass capillaries (World Precision Instruments) 
with a Flaming-Brown horizontal puller (P97; Sutter Instruments) and filled with a 
solution containing 0.125% Neurobiotin and the following (in mM): 115 K-gluconate, 
10 HEPES, 2 MgCl2, 20 KCl, 2 MgATP, 2 Na2-ATP, and 0.3 GTP, pH 7.25-7.30 (280-285 
mOsm). SKF38393 (5 &M, Sigma-Aldrich) and Quinpirole (1 &M, Tocris) were freshly 
mixed into oxygenated recording aCSF every day before an experiment. Both control 
and drug-containing aCSF were oxygenated continuously throughout the experiments.
All experiments were conducted at 33-35°C and infra- or prelimbic medial PFC pyramidal 
cells from layer V were identified under visual guidance using infrared (IR) differential 
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interference contrast video microscopy with a 40X water-immersion objective (Olympus 
BX-51WI). The image was detected with an IR-sensitive CCD camera and displayed 
on a monitor. Whole-cell current-clamp recordings were performed with a computer-
controlled amplifier (Multiclamp 700A; Molecular Devices), digitized (Digidata 1322; 
Molecular Devices), and acquired with Axoscope 9 (Molecular Devices) at a sampling 
rate of 10 kHz. Electrode potentials were adjusted to zero before recording without 
correcting the liquid junction potential. Baseline activity in each neuron was monitored 
for 10 minutes during which membrane potential and input resistance (measured with 
the slope of a current-voltage (I/V) plot obtained with 500-ms-duration depolarizing 
and hyperpolarizing pulses) were measured.
 Synaptic responses were tested in pyramidal neurons with electrical stimulation 
of layers I-II with a bipolar electrode made from a pair of twisted Teflon-coated 
Tungsten wires (tips separated by ~200 &m) and placed ~500 &m lateral to the vertical 
axis of the recorded neuron. Stimulation pulses (0.02-0.4 mA; 0.5 ms) were delivered 
every 15 s. Throughout the experiment, input resistance was measured with a single 
hyperpolarizing step and the cell was discarded when the input resistance changed more 
than 20% during the course of the experiment. The amplitude of evoked postsynaptic 
potentials (EPSPs) was measured with Clampfit 9.0 and averaged over 10 sweeps before 
and after 10 minutes of application of a mixture of SKF38393 and Quinpirole. At the 
end of each experiment, the slices were placed in 4% paraformaldehyde and processed 
for DAB staining using standard histochemical techniques to verify morphology and 
location of the neurons.

Data Analysis
An arcsine transformation was performed before analysis of the percentage of choice 
in the DRT and rGT to limit the effect of an artificially imposed ceiling. In the DRT, 
animals that did not show a delay-dependent curve in their choice behavior (0% choice 
for large reward at 0 s delay, 100% choice for large reward at 40 and 60 s delay) were 
excluded from the experiment. Data were analyzed by one- (5-CSRTT, EPSP amplitude) 
or two-factor (DRT, rGT) repeated-measures ANOVAs with task challenge (5-CSRTT), 
dopamine (EPSP amplitude) or drug treatment (5-CSRTT, DRT, rGT) and delay to large 
reinforcer (DRT) or choice (rGT) as within-subjects variables, and rearing condition 
(SOC-ISO) as between-subjects variables. In case of statistically significant main effects, 
further post hoc comparisons were conducted using Paired samples or Student t-tests. 
The level of probability for statistically significant effects was set at 0.05.

Results 

Impulsive action (5-CSRTT): baseline, behavioral and pharmacological challenges 
There were no differences in behavior under baseline conditions between socially isolated 
and control rats (fig. 1a-c). Exposure to task challenges in the 5-CSRTT significantly 
affected premature responses, i.e. impulsive action [task challenge: F(3,66)=107.51, 
p<0.001], percentage of correct responses [task challenge: F(3,66)=27.41, p<0.001] and 
errors of omission [task challenge: F(3,66)=72.95, p<0.001] in both groups (figure 1a-c). 
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However, when the ITI was increased to 7 s  or the stimulus duration decreased to 0.5 
s, rats that had been socially isolated during PND 21-42 had more problems to inhibit 
their responses, reflected by an increased amount of premature responses [challenge x 
isolation: F(3,66)=3.48, p<0.03] (figure 1a). These task challenges did not differentially 
affect task accuracy or errors of omission in isolated vs control rats [challenge x 
isolation: F[% correct responses](3,66)=13,2 NS; F[errors of omission](3,66)=33.8, NS). 
No difference between groups was observed when rats were exposed to a high event rate 
(decrease of intertrial interval to 2.5 s) (p>0.05). 

Pharmacological challenges under baseline conditions significantly affected premature 
responses [drug: F(4,80)=18.05, p<0.001], percentage of correct responses [drug: 
F(4,88)=17.44, p<0.001] and errors of omission [drug: F(4,88)=34.3, p<0.001], without 
an effect of early adolescent social isolation [drug x isolation: F[premature responses]

Figure 1 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on adult performance 
in the 5-choice serial reaction time task. (a) Amount of premature responses, i.e., impulsive action, (b) 
percentage of correct responses, i.e., accuracy and (c) errors of omission, under baseline conditions (visual 
stimulus presented 5 s a+er trial initiation, 1 s stimulus duration) or long intertrial interval (L ITI: visual 
stimulus presented 7 s a+er trial initiation), short stimulus duration (S STIM: 0.5 s stimulus duration), high 
event rate (HER: intertrial interval 2.5 s). In total, n=12 animals per treatment group were included in the 
analysis. SOC = socially housed rats during PND 21-42, ISO = socially isolated rats during PND 21-42. Asterisk 
indicates p<0.05 compared to SOC. Line on top of bar indicates p<0.05 compared to baseline. All data are 
expressed as mean±SEM.
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(4,80)=1.14, NS; F[% correct responses](4,88)=2.14, NS; F[errors of omission]
(4,88)=0.22, NS] (figure 2a-c). Under baseline conditions, amphetamine and the 
selective dopamine reuptake inhibitor GBR12909 increased premature responding, 
and the selective noradrenaline reuptake inhibitor atomoxetine decreased the amount 
of premature responses in both treatment groups (p<0.05). The percentage of correct 
responses was decreased by amphetamine and GBR12909, whereas atomoxetine 
increased errors of omission (p<0.05).
Although no overall effect of social isolation was observed [drug x isolation: F[premature 
responses](4,80)=1.14, NS; F[% correct responses](4,88)=2.14, NS; F[errors of 
omission](4,88)=0.22, NS], the selective serotonin reuptake inhibitor citalopram 
decreased premature responding in socially isolated rats, and decreased accuracy in the 
control group only [drug: F[premature responses](4,80)=18.05, p<0.001; F[% correct 
responses](4,88)=17.44, p<0.001; post-hoc p<0.05).
 Under a long ITI, amphetamine and GBR12909 increased premature responding 
[drug: F(4,88)=26.67, p<0.001], but this effect was found in the control group only [drug 
x isolation: F(4,88)=2.42, p<0.05], since no enhancement of premature responding by 
amphetamine and GBR12909 was observed in the isolated group (p>0.05) (figure 2d). 
Citalopram and atomoxetine decreased premature responding in both groups (both 
post-hoc p<0.001) (figure 2d). Atomoxetine increased errors of omission, whereas both 
citalopram and atomoxetine increased the percentage of correct responses under the 
long intertrial interval [drug: F[% correct responses](4,88)=31.99, p<0.001; F[errors of 
omission](4,88)=9.92, p<0.001], but not differently between treatment groups [drug x 
isolation F[% correct responses](4,88)=2.1, NS; F[errors of omission](4,88)=0.21, NS) 
(figure 2e-f).

Impulsive choice (DRT): baseline, increased delay and pharmacological challenges 
Overall, rats of both groups showed a delay-dependent decline in their choice for 
the large, delayed reward under baseline conditions [delay: F(4,80)=69.02, p<0.001] 
without an effect of early adolescent social isolation [delay x isolation: F(4,80)=1.70, 
NS]. Since the behavioral deficits in the isolated animals in the 5-CSRTT were especially 
apparent when the animals were unexpectedly challenged with more demanding 
task conditions, we also assessed their behavior in the DRT when the delays were 
unexpectedly increased. Under these circumstances, there was no difference between 
socially isolated and control animals [delay: F(4,84)=42.29, p<0.001; delay x isolation: 
F(4,84)=0.77, NS] (figure 3a-b). Early social isolation did not affect the effects of 
amphetamine, GBR12909, citalopram and atomoxetine on impulsive choice in the 
DRT [delay x drug x isolation: F(4,84)=0.61, NS]. The effects of amphetamine, which 
enhanced the preference for the large reward [drug: F(1,21)=22.03, p<0.001; delay x 
drug: F(4,84)=3.56, p<0.02] are shown  in figure 3c. Consistent with previous findings 
(Baarendse and Vanderschuren 2012), GBR12909 increased the percentage of choice for 
the large reward, i.e., improved impulsive choice, whereas atomoxetine and citalopram 
did not influence choice behavior in the DRT [drug: GBR12909: F(1,19)=8.34, p<0.01; 
atomoxetine: F(1,21)=0.08, NS; citalopram: F(1,21)=3.66, NS] (data not shown). 
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Decision making (rGT): acquisition, baseline and pharmacological challenges 
A detailed analysis of choice behavior per quartile of trials during the first free sampling 
choice session is depicted in figure 4a-b. Socially reared rats started with an equal 
preference for the advantageous versus disadvantageous options during the first quartile 

Figure 2 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on adult performance 
in the 5-choice serial reaction time task. (a,d) Amount of premature responses, i.e., impulsive action; (b,e) 
percentage of correct responses, i.e., accuracy; (c,f) errors of omission, under (a-c) baseline conditions (visual 
stimulus presented 5 s a+er trial initiation), or (d-f) long ITI conditions (visual stimulus presented 7 s a+er 
trial initiation). Pharmacological challenges consisted of treatment with 0.5 mg/kg of amphetamine (AMPH), 
10 mg/kg of the selective dopamine reuptake inhibitor GBR12909 (GBR), 1 mg/kg of the selective serotonin 
reuptake inhibitor citalopram (CIT), and 3 mg/kg the selective noradrenaline reuptake inhibitor atomoxetine 
(ATO). In total, n=10-12 animals per treatment group were included in the analysis. SOC = socially housed 
rats during PND 21-42, ISO = socially isolated rats during PND 21-42. Asterisk indicates p<0.05 compared to 
SOC group. Line on top of bar indicates p<0.05 compared to baseline or saline treatment. All data are expressed 
as mean±SEM.
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Figure 3 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on impulsive choice 
in the delayed reward task during adulthood. Percentage of choice for the large reward expressed per block of 
trials with increasing delays under (a) baseline, (b) increased delays, and (c) 1 mg/kg of amphetamine challenge. 
In total, n=10-12 animals per treatment group were included in the analysis. AMPH= amphetamine, SOC = 
socially housed rats during PND 21-42, ISO = socially isolated rats during PND 21-42. Asterisk indicates 
p<0.05 compared to saline treatment. All data are expressed as mean±SEM.
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Figure 4 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on decision making 
in the rat gambling task during adulthood. Percentage of choice for the advantageous versus disadvantageous 
options during (a,b) the $rst free sample choice session, and (c) pharmacological challenges a+er stable baseline 
performance. Pharmacological challenges consisted of 1 mg/kg of amphetamine, 10 mg/kg of the selective 
dopamine reuptake inhibitor GBR12909, 3 mg/kg of the selective serotonin reuptake inhibitor citalopram, and 
3 mg/kg the selective noradrenaline reuptake inhibitor atomoxetine. In total, n=10-12 animals per treatment 
group were included in the analysis. SOC = socially housed rats during PND 21-42, ISO = socially isolated rats 
during PND 21-42. Asterisk indicates p<0.05 and two asterisks indicate P<0.01 di#erence between options.  
All data are expressed as mean±SEM.
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of trials (Q1), and developed a preference for the advantageous options within the next 
quartiles of trials (figure 4a) [quartile x choice: F(3,33)=5.22, p<0.01, post-hoc Q1: NS, 
Q2-4: p<0.02]. Remarkably, rats that were socially isolated during PND 21-42 did not 
show this acquisition curve in decision making in the rGT during adulthood [quartile x 
choice: F(3,33)=0.28, NS]. This effect of social isolation was supported by a significant 
quartile by group interaction [quartile x group: F(3,66)=2.92, p<0.05]. 
 Neither amphetamine nor one of the monoamine reuptake inhibitors, i.e., GBR12909, 
citalopram, atomoxetine, did alter the choice for the advantageous versus disadvantageous 
options in the social or isolated group [drug: F[advantageous](4,36)=0.73, p=NS; 
F[disadvantageous](4,40)=0.86, p=NS] (figure 4c). Moreover, there was no difference 
in the effect of pharmacological manipulations between both groups [drug x group, 
F(4,76)=0.51, NS]. 

