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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; Spinka 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 drugs. To address this issue,
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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

Drugs

Procedures

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 (I 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).

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 CB4 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.

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 (I x w x h), with approximately 2 cm of wood shavings covering
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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).

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; | 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
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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 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.
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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 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 5¢). 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.
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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.

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 CB4 cannabinoid receptor antagonist SR141716A and the dopamine receptor
antagonist alpha-flupenthixol completely antagonized the increase in pinning (Figure 9c, €)
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
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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/Kkg, 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).

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.
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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 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
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overlapping distribution of nAchRs, CB1, opioid and dopamine receptors in brain regions
involved in positive emotions and mativation, 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). 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 block 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
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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 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
anxiolytic-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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Figure 1.

Nicotine (NIC, 0.03-0.1 mg/kg, s.c.) increased pinning ((a) F, 29=4.45, p<0.05) and
pouncing ((b) F229=5.72, p<0.01), without affecting 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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Figure 2.

Effects 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) F229=13.12, p<0.001). This result was confirmed 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) Ftreatment subject)1,56 =25-69,
Pp<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 ((€) Freatment subject)1,56 =0-001, n.s.;

F (treatment partner)1,56 =0-59, N.S.; Ftreatment 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.
Effects of nicotine (NIC, 0.1 mg/kg, s.c.) on social play behavior in adolescent rats tested in

a familiar or an unfamiliar environment. The effects 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) Ffamiliarity)1,36 =1.31, N.S.; Fitreatment)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) Ffamiliarity)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) Ffamitiarity)1,36 =1.14, n.s.;
F(treatment)1,36 =776, P<0.001; F(familiarity x treatment)1,36 =0.86, n.s.) during the first 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).
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Figure4.

Et?lanol (EtOH, 0.125-0.5 g/kg, i.p.) increased pinning ((a) F3 29=4.86, p<0.01) and
pouncing ((b) F329=4.16, p<0.05), without affecting 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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Figureb5.
Effects 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. The analysis of individual animals in a pair
confirmed that pinning was increased only when both rats in a pair were treated with ethanol

((©) I:(treatment subject)1,88 =9.67, p<0.01; I:(treatment partner)1,88 =1.15,ns,;
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. There were no changes in play responsiveness after
ethanol treatment ((€) Ftreatment subject)1,88 =0-29, N.S.; Fitreatment 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.
Effects 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 ((2) Ffamiliarity)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 ((¢) Ffamiliarity)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.; Ftreatment)1,36 =1.39, N.S.; F(familiarity x treatment)1,36 =0.29, n.S.)
did not differ 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).
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Figure7.
Combined treatment with subeffective 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 significant 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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Figure8.

Pharmacological mechanisms of the effects of nicotine on social play behavior. The increase
in pinning (a, ¢, €, 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): Fovec)1,27
=2.2,n.s.; Fnicy1,27 =9.04, p<0.001; Femec x Nicy1,27 =1.57, n.s.; (b) Fmec)1,27 =6.97,
p<0.05.; F(nic)1,27 =14.33, p<0.001; Fomec x Nic)1,27 =791, p<0.01), the opioid receptor
antagonist naloxone (NAL, 1 mg/kg, s.c.; (¢): F(naL)1,26 =10.78, p<0.01; Fnic)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 CB; cannabinoid receptor antagonist
SR141716A (SR, 0.1 mg/kg, i.p.; (e): F(sry1,43 =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-flupenthixol (FLUP,
0.125 mg/kg, i.p.; (): FELup)1,27 =6.97, p<0.05; F(nic)1,27 =4.26, p<0.05; FELUP 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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Figure9.
Pharmacologial mechanisms of the effects of ethanol on social play behavior. The opioid

receptor antagonist naloxone (NAL, 1 mg/kg, s.c.) did not block the increase in pinning ((a)
FinaL)1,92 =0.11, n.s.; FeroH)1,92 =18.51, p<0.001; F(nAL x EtoH)1,92 =0.98, n.s.) and
pouncing ((b) Fnawy1,92 =0.59, n.s.; F(eton)1,92 =29.64, p<0.001; FnAL x EtoH)1,92 =3.25,
p=0.07) induced by ethanol (EtOH, 0.25 g//kg, i.p.). The CB1 cannabinoid receptor
antagonist SR141716A (SR, 0.1 mg/kg, i.p.) and the dopamine receptor antagonist alpha-
flupenthixol (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 =454, p<0.05; (d):
F(sr)1,28 =3.99, p<0.01; F(gtom)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(gtoH)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 ((9): Fvec)1,41 =0.038, n.s.; F(gtoH)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).
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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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Figure11.
Effects 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)
F330=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 affected 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).
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Figure 12.
Effects 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/Kkg, i.p.) did not affect
locomotor activity during any of the 15 min intervals of the test (Ftreatment)3,84 =0-31, n.s.;
F(intervals)3,84 =176,3, p<0.001; F(treatment x intervar)3,84=0.25, n.s.).
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