Whole-Cell Patch Clamp Recordings
Early adolescent social isolation did not change any of the basic membrane properties 
(resting membrane potential, rheobase (current to fire an action potential) and input 
resistance) of mPFC layer V pyramidal cells (data not shown). In adult control animals, 
stimulation of dopamine receptors with bath application of the D1 agonist SKF38393 
(5 &M) and the D2 agonist quinpirole (1 &M) decreased the amplitude of synaptic 

Figure 5 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on synaptic 
response size in medial PFC. EPSP amplitude before and a+er bath-application of a combination of SK38393 
(5 mM) and Quinpirole (1 mM) in adult control animals (a, n=14 cells from 9 animals, two asterisks indicate  
P<0.01 compared to aCSF; b, example trace). EPSP amplitude in animals socially isolated between P21-42 
(c, n=17 cells from 8 animals; d, example trace). A summary of the EPSP amplitude following application 
of SKF38393 and Quinpirole is shown in e. Asterisk indicates P<0.05 compared to control group. Data are 
expressed as mean ± SEM.
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responses, while this effect was absent in previously socially isolated rats (Figure 5) 
[dopamine x group, F(1,29)=9.49, p=0.004; dopamine, F(1,29)=0.21, NS].

Discussion

In this study, we showed that social experiences in youth are critical for the development 
of cognitive capacities and PFC function in rats. Deprivation of social contact during 
a time window in which marked changes in social behavior take place (PND 21-42), 
resulted in disrupted impulse control in the 5-CSRTT and impaired decision making 
in the rGT in adulthood, even after a prolonged period of re-socialization. Socially 
isolated rats also displayed an insensitivity to dopamine reuptake blockade under 
demanding conditions in the 5-CSRTT. In line with the insensitivity to amphetamine 
and GBR12909, whole cell recordings in slices from adult animals showed that early 
adolescent social isolation caused a loss of sensitivity to dopamine in mPFC pyramidal 
neurons in the form of a loss of the normal modulation of synaptic response amplitude 
by dopamine.
 Early social life events have profound repercussions for the development of brain and 
behavior, which may lead to an increased vulnerability for neuropsychiatric disorders 
in adulthood (Curley et al. 2011). Life events within the social domain, such as social 
exclusion and social subordination, share many of the same characteristics that are seen 
in reaction to other types of environmental insults (Pacak and Palkovits 2001). Only a 
limited amount of studies have investigated the importance of social behavior during 
early adolescence, which is a period characterized by substantial changes in the structure 
of social behavior (Nelson et al. 2005). In particular, early adolescence is characterized 
by the abundance of social play behavior (Panksepp et al. 1984; Pellis and Pellis 2009; 
Vanderschuren et al. 1997). By varying, repeating, and/or recombining subsequences 
of behavior outside their primary context, social play is thought to contribute to the 
development of socio-affective responses and cognitive functioning, and especially 
to acquire the ability to flexibly use these capacities under changeable circumstances 
(Pellis and Pellis 2009; "pinka et al. 2001). Previous work has shown that deprivation 
of social contact in post-weaning rats results in behavioral deficits within the social 
domain (Lukkes et al. 2009a, -2009b; Van den Berg et al. 1999; Von Frijtag et al. 2002). 
These changes lasted into adulthood, even when the isolation period was followed by  
re-socialization. The observations in the present study extend these findings, since  
social isolation during early adolescence resulted in cognitive control deficits in 
adulthood. Impulsive action, measured as premature responses in the 5-CSRTT, 
was enhanced in socially isolated rats when test conditions were unexpectedly 
made more demanding (i.e. long ITI and short stimulus duration). Moreover, early 
adolescent social isolation resulted in impaired decision making in a rodent variant of 
the IOWA gambling task. Both humans and socially reared rats develop a preference 
for the advantageous options within the first session of the IGT or rGT, respectively 
(Baarendse et al. 2012; Bechara et al. 1994 1999), but this learning curve was absent 
in socially isolated rats. Importantly, these impairments in cognitive control did arise 
mainly under challenging (long ITI in the 5-CSRTT) or novel (first session in the rGT) 
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circumstances. This is consistent with the hypothesis that the expression of social play 
behavior contributes especially to the ability to act properly and flexibly in a changeable, 
dynamic environment ("pinka et al. 2001). 
 Previously, we showed that during long ITI conditions in the 5-CSRTT, amphetamine 
and the DA reuptake blocker GBR12909 enhanced, and the NA reuptake blocker 
atomoxetine and 5-HT reuptake blocker citalopram reduced impulsive action (Baarendse 
and Vanderschuren 2012). Here, we found that early adolescent social isolation resulted 
in impaired impulse control and an insensitivity to amphetamine and GBR12909, but 
not atomoxetine or citalopram, in the 5-CSRTT under long ITI conditions. These effects 
were selective for impulsive action, as neither attentional and motivational processes 
in the 5-CSRTT, nor impulsive choice in the DRT were affected by early adolescent 
social isolation. The blunted response to amphetamine in the 5-CSRTT is reminiscent 
of earlier findings in isolation-reared rats (Dalley et al. 2002a). However, unlike the 
present data, this latter study found no behavioral differences in the 5-CSRTT under 
baseline and challenging conditions between isolation-reared and control rats. 
Together, these findings therefore suggest that social isolation during adolescence and 
adulthood can induce long-lasting changes in impulse control, but that the exact pattern 
of behavioral changes depends on the precise period of social isolation. Thus, social 
isolation during a period in life when social play behavior is highly abundant causes 
persistent alterations in the neural circuits underlying the control of impulsive actions, 
in particular its dopaminergic mechanisms (Dalley et al. 2011; Eagle and Baunez 
2010; Pattij and Vanderschuren 2008; Winstanley 2011). Similar selective deficits in 
impulsive action, but not impulsive choice, have been found after nicotine exposure 
during adolescence (Counotte et al. 2009; -2011). Interestingly, drugs of abuse exert 
their positive subjective effects through comparable neural circuits that mediate the 
rewarding properties of social play behavior (Koob and Volkow, 2010; Trezza et al. 
2010). This suggests that interfering with these circuits early in development by drug 
exposure or social deprivation may cause, at least partially, comparable deficits. 
 The late development of frontal cortical regions, such as the PFC, makes them 
particularly vulnerable to disturbances in brain development by environmental insults. 
Social experience during youth or the lack of it may therefore interfere with PFC 
maturation, inducing alterations in structure and function that persist into adulthood. 
Although several studies have shown altered dopaminergic function in the frontostriatal 
circuitry by chronic social isolation (Heidbreder et al. 2000; Silva-Gomez et al. 2003; Shoa 
et al. 2009), evidence about the contribution of social behavior during the specific time 
period in development, when social play behavior is highly abundant, is scarce. Here, we 
showed that the behavioral deficits induced by social isolation during PND 21-42 were 
accompanied by a long-lasting loss of sensitivity to dopamine in the mPFC. This was 
shown as a reduction in evoked excitatory post-synaptic potentials (EPSP) amplitude in 
pyramidal neurons of the mPFC by a combination of dopamine D1 and D2 agonists in 
control animals, which was absent in rats that had been socially isolated. Dopamine is 
a critical modulator of the efficacy of both excitatory and inhibitory synaptic activity 
in the PFC (Murphy et al. 1996; Sawaguchi and Goldman-Rakic 1991; Sawaguchi 
and Goldman-Rakic 1994). Fibers from dopamine neurons originating in the ventral 
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tegmental area increasingly innervate the PFC through adolescence (Kalsbeek et al. 
1988). In the PFC, both classes of dopamine receptors, i.e., D1-like and D2-like receptors, 
show an inverted U-shape pattern of expression during adolescent development. 
For example, in adolescent rats the level of D1 receptors on PFC output neurons projecting 
to the nucleus accumbens is higher than in younger or adult rats (Brenhouse et al. 2008), 
and D2 receptors have been found to attenuate local excitatory synaptic transmission 
in the PFC in adult animals, but not yet during adolescence (Tseng and O’Donnell 
2007). Thus, the modulation of PFC circuits by D1 and D2 receptors responsible for the 
excitation-inhibition balance changes considerably during adolescence (Brenhouse et 
al. 2008; Tseng and O’Donnell 2007). The changes in dopamine modulation of synaptic 
responses that we observed following early adolescent social isolation are reminiscent 
of the adolescent phenotype where D2 receptor stimulation has no effect on excitatory 
synaptic transmission (Tseng and O’Donnell 2007). Since activity-dependent processes 
of receptor and synaptic pruning during adolescence fine-tune neuronal circuitry in an 
input-dependent manner (Lichtman and Colman 2000), it is suggested that lack of social 
contact during this critical time period of development interferes with PFC maturation. 
Consistent with this idea, Leussis et al. (2008) found that social isolation between 
postnatal day 30 until 35 produced immediate and prolonged decreases in synaptic 
density in the PFC in rats, without producing enduring changes in the hippocampus 
or striatum. Whether the changed sensitivity for dopamine in the mPFC in the present 
study is causally related to the observed deficits in impulse control and decision making 
remains to be established. As yet, there is only scarce information about the exact role 
of dopamine in the PFC in the regulation of impulsive action and decision making 
in the 5-CSRTT and rGT, respectively (Dalley et al. 2002b; Economidou et al. 2012). 
Efferent projections of the PFC, originating mostly from layer V pyramidal neurons, 
innervate many brain areas, including the striatum, amygdala, thalamus, and the 
ventral tegmental area (Gabbott et al. 2005). Previous studies have shown that phasic 
and drug-evoked nucleus accumbens dopamine release is potentiated when mPFC 
dopamine activity is reduced (Del Arco and Mora 2008; Mitchell and Gratton 1992; 
Pascucci et al. 2007; Piazza et al. 1991), suggesting an inverse relationship between 
dopamine activity in the mPFC and nucleus accumbens. Interestingly, increased  
basal dopamine turnover in the nucleus accumbens and decreased dopamine turnover 
in the mPFC were observed following isolation rearing in rats (Heidberger et al. 2000). 
Therefore, it could be that the behavioral deficits by early adolescent social isolation 
are due to altered dopamine activity in the nucleus accumbens as a result of disrupted 
PFC input into the mesoaccumbens dopamine system, since dopaminergic activity in 
the nucleus accumbens has been related to impulsive action in the 5-CSRTT (Cole and 
Robbins 1989; Pattij et al. 2007).
 In conclusion, the present findings indicate that the lack of proper social experience 
during early adolescence has long-lasting effects on the formation and function of brain 
circuits underlying cognitive control. This impaired cognitive control may account for 
an increased vulnerability for psychiatric disorders as a result of early social insults. 
Indeed, impulsivity and decision making deficits are associated with disorders such as 
attention deficit/hyperactivity disorder, drug addiction, pathological gambling, mania 
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and personality disorders (Bechara 2001; Chamberlain and Sahakian 2007; Ernst et al. 
2003; Hanson et al., 2008; Luman et al. 2008; Malloy-Diniz et al. 2007; Moeller et al. 2001; 
Schutter et al. 2011; Verdejo-Garcia et al. 2007) and can predispose adolescents for drug 
and alcohol addiction (Audrain McGovern et al. 2009; Nigg et al. 2006). Experimental 
approaches that investigate the link between social experiences and neurobehavioral 
outcomes will extend our understanding of the pathways leading to variations in mental 
health and increased risk or resilience to psychiatric illness.
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Abstract

Background Social experiences during youth are of major importance for proper 
behavioral development. Conversely, social insults during development can profoundly 
influence behavior throughout life and form a risk factor for psychiatric disorders, such 
as drug addiction. 
Methods To investigate the effects of a disrupted social development on the vulnerability 
to addictive behavior later in life. Rats were socially isolated from postnatal day 21 
to 42 followed by re-socialization until they reached adulthood. Cocaine 
self-administration was subsequently assessed under a fixed ratio and progressive 
ratio schedule of reinforcement. Next, cue, cocaine and stress-induced reinstatement 
of cocaine seeking was determined following extinction of self-administration. 
To examine whether the effects on cocaine self-administration were reinforcer-specific, 
rats were trained to self-administer sucrose pellets followed by a reversal learning task. 
Results Early adolescent social isolation resulted in an enhanced acquisition 
of self-administration of a low dose (0.083 mg/infusion) of cocaine during adulthood. 
Moreover, isolated rats displayed an increased motivation for cocaine under 
a progressive ratio schedule of reinforcement. Extinction and reinstatement of cocaine 
seeking was not affected by social isolation, nor did isolated rats differ from control 
rats in sucrose self-administration and reversal learning. 
Conclusions Social isolation in early adolescence followed by re-socialization enhanced 
the motivation to self-administer cocaine in adulthood. These results indicate that 
aberrations in the early social environment may increase the vulnerability for drug 
addiction later in life.  
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Introduction 

Social experiences early in life are of major importance for behavioral development, 
as they create valuable practice scenarios for becoming competent, socially mature 
adults (Pellegrini and Smith 1998; Pellis and Pellis 2009; "pinka et al. 2001). Conversely, 
disruptions in the early social environment can profoundly influence behavior 
throughout life and they have been recognized as a risk factor for mental illness 
(Cacioppo and Hawkley 2009; Karelina and DeVries 2011). Reciprocal interactions 
between drugs of abuse and social behavior have been well-documented in human and 
animal studies, suggesting that the presence or absence of social attachments during 
early development can greatly influence the susceptibility to drug abuse (for review see, 
Baarendse et al. 2012b; Young et al. 2011). 
 Social play behavior is the earliest form of social activity directed at peers, abundantly 
expressed during early adolescence. Its rewarding properties are mediated by neural 
systems that also underlie many of the positive subjective and motivational properties 
of drugs of abuse (Siviy and Panksepp 2011; Trezza et al. 2010; Vanderschuren et al. 
1997; Vanderschuren 2011). Nicotine, alcohol, opiates and indirect cannabinoid 
agonists facilitate social play behavior in young rats (Panksepp et al. 1985; Niesink and 
Van Ree 1989; Trezza and Vanderschuren 2008; Trezza et al. 2009a; Vanderschuren et 
al. 1995; Varlinskaya et al. 2001; Varlinskaya and Spear 2002; -2006; -2009), whereas 
psychostimulants like cocaine, amphetamine and methylphenidate suppress social play 
(Beatty et al. 1982; -1984; Ferguson and Frisby 2000; Sutton et al. 1986; Vanderschuren 
et al. 2008). Furthermore, the rewarding properties of social behavior in adolescent 
rats are powerfully influenced by cocaine, nicotine and methylphenidate, as assessed 
by place conditioning (Thiel et al. 2008; -2009; Trezza et al. 2009b). Thus, early social 
experiences may interfere with the development of reward-related neural circuitries 
to alter the reinforcing properties of drugs of abuse, especially since the brain is 
ontogenetically sculpted in response to experience and environmental cues (Lichtman 
and Colman 2000; Rakic and Bourgeous 1994). Despite accumulating evidence 
implicating the early social environment as a modifying factor in disease outcomes, 
little is known regarding the neurobehavioral mechanisms through which social factors 
influence the vulnerability for psychiatric disorders. Since social factors are easily 
modifiable in laboratory animals (for example, using social isolated housing), animal 
studies can be used to address causation, and to perform extensive characterization of 
the neurobehavioral mechanisms underlying social influences on disease (Karelina and 
DeVries 2011).
 Preclinical studies in laboratory rats have shown that isolation rearing enhances 
drug-related behavior reflected by a higher intake of ethanol (Schenk et al. 1990) and 
morphine (Alexander et al. 1981; Hadaway et al. 1979; Marks-Kaufman and Lewis 1984) 
and increased propensity to self-administer drugs of abuse (Howes et al. 2000; Schenk et 
al. 1987). Nevertheless, isolation reared rats showed a decreased sensitivity to morphine 
(Wongwitdecha and Marsden 1996), cocaine (Berry and Marsden 1994; Schenk et al. 
1986), amphetamine (Wongwitdecha and Marsden 1995), and heroin (Schenk et al. 
1986) using a conditioned place preference paradigm, and slower acquisition of cocaine 
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self-administration at higher unit doses (Phillips et al. 1994a; -1994b). Since the  
inter-reinforcement intervals for cocaine self-administration were significantly shorter 
in isolated reared rats, it has been suggested that social rearing decreases the reinforcing 
properties of cocaine (Ding et al. 2005). In contrast, social isolation in adulthood has 
been demonstrated not to affect the self-administration of cocaine (Bozarth et al. 1989). 
Although these studies indicate youth as a critical time window in development for 
social experiences to interact with the vulnerability for drug addiction, the vast majority 
of studies used the so-called isolation rearing model, in which animals are continuously 
socially isolated from weaning onwards. The specific period of social isolation that 
is important for inducing neurobehavioral changes and behavioral adaptations by  
re-socialization is therefore largely unknown.  
 The aim of the present study was to assess the long-term effects of a disrupted social 
development by means of social isolation during postnatal day (PND) 21-42 followed  
by re-socialization on intravenous cocaine self-administration in adult rats. Cocaine 
self-administration was studied under fixed ratio (FR) and progressive ratio (PR) 
schedules of reinforcement. Subsequently, we assessed the degree to which a  
cocaine-associated cue, cocaine itself or stress evoked reinstatement of cocaine-
seeking following extinction of self-administration. Thereafter, rats were trained to 
self-administer sucrose, to assess the reinforcer-specificity of the effects of social 
isolation, and tested in a reversal learning task to determine the effect of early adolescent 
social isolation on cognitive flexibility. 

Material and Methods

Subjects
Male Lister Hooded rats (Charles River, Germany) arrived in litters of 6-8 pups at an age 
of 14 days with a nursing mother and were housed in climate controlled rooms under a 
reversed 12hr day/night cycle (lights on: 7 p.m.). At 21 days of age, rats were weaned and 
housed either socially (SOC) or individually (ISO). The rats of the isolated group were 
re-socialized, i.e. housed together with an animal of the same treatment group, on day 
43. After several weeks of re-socialization, intravenous surgery took place in adulthood 
(12 weeks of age). During the course of behavioral testing, rats were singly housed and 
placed on a restricted diet of 20 g of standard rat chow (SDS) per day. Body weights 
were monitored on a weekly basis. Feeding occurred in the rats’ home cages at the end 
of the experimental day. Water was available ad libitum. Self-administration sessions 
were carried out between 9 a.m.-6 p.m., for 5 days a week. The same group of rats was 
used for all experiments. Experiments were approved by the Animal Ethics Committee 
of Utrecht University and were conducted in agreement with Dutch laws (Wet op de 
Dierproeven, 1996) and European regulations (Guideline 86/609/EEC).

Surgery
Rats were anaesthetised with ketamine hydrochloride (Narketan, 0.075mg/100g i.m.) 
and medetomidine hydrochloride (Cepetor, 0.01mg/100g s.c.) and supplemented with 
ketamine if needed. A single intravenous catheter was implanted into the right jugular 
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vein aimed at the left vena cava. Catheters (Camcaths, Cambridge, UK) consisted of a 22 
g cannula attached to silastic tubing (0.012 ID) and fixed to nylon mesh. The mesh end 
of the catheter was sutured s.c.  on the dorsum. Carprofen (50mg/kg) was administrated 
once before and twice after surgery. Gentamycin (5mg/kg) was administered before 
surgery and for 5 days post-surgery. Animals were allowed 7-9 days to recover from 
surgery. 

Apparatus
Behavioral testing was conducted in operant conditioning chambers (29.5 x 24 
x 25 cm; lxwxh; Med Associates) enclosed in light- and sound-attenuating 
cubicles equipped with a ventilation fan. Each chamber was equipped with two 
retractable levers. A cue light was present above each lever and a house light 
was located on the opposite wall. Sucrose pellets (45 mg, formula F, Research Diets) 
could be delivered at the wall opposite to the levers via a dispenser. Priming infusions 
of cocaine were never given. After each session, catheters were flushed with 0.15 ml 
heparinized saline. Experimental events and data recording were controlled using 
MED-PC for Windows.

Intravenous cocaine self-administration
Procedures of cocaine self-administration were as previously described (Veeneman et 
al. 2012a - 2012b). 
Fixed ratio-1 schedule of reinforcement Rats were trained to self-administer cocaine under 
a fixed ratio-1 (FR-1) schedule of reinforcement for 10 consecutive sessions. During 2 
hr sessions, two levers were present, one of which was designated as active. The position 
of the active and inactive levers was counterbalanced between animals. Pressing the 
active lever resulted in the infusion of 0.083 mg (session 1-5) or 0.25 mg (session 6-10) 
cocaine in 0.1 ml saline over 5.6 seconds, retraction of the levers, switching off of the 
house light, followed by a 20 sec time-out period. During the infusion, the cue light 
above the lever was illuminated. 
FR-1 dose-response curve for cocaine After 10 sessions of self-administration under 
a FR-1 schedule of reinforcement, rats were tested for a within-session dose-response 
self-administration session. To circumvent confounding effects of the initial loading 
phase of cocaine on responding, the dose-response session started with 30 minutes of 
self-administration of 0.25 mg/infusion cocaine. Subsequently, the animals were allowed 
to respond for descending doses of cocaine (0.5, 0.25, 0.125, 0.063, 0.031 mg/infusion). 
Pressing the active lever resulted in the infusion of cocaine in 0.1 ml saline over 5.6 
seconds, retraction of the levers, switching off of the house light, followed by a 20 sec 
time-out period. During the infusion, the cue light above the lever was illuminated. 
Each dose was available for 1 hr and the introduction of a new dose was preceded by a 
10 minute time-out period. 
Progressive ratio schedule of reinforcement After restabilization of cocaine 
self-administration under a FR-1 schedule of reinforcement, rats underwent two 
sessions of cocaine self-administration under a progressive ratio (PR) schedule of 
reinforcement. PR sessions started with the illumination of the house light and insertion 
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of the active and inactive lever. Under this schedule, animals had to meet a response 
requirement on the active lever that progressively increased after every earned reward 
(1, 2, 4, 6, 9, 12, 15, 20, 25, etc; Richardson and Roberts 1996). When rats met the 
response requirement on the active lever, this led to a cocaine infusion of 0.083mg/
infusion during the first PR session and 0.25 mg/infusion during and the second PR 
session, retraction of both levers, switching off of the house-light, illumination of the 
cue-light for the duration of the infusion, followed by a 10 minute time-out period 
during which both levers remained retracted. After the time-out period, the cycle 
re-started with the insertion of both levers and illumination of the house-light. Sessions 
continued until rats failed to obtain a cocaine infusion within one hour. The highest 
number of active responses performed for one single cocaine infusion was defined as 
the breakpoint.
Cue, cocaine and yohimbine-induced reinstatement of cocaine seeking After completion 
of the PR experiment, rats underwent a 1 hr extinction session during which all 
procedures were identical to those used during the self-administration phase, except 
that the drug syringes were removed from the infusion pumps (day 1). Thus, pressing 
the active lever resulted in the illumination of the cue-light (5.6 seconds), retraction 
of the levers, switching off of the house light, followed by a 20 sec time-out period, 
but without the delivery of a cocaine infusion. To assess cue-induced cocaine seeking, 
and the occurrence of incubation of cocaine seeking (Grimm et al. 2001), the same 
procedure was repeated 14 days later. During the period inbetween cue-induced 
cocaine seeking tests, rats were kept in their home cage and handled once weekly. 
After the second test for cue-induced cocaine seeking, 10 consecutive extinction sessions 
(2 hours) were conducted in which all procedures were identical to those used during 
the self-administration phase, except that the drug syringes were removed from the 
infusion pumps. Next, rats were tested for reinstatement induced by cocaine injections 
(0, 5, and 15 mg/kg, IP) during three 1-h test sessions that were separated by 10 min 
time-out period. Saline and cocaine injections were given immediately prior to the test 
sessions in an ascending order to minimize carry-over effects of residual cocaine. Finally, 
the effect of treatment with yohimbine (7.5 mg/kg and 15 mg/kg) on reinstatement 
of cocaine seeking behavior was determined during three 1-h test sessions that were 
separated by 30 min. Vehicle or yohimbine was injected 30 min prior to the start of the 
test sessions. During all reinstatement sessions, procedures were identical to those used 
during the self-administration phase, except that the drug syringes were removed from 
the infusion pumps. Regular 2-h extinction sessions were given during the intervening 
days between cocaine- and yohimbine reinstatement tests. 

Sucrose self-administration and reversal learning
Finally, rats were trained to self-administer sucrose under an FR-1 schedule during 
30 min sessions. The positions of the active and inactive levers were kept the same 
as during cocaine self-administration. Pressing the active lever produced delivery of 
1 sucrose pellet, followed by the illumination of the cue-light (5.6 seconds), retraction 
of the levers, switching off of the house light, followed by a 20 sec time-out period. 
After sucrose self-administration had stabilized, i.e., <10% variation in the number of 
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reinforcements over 3 sessions, cognitive flexibility was tested by a reversal learning 
procedure. First, rats were exposed to 5 blocks of 10 choice trials, during which a single 
press on the active lever resulted in the delivery of 1 sucrose pellet (baseline). The 
positions of the levers during baseline sessions were the same as for cocaine and sucrose 
self-administration. After stabilization of sucrose intake, i.e., 90% trials of correct 
responding, in the first series of 50 trials, rats were subjected to a series of 6 reversals. 
During this reversal phase, the active (rewarded) and inactive (non-rewarded) levers 
were reversed daily for 6 subsequent days. 

Drugs 
Cocaine-HCl was purchased from Bufa BV (Uitgeest, The Netherlands) and dissolved in 
sterile physiological saline (0.9%NaCl). Yohimbine hydrochloride was purchased from 
Sigma (Zwijndrecht, The Netherlands) and dissolved in distilled water.

Data analysis 
Data are presented as means and standard errors of the mean (S.E.M) and analyzed 
using SPSS for Windows, version 15.0. Data were analyzed by two-factor repeated-
measures ANOVAs with session (acquisition, extinction), dose (dose response), dose 
or day (reinstatement), blocks (reversal learning) as within-subjects variables, and 
rearing condition (SOC-ISO) as between-subjects variables. For the acquisition of 
cocaine self-administration experiments, two separate analyses were performed: 
session 1–5 (acquisition of self-administration of 0.083 mg/infusion) and session 6–10 
(self-administration of 0.25 mg/infusion). In case of statistically significant main  
effects, further post-hoc comparisons were conducted using Paired samples or Student 
t-tests. Breakpoints in the PR experiments were log-transformed and analyzed by 
a Student t-test. For all statistical analyses the level of probability for statistically 
significant effects was set at p < 0.05.

Results

Acquisition of cocaine self-administration 
First, we assessed the effect of social isolation during early adolescence on the acquisition 
of cocaine self-administration during adulthood. Cocaine self-administration at 
0.083 mg/infusion under a FR-1 schedule of reinforcement is shown in figure 1A. 
Social isolation during adolescence significantly enhanced the acquisition of cocaine 
self-administration, i.e., number of rewards (group: [F(1,25)=8.01, p<0.05]; session: 
[F(4,25)=12.31, p<0.05]; group*session: [F(4,100)=4.92, p<0.05]; figure 1A). Post-hoc 
analysis showed a significant difference in number of rewards between socially reared 
rats and socially isolated rats for session 3 [t(25)=-2.93, p<0.05], session 4 [t(25)=-3.17, 
p<0.05], and session 5 [t(25)=-3.36, p<0.05], respectively. In contrast, early adolescent 
social isolation had no effect on inactive lever presses during the first 5 sessions (group: 
[F(1,25)=1.27, NS]; data not shown). Next, rats were trained to self-administer cocaine 
at a dose of 0.25 mg/infusion for 5 additional sessions (figure 1A). When the unit dose 
was increased to 0.25 mg/infusion, socially isolated rats responded more than controls, 
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but this effects only remained for three sessions (session 6: [t(25)=-3.42, p<0.05]; session 
7: [t(25)=-4.79, p<0.05]; session 8: [t(25)=-3.63, p<0.05]; session 9: [t(25) =-1.27, NS]; 
session 10 [t(25)=-1.88, NS]). Analysis of cocaine intake during the acquisition of 
self-administration revealed comparable results as response levels (Figure 1B). 
Cocaine intake was significantly enhanced in socially isolated rats during the first 5 cocaine 
self-administration sessions (group: [F(1,25)=8.01, p<0.05]; session: [F(4,25)=12.31, 
p<0.05]; group*session: [F(4,100)=4.92, p<0.05]). Subsequently, cocaine intake remained 
increased for three sessions, but then stabilized at the same level as controls when the unit 
dose was set to 0.25 mg/infusion (session 6: [t(25)=-3.27, p<0.05]; session 7: [t(25)=-4.63, 
p<0.05]; session 8: [t(25)=-3.48, p<0.05]; session 9: [t(25) =-0.87, NS]; session 10 [t(25)=-
1.54, NS]). Response patterns during the 5th session showed that rats socially isolated 
during early adolescence had an increased number of rewards throughout the session 
(time: [F(5,125)=10.00, p<0.05]; group: [F(1,25)=20.47, p<0.05]; time*group: 
[F(5,125)=1.16, p<0.05]; figure 1C). In contrast, analysis of the response patterns during 
the 10th session showed no significant effect between groups (time: [F(5,125)=26.8, 
p<0.05]; group, [F(1,25)=2.36, NS], time*group [F(5,125)=0.87, p<0.05]; figure 1D). 

Figure 1 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on acquisition of 
intravenous cocaine self-administration at 0.083 mg/infusion (session 1-5) and 0.25 mg/infusion (session 
6-10) during adulthood. (A) !e number of rewards (2 hr) and (B) intake of cocaine (mg/2hr) during the $rst 
10 cocaine self-administration sessions. (C) Number of rewards during the 5th session and (D) 10th session 
expressed in 20 min bins. SOC=socially reared rats during PND21-42, ISO=socially isolated rats during 
PND21-42. Data represents mean+SEM. * p<0.05 compared to SOC (Student t-test).
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Cocaine self-administration: dose response analysis
Next, we examined the effect of early adolescent social isolation on the sensitivity to the 
reinforcing properties of cocaine. To that aim, a within-session dose-response protocol 
was used (figure 2). First, the rats were allowed a loading phase of 0.25 mg/infusion for 
30 minutes. During the loading phase, there was no difference in the number of rewards 
and inactive lever responses between groups (data not shown). Analysis of the dose 
response function revealed that the number of infusions taken [F(4,22)=165.76, p<0.05] 
(fig. 2A) as well as the total amount of drug administered [F(4,22)=128.66, p<0.05] (fig. 
2B) increased as a function of descending doses of cocaine. There was no effect of unit 
dose on the inactive lever responses [F(4,22)=1.19, NS] (data not shown). Moreover, 
the shape of the dose-response curve was similar between groups and statistical analysis 
revealed no effect of social isolation (rewards; [F(1,22)=0.20, NS], cocaine intake; 
[F(1,22)=0.06, NS]). 

Cocaine self-administration under a PR schedule of reinforcement
To examine whether social isolation during early adolescence affected the motivation 
for cocaine, we evaluated the effects on responding for cocaine under a PR schedule of 
reinforcement at 0.083 mg/infusion. Breakpoints under the PR schedule of reinforcement 
were increased in socially isolated rats [t(23) = -2.73, p<0.05] (figure 3A) with no effect 
on inactive lever presses [t(23)=-1.07, p<0.05] (data not shown). Next, the unit dose of 
cocaine was increased to 0.25 mg/infusion. The breakpoints for this dose was increased 
in rats that had been socially isolated during early adolescence [t(20)=-4.01, p<0.05] 
(figure 3B), with no effect on inactive lever presses [t(20)=-0.932, p<0.05] (data not 
shown). 

Extinction and cue, drug and yohimbine-induced reinstatement of cocaine seeking 
The findings that early adolescent social isolation enhanced acquisition of cocaine self-
administration and the motivation to respond under a PR schedule of reinforcement 
raised the question whether social isolation also affected the sensitivity to reinstatement 

Figure 2 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on within-session 
dose response curve for cocaine. (A) Number of cocaine infusions (rewards) and (B) cocaine intake (mg/1 hr) 
for descending doses of cocaine (0.5, 0.25, 0.125, 0.063, 0.031 mg/infusion). SOC=socially reared rats during 
PND21-42, ISO=socially isolated rats during PND21-42. Data represents mean+SEM.
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of cocaine seeking. First, we tested the effect of early adolescent social isolation on cue-
induced reinstatement and incubation of craving. Therefore, responses were recorded 
1 day and 14 days after withdrawal during which cocaine infusions were withheld. 
Figure 4a depicts the number of non-reinforced responses on the lever previously 
associated with cocaine, on day 1 and day 14 in the presence of the house light and cue 
lights that were previously associated with cocaine availability. Responding for drug-
associated stimuli decreased between day 1 and day 14 [F(1,20)=41.04, p<0.05] (figure 
4A). Analysis of responses revealed no effect of early adolescent social isolation on cue 
induced reinstatement (day 1 [t(20)=-1.78, NS]; day 14 [t(20)=-1.13, NS]; day*group 
[F(1,20)=1.19, NS]).
 Next, we determined whether early adolescent social isolation affected extinction of 
cocaine self-administration. Figure 4B represents the responses on the active lever during 
10 consecutive extinction sessions. Both groups showed a gradual decrease in responses 
on the active lever responses across sessions [session: F(9,180)=33.19, p<0.05]. However, 
no difference between the groups was found [group: F(1,20)=3.78, NS]; group*session: 
[F(9,20)=1.43, NS]). Throughout the extinction sessions, the inactive lever responses 
remained low, but changed significantly across sessions [F(9,180)=4.53, p<0.05], with 
no difference between groups [F(1,20)=0.01, NS] (data not shown). 
 After extinction of cocaine self-administration, we examined cocaine-induced 
reinstatement of cocaine seeking. Hence, ascending cocaine doses (0, 5, 10 mg/kg) were 
administered according to a within-session protocol. As shown in figure 4C, ascending 
doses of cocaine increased responding on the previously reinforced lever [dose: 
F(2,20)=29.06, p<0.05], but not on the inactive lever [dose: F(2,40)=2.40, NS] (data not 
shown). Post-hoc analysis showed that this effect was significant at 10 mg/kg cocaine 
(SOC [t(10)=-8.47, p<0.05], ISO [t(10)=-3.15, p<0.05]). No differences were observed 
between socially reared rats and socially isolated rats in cocaine-induced reinstatement 
to cocaine seeking behavior (group: [F(1,20)=0.17, NS]; group*dose: [F(2,40)=1.33, 
NS]). 
 We then assessed whether social isolation during early adolescence affected stress-
induced reinstatement of cocaine seeking behavior. To that aim, animals received 

Figure 3 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on breakpoints 
under a PR schedule of reinforcement at (A) 0.083 mg/infusion of cocaine or (B) 0.25 mg/infusion of cocaine. 
SOC=socially reared rats during PND21-42, ISO=socially isolated rats during PND21-42. Data represents 
mean+SEM. * p<0.05 compared to SOC (Student t-test)
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intraperitoneal injections of the pharmacological stressor yohimbine in ascending doses 
(0, 7.5 mg/kg, 15 mg/kg) prior to within-session reinstatement. There was a main effect 
of yohimbine on responding on the previously reinforced lever [dose: F(2,40)=16.04, 
p<0.05] (figure 4D). Post-hoc analysis revealed a significant increase of yohimbine 
induced responding at a dose of 15 mg/kg (SOC [t(10)=-3.68, p<0.05], ISO [t(10)=-2.90, 
p<0.05]) without an effect of early adolescent social isolation (group: [F(1,20)=0.17, 
NS]; group*dose: [F(2,40)=0.28, NS). Moreover, yohimbine had no effect on responding 
on the inactive lever [F(2,40)=1.25, NS] (data not shown). 

Acquisition of sucrose self-administration and reversal learning
To examine whether the effects of social isolation during early adolescence on cocaine 
self-administration were reinforcer-specific, after further extinction of responding, 
the rats were trained to self-administer sucrose pellets under an FR-1 schedule of 
reinforcement. As shown in figure 5A, stable sucrose self-administration behavior was 
acquired in both groups [session: F(4,80)=83.0, p<0.05]. The acquisition curve was 
similar between groups [(group: [F(1,20)=0.78, NS]; group*session: [F(4,80)=0.77, 
NS]).

Figure 4 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on (A) 
cue-induced reinstatement and incubation of cocaine seeking and (B) extinction of cocaine self-administration, 
(C) cocaine- and (D) yohimbine-induced reinstatement of cocaine seeking. SOC=socially reared rats during 
PND21-42, ISO=socially isolated rats during PND21-42. Data represents mean+SEM. $ p<0.05 compared to 
day 1, # indicates p<0.05 compared to 0 mg/kg (Student t-test)
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Finally, rats were tested for a reversal learning procedure to assess whether social 
isolation during adolescence affected cognitive flexibility. Following responding to 
criterion, a series of 6 reversals was presented. As shown in figure 5B, both groups 
exhibited a decrease in correct responses during the first reversal session, yet the 
percentage of correct responses increased over sessions [F(29,580)=42.39, p<0.05], 
with no differences in correct responses between groups (group: [F(1,20)=0.05, NS], 
group*session: [F(29,580)=0.95, NS]) (group: [F(1,20)=0.05, NS], group*session: 
[F(29,580)=0.95, NS]).  

Discussion

In the present study, we show that deprivation of social contact during a time window 
in which marked changes in social behavior take place (PND 21-42) followed by 
a prolonged period of re-socialization, results in enhanced acquisition of cocaine 
self-administration. Dose-response analysis did not reveal changes in the sensitivity 
to the reinforcing properties of cocaine, but early adolescent social isolation increased 
the motivation for cocaine self-administration under a PR schedule of reinforcement. 
These effects were not due to deficits in acquisition of operant responding, general 

Figure 5 E#ect of social isolation during postnatal day 21-42 followed by re-socialization on acquisition of 
sucrose self-administration and reversal learning for sucrose. (A) !e number of rewards (sucrose pellets) 
during the $rst 5 sucrose self-administration sessions, (B) percentage of correct lever responses during baseline 
(B1-B5) and a series of 6 reversals. SOC=socially reared rats during PND21-42, ISO=socially isolated rats 
during PND21-42. Data represents mean+SEM
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activity, or behavioral inflexibility. Extinction of cocaine self-administration, incubation 
of cocaine seeking and cue, cocaine and stress-induced reinstatement were not affected 
by early adolescent social isolation. 
 In general, the effects of environmental manipulations or drug treatment on acquisition 
of self-administration are more likely to be detected when low unit doses of drugs are 
used (Lu et al. 2003; Piazza et al. 1996; Vezina et al. 2002). With regard to the effects 
of social isolation, Schenk et al. (1987) found that isolation-reared rats more readily 
initiated cocaine self-administration at doses of 0.1-1.0 mg/kg/infusion compared to 
group-housed rats. In another study, isolation rearing was found to increase responding 
for a low cocaine dose (0.04 mg/kg/infusion), but not for higher doses (0.08–1.0 mg/
kg/infusion) (Boyle et al. 1991). Moreover, the enhanced number of lever presses and 
cocaine infusions in socially isolated rats were found to be accompanied by shorter 
inter-reinforcement intervals (Ding et al. 2005). Conversely, however, Phillips et al. 
(1994b) found that isolation-reared rats had a lower rate of responding for a high 
cocaine dose (1.5 mg/kg/infusion) during the first 5 days of drug self-administration. 
Subsequent work from this laboratory showed that isolation reared rats displayed 
increased acquisition of self-administration of a low dose of cocaine (0.083 mg/kg/
infusion), unchanged acquisition at a medium cocaine dose (0.25 mg/kg/infusion), but 
retarded acquisition at the highest dose (1.5 mg/kg/infusion), suggesting a leftward shift 
in the dose-response curve (Howes et al. 2000). These effects seemed not to be restricted 
to cocaine, since isolation rearing also enhanced the initiation of amphetamine 
self-administration at a low (0.03 mg/kg/infusion), but not high unit dose (0.1 mg/kg/
infusion) (Bardo et al. 2001). Thus, the enhanced acquisition of self-administration of 
a low unit dose of cocaine found in the present study is consistent with previous work. 
However, in these so-called isolation rearing models, animals are continuously isolated 
from weaning onwards (Heidbreder et al. 2000; Fone and Porkess 2008; Robbins et al. 
1996), which provides no answer to the specific period of social isolation that is critical 
for the induction of neurobehavioral changes. In the present study, we showed that social 
isolation during a restricted, but important social developmental period, resulted in a 
substantial increase in the acquisition of cocaine self-administration during adulthood. 
The increased sensitivity to cocaine was observed despite a prolonged period of re-
socialization, indicating that early adolescence is a sensitive period for social factors to 
influence the vulnerability to acquire drug use later in life.
 The increase in breakpoints under a PR schedule observed in the present study, 
point to augmented motivation for the drug after early social isolation (Arnold and 
Roberts 1997; Richardson and Roberts 1996). Interestingly, this increased responding 
under a PR schedule was observed for both unit doses of cocaine, whereas cocaine 
self-administration under a FR-1 schedule of reinforcement at the higher dose did 
not differ between groups. In addition, there was no effect of early adolescent social 
isolation on the sensitivity to the reinforcing properties of cocaine in a within-session 
dose-response experiment. This pattern of effects indicates that only when response 
requirements are high under a PR schedule of reinforcement, socially isolated rats 
are more willing to respond for cocaine. Thus, social isolation during adolescence 
increases the incentive motivational properties of cocaine, rather than its reinforcing 
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properties in general. Isolation rearing studies have demonstrated altered function 
of the mesolimbic dopamine system, that has been widely implicated in cocaine 
self-administration (Pierce and Kumaresan 2006), after prolonged social isolation (Hall et 
al. 1998; Jones et al. 1990, -1992; Phillips et al. 1994a, -1994b). For example, social rearing 
potentiates FOS expression and dopamine release in the dorsal and ventral striatum 
induced by cocaine (Hall et al. 1998; Howes et al. 2000; Jones et al. 1992) and results in 
an apparent functional down-regulation of D2 dopamine receptors in the striatum (Hall 
et al. 1998). Early social isolation may also interfere with maturational processes in the 
amygdala, since the dendritic marker spinophilin in the amygdala undergoes pruning 
between postnatal day 21 and 49 (Zehr et al. 2006). Consistent, the central nucleus of 
the amygdala has been implicated in the reinforcing properties of cocaine (Caine et al. 
1995; Hurd et al. 1997), and found to be vulnerable to isolation rearing (Howes et al. 
2000; Leussis and Andersen 2008). In addition, early social isolation produces functional 
changes in the prefrontal cortex (PFC) as well. The late development of frontal cortical 
regions, such as the PFC, makes them particularly vulnerable to disturbances in brain 
development by environmental insults (Andersen 2003). Leussis et al. (2008) found that 
social isolation between PND 30-35 in rats followed by re-housing produced immediate 
and prolonged decreases in synaptic density in the prefrontal cortex, without producing 
enduring changes in the hippocampus or striatum. Recently, whole cell recordings in 
slices from adult animals showed that early adolescent social isolation caused a loss of 
the normal modulation of synaptic response amplitude by dopamine in medial PFC 
pyramidal neurons (Baarendse et al. 2012a). Interestingly, the medial PFC has been 
implicated in the acquisition of cocaine self-administration (Weissenborn et al. 1997), 
as well as in the motivation to respond for the drug (McGregor and Roberts 1995). 
Alternatively, efferent projections of the PFC, originating mostly from layer V pyramidal 
neurons, innervate many brain areas, including the striatum, amygdala, thalamus, and 
the ventral tegmental area (Gabbott et al. 2005). Since there is an inverse relationship 
between dopamine activity in the mPFC and nucleus accumbens (Del Arco and Mora 
2008; Mitchell and Gratton 1992; Pascucci et al. 2007; Piazza et al. 1991), social isolation 
during development might alter dopamine activity in the nucleus accumbens as a result 
of disrupted PFC input into the mesoaccumbens dopamine system. Given the role of 
nucleus accumbens dopamine in the acquisition of cocaine self-administration (Gerrits 
and Van Ree 1996; Ikemoto 2003; Rodd-Henricks et al. 2002; Veeneman et al. 2012b) 
as well as the motivation to respond for the drug (Bari and Pierce 2005; Veeneman et 
al. 2012b), it is likely that altered function of this system underlies the effects of early 
adolescent social isolation on cocaine self-administration. However, the possibility that 
the behavioral changes are an (in)direct result of functional changes in PFC (Goeders 
et al. 1983; McGregor and Roberts 1995; Weissenborn et al. 1997) or amygdala can not 
be ruled out. Future studies should be directed to identify the exact neural substrates of 
increased motivation for cocaine as a result of early adolescent social isolation. 
 No effect of early adolescent social isolation was found on cognitive flexibility 
measured by a reversal learning task for sucrose reward. The strong association between 
reversal learning and integrity of the orbitofrontal cortex (OFC) (McAlonan and 
Brown 2003; Ragozzino 2007; Rudebeck and Murray 2008; Schoenbaum et al. 2007), 



175

Social development and the vulnerability for cocaine addiction

suggests that the OFC is relatively unaffected by early adolescent social isolation. In a 
recent study, the long-lasting disturbance in PFC function by early social isolation was 
found to be accompanied by increased impulsive action and impaired decision making 
(Baarendse et al. 2012a). These long-lasting deleterious effects in cognitive control may 
be related to the increased enhanced initiation of cocaine taking by socially isolated 
rats. Indeed, exaggerated impulsivity and decision making deficits are associated with a 
variety of psychiatric disorders including drug addiction (Bechara 2001; Chamberlain 
and Sahakian 2007; Ernst et al. 2003; Hanson et al., 2008; Luman et al. 2008; Moeller et 
al. 2001; Schutter et al. 2011; Verdejo-Garcia et al. 2007) and these have been identified 
as risk factors for smoking, alcohol and drug addiction (Audrain McGovern et al. 
2009; Nigg et al. 2006). Animal studies have shown that increased impulsive action 
is associated with an increased vulnerability to initiation and maintenance of cocaine 
and nicotine self-administration, and greater sensitivity to loss of control of cocaine 
self-administration (Belin et al. 2008; Dalley et al. 2007; Diergaarde et al. 2008). On the 
other hand, impulsive choice has been linked to resistance to extinction and greater 
reinstatement of cocaine and nicotine seeking (Broos et al. 2012; Diergaarde et al. 
2008). Interestingly, early adolescent social isolation did neither affect impulsive choice 
(Baarendse et al. 2012a) nor the incubation of craving, extinction and reinstatement 
of cocaine seeking behavior (present study). Together, our findings suggest that the 
increased vulnerability for the initiation of drug abuse by early social insult may be 
mediated by impairments in impulse control as a result of altered PFC function.  
 In conclusion, our results show that the lack of proper social experiences during 
early adolescence can profoundly affect drug-taking behavior in adulthood.  
Neurodevelopmental adapations in the mesostriatal, mesoamygdala as well as  
the mesocortical system, are likely to underlie the long-lasting disturbances in behavior 
by early social isolation.  
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Social experiences early in life are of major importance for proper behavioral 
development. In this thesis, we aimed to improve our understanding of the neurobiology 
of adolescent social behavior and its importance for behavioral development. We first 
focused on social play, the most characteristic social activity in children and young 
mammals, and its relationship with reward and addiction. Exaggerated impulsivity and 
decision making deficits are associated with a variety of psychiatric disorders, including 
drug addiction. The monoaminergic modulation of distinct forms of impulsive 
behavior and decision making was studied through pharmacological manipulations that 
targeted dopamine (DA), noradrenaline (NA) and serotonin (5-HT) reuptake. Therefore, 
translational paradigms to measure impulsive action (5-choice serial reaction time task; 
5-CSRTT), impulsive choice (delayed reward task; DRT) and decision making (rat 
gambling task; rGT) were used. Subsequently, the long-term effects of early adolescent 
social isolation followed by re-socialization on cognitive capacities, prefrontal cortex 
function and drug taking behavior were addressed. In this chapter, the main findings 
presented in this thesis will be summarized and discussed.

Pharmacological insights into impulsivity and decision making

The ability to make profitable short- and long-term decisions, select optimal behavioral 
strategies and inhibit prepotent responses can be considered as expressions of cognitive 
control. Impairments in these cognitive abilities can have tremendous influence on 
daily life. This is especially apparent in psychiatric disorders including drug addiction, 
attention deficit hyperactivity disorder, disruptive behavior disorders and pathological 
gambling, in which impulsivity and decision making are disrupted (Bark et al. 2005; 
Bechara and Damasio 2002; Brand et al. 2004; -2005; Cavedini et al. 2010; Chamberlain 
and Sahakian 2007; Ernst et al. 2003; Garon et al. 2006; Moeller et al. 1999; -2001). 
Despite of the enormous progress, there is a significant need for better treatments of 
these disorders, as effect-sizes of current pharmacotherapies are generally quite modest, 
and some of these treatments are poorly tolerated (Grant and Potenza 2007; Van den 
Brink 2012).
 The neuropharmacological data presented in chapter 5 and chapter 6 indicate 
a differential contribution of DA, NA and 5-HT in the modulation of impulsive 
action, impulsive choice and decision making. The clinically used psychostimulant 
amphetamine (Adderall™), that increases extracellular levels of DA, NA, and, to a 
lesser extent, 5-HT (Seiden et al. 1993; Sulzer et al. 1995), exerted opposite effects 
on impulsive action (increase) in the 5-CSRTT and impulsive choice (decrease) 
in the DRT. Interestingly, these effects were mimicked by the selective DA reuptake 
inhibitor GBR12909, suggesting that DA plays an important, but opposing role in the 
modulation of impulsive action and impulsive choice. In contrast to the disruptive 
effects on impulsive action, DA reuptake inhibition by amphetamine and GBR12909 
positively affected impulsive choice by increasing the willingness to wait longer for a 
more beneficial reward (chapter 5). The influence of GBR12909 on impulsive action 
could be related to the role of DA in incentive motivation, salience of emotionally 
charged stimuli and action invigoration (Berridge 2007; Cardinal et al. 2000; Cools et 
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al. 2011; Robbins and Everitt 2007; Salamone et al. 1994; -2007) causing a higher rate 
of behavioral performance. On the other hand, elevation of DA levels by amphetamine 
or GBR12909 might improve impulsive choice by enhancement of the subjective 
value of larger, delayed reinforcers (Cardinal et al. 2000; Denk et al. 2005; Floresco 
et al. 2008; Salamone et al. 1994). Consistent, the nucleus accumbens (NAc) has been 
implicated in goal-directed behavior and amphetamine-induced impulsive action in the 
5-CSRTT (Cardinal et al. 2002; Cole and Robbins 1989; Kelley 2004; Mogenson et al. 
1980; Murphy et al. 2008; Pattij et al. 2007; Salamone et al. 2005; Van Gaalen et al. 
2009). Conversely, DA lesions of the NAc do not alter impulsive choice (Cardinal et al. 
2000; Winstanley et al. 2005), but DA transmission in the orbital PFC seems to play a 
role in mediating the preference between small/immediate and larger/delayed rewards 
(Kheramin et al. 2004; Winstanley et al. 2006). The data presented in chapter 6 indicates 
that DA has a quite limited role in decision making, since GBR12909 did not markedly 
alter decision making behavior in the rat gambling task (rGT). DA has been shown to be 
critically involved in several fundamental aspects of decision making, such as associative 
learning (Schultz 2002), time perception (Meck 2006) and signaling within the reward 
system (Di Chiara and Bassareo 2007). Of direct relevance for our data in chapter 6, 
DA neurotransmission has been shown to modulate decision making processes based 
on reward or punishment probability (Simon et al. 2011; St Onge and Floresco 2009; 
Zeeb et al. 2009). Nevertheless, the role of monoaminergic neurotransmission seems 
to largely depend on the complexity of decision making that is measured. Elevation of 
neither endogenous DA, NA nor 5-HT levels altered decision making in the rGT. In line 
with Zeeb et al. (2009), our findings highlight the difference between decision making 
processes based solely on differences in reward probability and those incorporating 
reward size, reward probability and punishment magnitude. Simultaneous blockade 
of DA and NA shifted choice behavior towards disadvantageous decision making that 
could be due to the interference with several of the underlying behavioral and/or neural 
processes (chapter 6). The pronounced flattening of choice profile in the rGT suggests 
that combined DA-NA reuptake blockade (comparable to the effect of amphetamine; 
Zeeb et al. 2009; chapter 6) interferes with the ability to distinguish between different 
response options. This is in agreement with the described complementary role of 
catecholamine neurotransmission in fronto-executive functioning (for review see, 
Robbins and Arnsten 2009). 
 NA neurotransmission appears primarily involved when task contingencies are 
unexpectedly changed, alternative response options have to be explored and under 
cognitively demanding circumstances (Aston-Jones and Cohen 2005; Bouret and Sara 
2005; Cole and Robbins 1992; Dalley et al. 2001; McGaughy et al. 2002; Sirviö et al. 1993; 
Usher et al. 1999). This was also demonstrated in chapter 5, since selective inhibition 
of NA reuptake by atomoxetine reduced premature responding, i.e., impulsive action, 
primarily under a long intertrial interval (ITI) in the 5-CSRTT, suggesting improved 
cognitive abilities by noradrenergic reuptake inhibition. However, atomoxetine also 
increased errors of omission and lengthened response latencies, under both baseline 
and long ITI conditions, and improved accuracy under the challenging long ITI 
conditions. Thereby, the effect on impulsive action seems to be secondary to its effects 
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on behavioral vigilance (Arnsten 2004; Aston-Jones and Cohen 2005), resulting in 
an improved attentional performance and slowing down of behavioral performance, 
especially at higher doses (Blondeau and Dellu-Hagedorn 2007; Fernando et al. 2011; 
Navarra et al. 2008; Paine et al. 2007; Sun et al. 2011; Van Gaalen et al. 2006a). 
 Selective 5-HT reuptake inhibitors (SSRIs) are regularly used for the treatment of 
disorders associated with poor impulse control such as problem gambling, sexual 
addiction, personality disorders and impulsive aggression (Coccaro and Kavoussi 
1997; Hollander and Rosen 2000). The role of 5-HT in the modulation of impulsivity 
varies among the different types of impulsivity and paradigms used (delay discounting/
delayed reward task, 5-CSRTT, stop signal reaction time task, continuous performance 
task, go-no go task) (Winstanley 2011). The heterogeneous nature of the serotonergic 
system mediating different, sometimes even opposing effects seems to contribute to the 
disparity between findings with 5-HT manipulations (Eagle and Baunez 2010; Pattij and 
Vanderschuren 2008). In keeping with previous findings (Harrison et al. 1997; Homberg 
et al. 2004; Winstanley et al. 2004), the experimental data presented in chapter 5 
suggest that increasing 5-HT activity may be a possible mechanism for the treatment of 
impulsive action. The 5-HT reuptake blocker citalopram selectively reduced premature 
responding in the 5-CSRTT without affecting accuracy and errors of omission, nor did 
citalopram affect impulsive choice. 
 Taken together, DA, NA and 5-HT interfere in different ways with the behavioral 
constructs underlying cognitive control, ranging from the incentive motivation, 
subjective value of reward and punishment, stimulus salience and response vigilance, 
thereby resulting in a differential modulation of impulsive action, impulsive choice 
and decision making by these monoamines. Clinical observations in ADHD patients 
and drug addicts confirm the heterogeneity of problems with impulsive behavior 
(Chamberlain and Sahakian 2007; Nigg et al. 2006; Solanto et al. 2001; Sonuga-Barke 
2003). Improved understanding of the multidimensional nature of impulsivity and 
its pharmacological modulation may lead to better and more specific treatments. 
Impulsive action is suggested to be the most unitary construct that can be modulated 
separately by interfering with all three monoamines, i.e., DA, NA and 5-HT. In contrast, 
impulsive choice is affected by DA reuptake blockade in a beneficial way. On the other 
hand, decision making based on reward and punishment seems to consist of different 
complementary neurobehavioral constructs indicating that therapeutic drugs focusing 
on impaired decision making should contain multiple monoaminergic manipulations. 

The impact of early adolescent social isolation on cognitive and 
prefrontal development

Children and young mammals spend a substantial part of maturation engaging in 
play with peers, such as running, chasing, climbing and play fighting. Social play 
has been shown to be a natural reinforcer, and neurotransmitter systems implicated 
in the motivational, pleasurable and cognitive aspects of natural and drug rewards, 
such as opioids, endocannabinoids, dopamine and noradrenaline, have an important 
modulatory role in the performance of social play (chapter 2). The expression of social 
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play behavior is been thought to be a critical developmental event by which the brain 
undergoes substantial functional and structural changes in both cortical and limbic 
regions (Anderson et al. 1997; Anokhin et al. 2000; Blakemore 2008; Montague et al. 
1999; Nelson et al. 2005; Tarazi et al. 1998; Teicher et al. 1995). In this way, the brain is 
ontogenetically sculpted on the basis of experience to equip the individual with a flexible 
adaptive behavioral repertoire (Lichtman and Colman 2000; Rakic and Bourgeous 1994). 
The experimental data presented in this thesis show that a disrupted social development 
by social isolation during early adolescence, i.e. postnatal day 21 until 42, when social 
play is highly abundant, influences cognitive development, prefrontal DA function and 
creates an increased vulnerability for drug addiction later in life (chapter 7 and chapter 
8). Early adolescent social isolation resulted in an increase of impulsive action under 
demanding conditions (long ITI or short stimulus duration) and blunted response to 
DA reuptake inhibitors (amphetamine and GBR12909) under a long ITI in the 5-CSRTT. 
Moreover, instead of a normal development of preference for the advantageous options 
(chapter 6) (Bechara et al. 1994; -1999), socially isolated rats had a disrupted acquisition 
of a profitable choice strategy in the first session of the rGT. During subsequent training 
sessions socially isolated rats gradually caught up their arrears and the difference 
between both groups disappeared. These deficits were all observed during adulthood 
after several months of re-socialization, indicating the long-lasting impact of early social 
life events. Interestingly, the impairments in impulsive action and decision making were 
exclusively observed under novel or demanding circumstances, such as the long ITI in 
5-CSRTT and the first training session in the rGT. This is in keeping with the hypothesis 
that by varying, repeating, and/or recombining subsequences of behavior outside of 
their primary context, social play contributes to acquire the ability to flexibly use social 
and cognitive capacities under changeable, dynamic circumstances (Jarvis 2006; "pinka 
et al. 2001). Unexpectedly increasing the waiting time before the instruction signal is 
presented (long ITI) increases the cognitive load in the 5-CSRTT, leading to enhanced 
levels of impulsive action (Dalley et al. 2002b; Navarra et al. 2008; Paterson et al. 
2011). An important advantage of the 5-CSRTT is that attentional (response accuracy, 
i.e. % correct responses) and motivational (errors of omission) performance can be 
measured as well (Robbins 2002). None of these behavioral functions were affected by 
early adolescent social isolation, suggesting that a motivational or attentional deficit 
is not likely to underlie the deficits in cognitive control. It could be argued that the 
cognitive impairments by social isolation are related to a learning deficit, especially 
since the deficits arise under novel circumstances. However, a learning deficit per se 
seems not plausible, since the acquisition of the 5-CSRTT and DRT were comparable 
between isolated and socially reared rats (data not shown). Moreover, the acquisition 
of cocaine self-administration was enhanced, whereas the acquisition of sucrose 
self-administration and reversal learning were unaffected by early adolescent social 
isolation (chapter 8). Consistent with the notion that the two dimensions of impulsivity 
are dissociable at the behavioral and neuropharmacological level (chapter 5) (Baarendse 
and Vanderschuren 2012; Dalley et al. 2011; Eagle and Baunez 2010; Evenden 1999; 
Pattij and Vanderschuren 2008), the effects of early adolescent social isolation were 
selective for impulsive action, since impulsive choice was not affected (chapter 7). 
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The late development of the PFC makes this region particularly vulnerable to 
environmental influences that impact on brain development such as drugs of abuse, 
stress (Adriani and Laviola 2004; Counotte et al. 2011) and as demonstrated by our data, 
social insults. The electrophysiological analyses described in chapter 7 show that the 
impaired cognitive control as a consequence of early adolescent social isolation and the 
blunted response to DA reuptake blockade accompanied by a loss of sensitivity to DA of 
pyramidal neurons in the adult medial PFC. In agreement with these findings, Leussis 
et al. (2008) found that social isolation between postnatal day 30 until 35 followed by 
re-housing produced immediate and prolonged decreases in synaptic density in the 
prefrontal cortex in rats, without producing enduring changes in the hippocampus or 
striatum. The PFC is known to play a central role in cognitive control and cognitive 
flexibility (Clarke et al. 2004; Chudasama et al. 2003Freedman et al. 2001; Pasupathy 
and Miller 2005; Warden 2010), among other higher cognitive functions. In order to 
exert these functions, the PFC is densely interconnected with numerous cortical and 
subcortical structures (Fuster 2001; Miller and Cohen 2001). Interestingly, a recent 
study showed that decision making deficits in the Iowa gambling task in crack-cocaine 
addicts were associated with real-life social impairments and prefrontal dysfunction 
(Cunha et al. 2011). Whether the alterations in behavior in the 5-CSRTT and the rGT 
are directly related to the changes in PFC physiology remains to be established. DA 
turnover in the PFC has been found to be associated with impulsive behavior in the 
5-CSRTT (Dalley et al. 2002a), although direct infusion of methylphenidate into the 
PFC has been found not to affect premature responding in this task (Economidou et 
al. 2012). The role of DA in the PFC in decision making in the rGT has, to the best 
of our knowledge, not yet been addressed, but pharmacological inactivation of the 
infralimbic PFC has been found to reduce optimal decision making in this task (Zeeb, 
Baarendse, Lemstra, Vanderschuren and Winstanley, manuscript in preparation). 
Alternatively, since an inverse relationship between DA activity in the mPFC and NAc 
has been described (Del Arco and Mora 2008; Mitchell and Gratton 1992; Pascucci et 
al. 2007; Piazza et al. 1991), the reduced top-down control by DA in the PFC could alter 
DA activity in the NAc resulting in impaired cognitive control. Indeed, increased DA 
function in the NAc induces enhanced impulsive behavior in the 5-CSRTT (Cole and 
Robbins 1989; Pattij et al. 2007). Electrophysiological recordings in the NAc and local 
pharmacological manipulations in PFC and NAc are needed to further characterize 
the neural adaptations as a consequence of a disrupted social development by early 
adolescent social isolation and its behavioral sequelae. 

Relationship between social behavior, reward and addiction

The neural circuits that mediate the positive emotional properties of social play behavior 
share similarities with those involved in the positive subjective and motivational 
properties of drugs of abuse (chapter 2) (Trezza et al. 2010; Vanderschuren et al. 1997; 
Vanderschuren 2011). Social play has been shown to be reinforcing (chapter 4). Thus, 
social play can be used as an incentive for maze learning, lever pressing and place 
conditioning, paradigms that have been widely used to study the rewarding properties 
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of food, sex and drugs (Calcagnetti and Schechter 1992; Crower and Hutto 1992; 
Douglas et al. 2004; Mason et al. 1963; Thiel et al. 2008; Trezza et al. 2009a). In chapter 
3, we showed that nicotine and ethanol, which are the first drugs to be used by humans 
in adolescence, have prosocial effects in adolescent rats (Trezza et al. 2009b). Nicotine 
was shown to enhance social play behavior through interactions with dopamine, opioid, 
and cannabinoid neurotransmission, whereas the effects of ethanol are opioid-
independent, but sensitive to blockade of dopamine or cannabinoid receptors. These 
data add to current knowledge that opioid, cannabinoid, and dopaminergic 
neurotransmission in brain regions involved in positive emotions and motivation 
(Berridge 2007; Berridge and Kringelbach 2008; Gardner 2005; Maldonado et al. 2006; 
Mansour et al. 1994a; -1994b; Picciotto et al. 2000; Pierce and Kumaresan 2006; 
Salamone et al. 2005; Solinas and Goldberg 2005; Tsou et al. 1998; Van Ree et al. 1999) 
are important in the regulation of social play behavior (Trezza et al. 2011; -2012). The 
overlap in neural pathways involved in mediating rewarding social interactions and the 
positive subjective properties of drugs of abuse may explain the relationship between 
adolescent social behavior and addictive behavior as described in chapter 4. Thus, social 
behavior in adolescent rats, in the form of social play, is highly rewarding. It is generally 
thought that drugs of abuse exert their positive subjective effects by acting on the neural 
pathways that have evolved to mediate to positive emotional effects of behaviors 
important for survival, i.e. as feeding, drinking, copulating, seeking shelter as well as 
affiliative social behaviors, such as social play. Indeed, drugs of abuse from various 
pharmacological classes have facilitating effects on social play, under certain 
circumstances, most likely because they enhance the positive emotional properties of 
social play (Trezza et al. 2010; Vanderschuren 2010). Psychostimulant drugs are a 
notable exception, but this is likely through a mechanism unrelated to their positive 
subjective effects. The notion that adolescent social behavior is related to addictive 
behavior is further supported by the fact that conduct disorder, a childhood and 
adolescent disorder characterized by dramatic social dysfunctions is a prominent risk 
factor for addiction, although the mechanism of this vulnerability is incompletely 
understood (Matthys et al. 2012).  Prolonged drug abuse has profound negative effects 
on the quality of social interactions. Moreover, social factors can influence drug taking. 
For example, subordinate animals are more vulnerable to self-administer drugs of abuse, 
and a period of social isolation during development alters the sensitivity for drugs. In 
chapter 8, we showed that aberrations in the social environment during development 
induced by early adolescent social isolation creates an increased vulnerability for drug 
addiction later in life. Social isolation from postnatal day 21 until 42 resulted in an 
enhanced acquisition of low doses of cocaine during adulthood. Comparable to the 
effects of adolescent social behavior on impulsive behavior and decision making 
(chapter 7), the consequences of early adolescent social isolation for cocaine 
reinforcement were found, despite a prolonged period of re-socialization after isolation, 
underscoring the notion that a disrupted social development can change behavior 
throughout life. In agreement with our data, the effects of isolation rearing (i.e., 
continuous single housing from weaning onwards) on drug-taking behavior were 
primarily detected when low unit doses of drugs are used (Boyle et al. 1991; Ding et al. 
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2005; Howes et al. 2000; Lu et al. 2003; Schenk et al. 1987). This suggests that adolescent 
social isolation increases the sensitivity to the reinforcing properties of cocaine, rather 
than increasing drug use, or operant responding per se. Since responding on the non-
reinforced (inactive) lever, sucrose self-administration and reversal learning were not 
affected by social isolation, the effect seems not directly related to a learning deficit and 
to be specific for cocaine. The enhanced acquisition of cocaine by isolates was 
accompanied by an increased motivation for cocaine under a progressive ratio schedule 
of reinforcement, supporting the interpretation that early adolescent social isolation 
increased the reinforcing properties of cocaine. Interestingly, the long-lasting 
impairments in cognitive control, i.e, impulsive action and decision making, as result of 
social isolation (chapter 7) may be directly related to the enhanced self-administration 
of cocaine. Exaggerated impulsivity and decision making deficits are clearly recognized 
as risk factors for smoking, drug and alcohol addiction (Audrain McGovern et al. 2009; 
Nigg et al. 2006). More specifically, increased impulsive action in the 5-CSRTT has been 
associated with an increased vulnerability to the initiation and maintenance of cocaine 
and nicotine self-administration, and greater sensitivity to loss of control of cocaine 
self-administration (Belin et al. 2008; Dalley et al. 2007; Diergaarde et al. 2008). 
Impaired impulsive choice in the DRT, on the other hand, has been found to predict 
acquisition and escalation of cocaine and alcohol self-administration (Anker et al. 2009; 
Perry et al. 2005; Poulos et al. 1995), as well as resistance to extinction and greater 
reinstatement of cocaine and nicotine seeking (Broos et al. 2012; Diergaarde et al. 2008). 
Thus, different forms of impulsive behavior therefore seem to predict different aspects 
of addictive behavior, although the relationship is not straightforward. Moreover, the 
relationship between impulsivity and drug use is likely to be drug-specific, as neither 
impulsive action nor impulsive choice appears to predict measures of heroin seeking 
and taking (McNamara et al. 2010; Schippers et al. 2012). The present studies add to 
these data by showing that early adolescent social isolation, which increased impulsive 
action, as well as the reinforcing and motivational properties of cocaine, had no 
long-lasting effect on impulsive choice (chapter 7) or on the incubation, extinction and 
reinstatement of cocaine seeking (chapter 8). Given the extensively documented role of 
mesolimbic dopamine neurotransmission in cocaine self-administration (for review 
see, Pierce and Kumaresan 2006), it is well-conceivable that the changes in cocaine 
self-administration as a result of early adolescent social isolation are the result of 
functional changes in mesolimbic dopamine function. For instance, isolation rearing 
has been shown to potentiate FOS expression and DA release in the dorsal and ventral 
striatum induced by cocaine (Hall et al. 1998; Howes et al. 2000; Jones et al. 1992) and 
to result in a functional down-regulation of DA D2 receptors in the striatum (Hall et al. 
1998; although these effects are not consistent between studies, see Del Arco et al. 2004; 
Djouma et al. 2006; Guisado et al. 1980; King et al. 2009). Interestingly, reductions in 
striatal DA D2 receptor density are associated with heightened impulsivity (Clark et al. 
2012; Dalley et al. 2007; Ghahremani et al. 2012; Lee et al. 2009) and increased 
vulnerability for psychostimulant reward, reinforcement and addiction in rats, primates, 
and humans (Belin et al. 2008; Dalley et al. 2007; Nader et al. 2002; Volkow et al. 1999). 
Alternatively, adolescent social isolation-induced alterations in function of the 
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PFC (chapter 7) could also underlie the increases in cocaine self-administration 
(chapter 8), since the PFC has also been implicated in the acquisition of cocaine 
self-administration (Weissenborn et al. 1997) and the motivation for (McGregor and 
Roberts 1995). The vast majority of studies on the long-lasting effects of social isolation 
have used the so-called isolation rearing model, in which animals are continuously 
socially isolated from weaning onwards. Therefore, these studies can not determine 
whether there are developmentally sensitive periods for induction of the neurobehavioral 
changes or the possible reversibility of these changes by re-socialization. The data 
presented in chapter 7 and chapter 8 demonstrate that social isolation during a time 
window of marked social changes, i.e., postnatal day 21 until 42, has a long-lasting 
impact on neurobehavioral development which is even apparent after a prolonged 
period of re-socialization. Therefore, we consider it likely that social isolation during 
later stages in development (for example, during late adolescence and early adulthood) 
induces a different pattern of neurobehavioral changes as observed in the present 
studies. Indeed. previous studies have shown an age-dependent effects of social life 
events (Bingham et al. 2011; Schenk et al. 1990). Future studies should address the 
age-dependency of social isolation effects on brain and behavior. 

Concluding remarks 

The experimental data presented in this thesis indicate that there is a differential 
monoaminergic modulation of two dimensions of impulsivity and decision making. 
Greater knowledge of the monoaminergic mechanisms involved in impulsivity and 
decision making might contribute to a better understanding of the psychiatric disorders 
in which these cognitive processes are compromised. The predisposing character of 
impulsivity and risk taking behavior for smoking, drug and alcohol addiction makes 
these behavioral constructs an interesting target for behavioral and pharmacological 
intervention. It should be noted, however, that fundamental knowledge about the 
underlying neuropharmacological mechanisms of cognitive control may not directly lead 
to effective pharmacotherapeutics. Experimental factors such as acute versus chronic 
treatment, healthy subjects versus patients, disruptive versus recovery manipulations 
and different paradigms used should be taken into account when translating preclinical 
and clinical results into useful and novel therapeutic improvements. 
 In this thesis, it is shown that social isolation during a well circumscribed period in 
development profoundly affects cognitive control, prefrontal DA function and creates an 
increased vulnerability for drug addiction later in life. These deficits last into adulthood 
even after a prolonged period of re-socialization, emphasizing the long-lasting impact 
of early social life events. To our knowledge, these are the first studies to examine the 
impact of early adolescent social isolation on the development of cognitive control and 
drug-taking behavior and the apparent resistance of these changes to re-socialization. 
Since the social brain undergoes several functional and structural changes during 
adolescence (for review see, Blakemore 2008; Nelson et al. 2005), it is likely that social 
disturbances during this period result in fundamental changes in brain neurochemistry 
that differ from social influences in other, later phases of life. Future research can 
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contribute to improve the understanding of critical time periods in development and 
neurobiological mechanisms underlying a disrupted social development. 
 An obvious, but important comment to make is that we should be aware of the 
limitations of animal models to investigate psychiatric disorders, and that modeling 
the full manifestation of psychiatric disorders in rodent models is an overambitious,  
if not impossible undertaking (e.g. Willner 1984; Winstanley 2011). Nevertheless, 
valid animal models can improve our knowledge of fundamental processes underlying 
complex behavioral constructs, which may ultimately be useful to identify the influence 
of environmental factors on behavior. Cross-species translational studies and integration 
of different research fields can substantially improve the contribution of preclinical 
research to medicine. 
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Sociaal contact speelt een fundamentele rol in ons leven. Wij besteden veel tijd aan 
sociale activiteiten en we hebben een sterke behoefte aan interactie met anderen. Het 
sociaal gedragsrepertoire van mensen en andere zoogdieren maakt veel veranderingen 
door tijdens de vroege jeugd. De oorspronkelijke interesse van het kind of jonge dier 
voor de ouders verschuift naar interesse voor sociaal contact met leeftijdgenoten; 
deze verandering in sociale interesse wordt ook wel ‘sociale heroriëntatie’ genoemd. 
Typerend voor de kinderjaren en vroege adolescentie is het veelvuldig vertonen van 
sociaal speelgedrag. Sociaal speelgedrag wordt verondersteld van groot belang te zijn 
voor de sociaal-emotionele, cognitieve en motorische ontwikkeling van mens en dier. 
Spelenderwijs leert het kind of jonge dier de vaardigheden die belangrijk zijn om 
evenwichtig te kunnen functioneren op latere leeftijd. Zo wordt sociale ontwikkeling 
in verband gebracht met het snel en accuraat leren aanpassen van het gedrag onder 
wisselende omstandigheden. Tijdens de periode van sociale heroriëntatie maakt het 
brein een intensieve groei en rijping door die doorgaat tot in de volwassenheid. 
Ervaringen en omgevingsfactoren tijdens deze periode dragen bij aan de vorming van 
de hersenen om zo tot optimale functionaliteit te komen. Echter, tijdens deze periode 
van ontwikkeling is er ook een hoge kwetsbaarheid voor verstoringen. Uit klinisch 
onderzoek is bijvoorbeeld gebleken dat negatieve levenservaringen in de vroege jeugd 
een risicofactor vormen voor het ontstaan van psychiatrische stoornissen op latere 
leeftijd. 
 Het doel van dit proefschrift is het vergroten van de fundamentele kennis over het belang 
van sociale ervaringen tijdens de vroege jeugd op het functioneren in volwassenheid. 
De eerste hoofdstukken van dit proefschrift richten zich op de neurobiologie van sociaal 
speelgedrag, de meest karakteristieke sociale activiteit van kinderen en jonge dieren, en 
de relatie ervan met beloning en drugsverslaving. In de daaropvolgende hoofdstukken 
introduceren we twee belangrijke cognitieve functies, te weten impulscontrole en 
keuzegedrag. Impulscontrole en keuzegedrag zijn van grote betekenis in ons dagelijks 
functioneren en verstoringen van deze gedragingen worden in verband gebracht met 
verschillende psychiatrische aandoeningen. Allereerst hebben we gekeken naar de 
farmacologische beïnvloeding van impulsiviteit en keuzegedrag. Vervolgens hebben 
we het langdurige effect onderzocht van een verstoorde sociale ontwikkeling op zowel 
het cognitief functioneren als de gevoeligheid voor drugsverslaving. Om bovenstaande 
doelstellingen te bereiken hebben we gekozen voor verschillende dierexperimentele 
benaderingen. Het spreekt voor zich dat preklinisch onderzoek beperkingen heeft en dat 
het volledig simuleren van een psychiatrische aandoening en/of psychosociale factoren 
bij proefdieren onmogelijk is. Daarentegen kan gedegen dierexperimenteel onderzoek 
inzicht geven in de fundamentele biologische processen die ten grondslag liggen aan 
complexe gedragingen en de invloed van omgevingsfactoren op deze gedragingen.

De neurobiologie van sociaal speelgedrag
Hoofdstuk 2 geeft een overzicht van studies die hebben aangetoond dat sociaal speelgedrag 
net zoals eten, drinken en seks een natuurlijke beloner is. Met andere woorden: sociaal 
spel wordt als plezierig ervaren. Farmacologische studies hebben aangetoond dat het 
stimuleren of juist onderdrukken van de werking van signaalstoffen in de hersenen 
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zoals opioïden, dopamine, endocannabinoïden en noradrenaline, sociaal speelgedrag 
beïnvloedt. Deze signaalstoffen worden in verband gebracht met de tot standkoming 
van positieve emoties, genot en motivatie in de hersenen. Onze bevindingen doen 
veronderstellen dat deze signaalstoffen betrokken zijn bij de motivatie en expressie van 
sociaal speelgedrag. 
 De preklinische studies beschreven in hoofdstuk 3 tonen aan dat lage doses van 
nicotine en alcohol gunstige effecten hebben op het sociaal speelgedrag van adolescente 
ratten. Deze effecten bleken uit een toename van “pinning” en “pouncing”, de meest 
karakteristieke uitingen van sociaal speelgedrag bij ratten. De stimulerende effecten 
van nicotine op sociaal speelgedrag kwamen tot stand via een interactie met dopamine, 
opioïden en cannabinoïden. Uit deze studies bleek verder dat de effecten van alcohol op 
sociaal speelgedrag gemedieerd werden via dopamine en cannabinoïden, maar niet via 
opioïden. De stimulerende effecten van nicotine en alcohol op sociaal gedrag van jonge 
ratten suggereren dat er een wisselwerking is tussen genotmiddelen enerzijds en sociaal 
gedrag anderzijds, die tot stand komt door de signaalstoffen die betrokken zijn bij 
positieve emoties in de hersenen. Deze wisselwerking zou ten grondslag kunnen liggen 
aan de veronderstelde relatie tussen sociale factoren en drugsverslaving (hoofdstuk 4). 
Zo blijkt uit klinische observaties dat drugsverslaafden vaak verstoord sociaal gedrag 
vertonen en dat antisociaal gedrag tijdens de vroege jeugd een belangrijke risicofactor 
vormt voor het ontstaan van drugsverslaving. Ook kunnen sociale omgevingsfactoren 
zoals ondergeschiktheid, sociale uitsluiting en sociale afzondering van invloed zijn op 
middelengebruik. 

Farmacologische beïnvloeding van impulsiviteit en keuzegedrag
Een hoge mate van impulsiviteit en/of risicovol keuzegedrag vormen een belangrijk 
onderdeel van het ziektebeeld van de aandachtstekortstoornis met hyperactiviteit 
(ADHD), oppositioneel-opstandige gedragsstoornis, antisociale gedragsstoornis en 
verslaving. Men gebruikt de overkoepelende term ‘impulsiviteit’ doorgaans voor gedrag 
dat ‘slecht doordacht, voorbarig, onnodig riskant of misplaatst is en vaak ongewenste 
gevolgen heeft’. Recent psychologisch en neurobiologisch onderzoek bevestigt dat 
impulsiviteit heterogeen is; ze bestaat uit verschillende gedragingen die via verschillende 
hersensystemen en signaalstoffen tot stand komen. In dit proefschrift zijn twee 
belangrijke vormen van impulsief gedrag onderzocht, te weten (a) impulsief handelen: 
verminderde controle over gedrag, en (b) impulsieve keuze: snelle kleine beloningen 
laten prevaleren boven een grotere beloning op langere termijn. De five-choice serial 
reaction time task (5-CSRTT) is een veel gebruikte experimentele gedragstaak die het 
mogelijk maakt om impulsief handelen te meten bij ratten. In de 5-CSRTT worden 
ratten getraind om te reageren op een kort lichtsignaal om een voedselbeloning te 
verkrijgen. Met impulsief handelen in deze taak wordt bedoeld dat de rat reageert 
vóórdat er een instructiesignaal is gegeven. De delayed reward task (DRT) is een veel 
gebruikte experimentele gedragstaak om impulsief keuzegedrag bij ratten te meten. 
In deze taak krijgen ratten de keuze tussen een kleine, directe beloning (in de vorm 
van voedsel) of een grotere beloning waar ze op moeten wachten. Hoewel een grote 
beloning uiteraard de voorkeur heeft boven een kleine, neemt de subjectieve waarde van 
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een beloning af naarmate men langer moet wachten. Impulsief keuzegedrag in de DRT 
wordt gedefinieerd als een onevenredige voorkeur voor de directe, kleine beloning. 
 We hebben ook een complexe vorm van keuzegedrag onderzocht die het nemen van 
beslissingen in het dagelijks leven simuleert, gebaseerd op de Iowa Gambling Task (IGT) 
bij mensen. De IGT is een kaartspel waarbij proefpersonen fictief geld kunnen winnen 
of verliezen door een keuze te maken uit vier verschillende stapels. Twee van de stapels 
geven winst van relatief grote geldbedragen (beloning), maar ook voor verlies van grote 
geldbedragen (straf), waardoor deze stapels op de korte termijn belonend zijn, maar op 
de lange termijn nadelig. De andere twee stapels geven winst van kleinere geldbedragen 
(beloning), maar ook voor verlies van minder grote bedragen (straf), waardoor keuze 
voor deze stapels op de lange termijn gunstiger is. Normaliter zal de proefpersoon een 
leereffect laten zien door aan het begin van de taak alle stapels te kiezen, waarna ongeveer 
halverwege de taak een voorkeur ontstaat voor de voordelige stapels. Wij hebben een 
“rat gambling task” (rGT) geïmplementeerd die is ontwikkeld door onderzoekers van 
de University of British Columbia in Canada. In de rGT worden ratten geconfronteerd 
met verschillende keuzeopties, die elk samenhangen met een beloning (in de vorm van 
voedsel) van een bepaalde omvang, een bepaalde kans om deze beloning te krijgen en 
een risico op straf in de vorm van extra wachttijd. Een optimale keuzestrategie vraagt 
om het vermijden van de risicovolle keuzes (zoals een grote beloning met lage kans op 
beloning en lange wachttijd) en het kiezen voor de gunstige opties (zoals een kleine 
beloning met hoge kans op beloning en korte wachttijd). 
 De experimenten beschreven in hoofdstuk 5 en 6 tonen aan dat de monoaminerge 
signaalstoffen dopamine, noradrenaline en serotonine op verschillende wijzen bijdragen 
aan de modulatie van impulsief handelen, impulsieve keuze en verstoord keuzegedrag. 
Bij deze experimenten hebben we gebruik gemaakt van selectieve remmers van de 
heropname van dopamine, noradrenaline en serotonine, die de signaaloverdracht 
door deze signaalstoffen versterken. Blokkade van dopamine-heropname resulteerde 
in meer impulsief handelen in de 5-CSRTT (de ratten reageerden vaker voordat het 
instructiesignaal gegeven werd), terwijl het impulsief keuzegedrag juist verminderde 
(de ratten vertoonden meer voorkeur voor de grotere beloning waar ze op moesten 
wachten). Blokkade van noradrenaline-heropname verminderde het impulsief handelen, 
echter alleen indien de taakomstandigheden werden bemoeilijkt door een extra lange 
wachttijd vóór het instructiesignaal. Blokkade van de serotonerge heropname leidde 
slechts tot een geringe afname van impulsief handelen. Blokkade van noradrenaline- of 
serotonerge-heropname had geen effect op impulsief keuzegedrag. Deze bevindingen 
sluiten aan bij de veronderstelling dat impulsief gedrag heterogeen is en geven aan dat 
het belangrijk is om de behandeling van impulsief gedrag af te stemmen op de vorm 
van impulsiviteit. Keuzegedrag in de rGT werd daarentegen alleen beïnvloed door 
gelijktijdige blokkade van dopamine- en noradrenaline-heropname. Dit resulteerde 
in verstoord keuzegedrag; een afname van het aantal gunstige keuzes. Gedetailleerde 
analyse liet zien dat dit veroorzaakt werd door een afvlakking van het keuzepatroon, 
hetgeen zou kunnen duiden op het onvermogen om onderscheid te maken tussen de 
verschillende opties.
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Het belang van sociale ervaring tijdens de vroege jeugd
Verstoringen van de sociale ontwikkeling kunnen langdurige veranderingen veroorzaken 
in de hersenen die een verhoogd risico op  psychiatrische aandoeningen tot gevolg kunnen 
hebben. De verschillende delen van de hersenen groeien en rijpen in verschillende 
fases van de ontwikkeling. Er wordt verondersteld dat (verstorende) invloeden van 
buitenaf het sterkste effect hebben op de hersengebieden die op dat moment nog in 
ontwikkeling zijn. De prefrontale cortex, het voorste deel van de hersenschors, maakt de 
meest ingrijpende veranderingen door tijdens de vroege jeugd. De prefrontale cortex is 
voornamelijk van belang voor complexe cognitieve functies, die met een verzamelterm 
‘executieve functies’ worden genoemd. Processen als plannen, zelfbeheersing en abstract 
redeneren vallen onder deze functies. In hoofdstuk 7 hebben we het effect bestudeerd 
van een verstoorde sociale ontwikkeling tijdens de vroege jeugd op impulsiviteit en 
keuzegedrag tijdens volwassenheid. De sociale ontwikkeling werd verstoord door de 
ratten drie weken lang, te weten tussen dag 21 en 42, geïsoleerd te huisvesten. Op deze 
manier werd de mogelijkheid tot sociale ervaringen met leeftijdgenoten ontzegd, in 
een periode dat ze normaal gesproken veel sociaal speelgedrag vertonen. Deze periode 
van sociale isolatie werd gevolgd door een langdurige periode van resocialisatie, 
oftewel sociale huisvesting met een soortgenoot, tot in de volwassenheid. Sociale 
isolatie tijdens de vroege jeugd resulteerde in impulsiever handelen onder uitdagende 
taakomstandigheden zoals een langere wachttijd voor het instructiesignaal of het 
verkorten van het instructiesignaal. Bovendien resulteerde sociale isolatie tijdens de 
vroege jeugd in een ongevoeligheid voor blokkade van dopamine-heropname hetgeen 
normaliter resulteert in meer impulsief handelen (hoofdstuk 5). Ook ontwikkelden de 
sociaal geïsoleerde ratten geen optimale keuzestrategie, m.a.w. een voorkeur voor de 
voordelige opties, in de rGT. Hieruit blijkt dat sociale ervaringen tijdens de ontwikkeling 
bijdragen aan de vorming van cognitieve vaardigheden en het flexibel leren toepassen 
van deze vaardigheden. Deze veranderingen in gedrag gingen gepaard met functionele 
veranderingen in de pyramidale neuronen in de mediale prefrontale cortex. Pyramidale 
neuronen zijn zenuwcellen die vooral betrokken zijn bij de geleiding van prikkels vanuit 
de prefrontale cortex naar andere hersengebieden. De signaalstof dopamine speelt een 
belangrijke rol bij de regulatie van deze neuronale activiteit. De pyramidale neuronen in 
de mediale prefrontale cortex bleken in volwassenheid ongevoelig te zijn geworden voor 
dopamine door sociale isolatie tijdens de vroege jeugd. 
 Het onderzoek beschreven in hoofdstuk 8 toont aan dat een verstoorde sociale 
ontwikkeling door sociale isolatie tijdens de vroege jeugd resulteerde in een verhoogde 
inname van cocaïne in een testopzet waarbij de dieren zichzelf konden injecteren met dit 
middel. Dit effect werd vooral gezien als de dieren de beschikking kregen over een lage 
dosis cocaïne. Ook waren de sociaal geïsoleerde ratten meer gemotiveerd om cocaïne te 
verkrijgen. De eerder beschreven afwijkingen in de cognitieve controle over gedrag en 
aanpassingen in het mesolimbische-mesocorticale dopaminerge systeem als gevolg van 
een verstoorde sociale ontwikkeling, zoals beschreven in hoofdstuk 7, zouden hieraan 
ten grondslag kunnen liggen. Alle afwijkingen werden gezien tijdens de volwassenheid 
na een langdurige periode van resocialisatie. Ze bevestigen daarmee dat vroege sociale 
ervaringen langdurige veranderingen in de hersenen en gedrag kunnen veroorzaken, 
met als gevolg een verhoogde gevoeligheid voor psychiatrische aandoeningen 
zoals drugsverslaving.
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“Het is een kwestie van durven, meer niet. Dat geldt voor alle kunst, dus ook voor die 
van het leven”

– Arthur Japin –
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