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Abstract

In this study, we investigated behavioral factors underlying conditioned place preference (CPP)
induced by social interaction in adolescent rats. We found that the magnitude of socially-induced
CPP depended on the social motivation of the animals and on the amount of training. After extinction,
socially-induced CPP could be reinstated by a single reconditioning session. Treatment with
methylphenidate, which disrupts social play behavior in adolescent rats, but not social exploratory
behavior, prevented the development of socially-induced CPP. Interestingly, methylphenidate by
itself induced CPP. These data demonstrate that: 1. social interaction is rewarding in adolescent rats;
2. appetitive and mnemonic factors influence the development of socially-induced CPP; 3.
comparable to drug-induced CPP, socially-induced CPP can be extinguished and reinstated; 4. social
play is likely to be the most rewarding aspect of social interaction in adolescent rats; 5. social context
influences the subjective effects of methylphenidate.

INTRODUCTION

Natural rewards are linked with behaviors that are essential for survival of the individual, group,
or species. Feeding, drinking, and sexual behavior are such pleasurable activities that can
function as reinforcers. Alongside these generally known natural reinforcers, social
interactions are also known to be pleasurable, and it is quite clear that social interactions serve
to acquire and maintain important intra-species relationships. In most mammals, interactions
with peers are particularly abundant during adolescence, and it is thought that peer-peer
interactions during adolescence are of major importance for social and cognitive development
(Fagen, 1981; Vanderschuren et al., 1997; Nelson et al., 2005). Early laboratory experiments
have shown that social interactions can function as reinforcers in young primates (Falk,
1958; Mason et al., 1963), and later work demonstrated that the opportunity to engage in social
play was a reinforcer for maze learning in adolescent rats (Humphreys and Einon, 1981;
Normansell and Panksepp, 1990). Place conditioning, where an animal comes to approach
previously neutral environmental cues after these have been repeatedly paired with a
pleasurable drug or event, can be used to investigate the neural and psychological basis of
reward (Schechter and Calcagnetti, 1993; Bardo and Bevins, 2000; Tzschentke, 1998;
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-2007). Indeed, social play behavior in adolescent rats has been shown to induce conditioned
place preference (CPP; Calcagnetti and Schechter, 1992; Crowder and Hutto, 1992; Van den
Berg et al., 1999; Douglas et al., 2004; Thiel et al., 2008; -2009).

Although social play behavior is known to induce CPP, the exact underlying behavioral
mechanisms remain unclear. Therefore, the present study aimed to identify appetitive and
mnemonic factors underlying socially-induced CPP in adolescent rats. In addition, we aimed
to investigate whether it was social play behavior specifically, or social interaction in general,
that caused socially-induced CPP in adolescent rats. Thus, the first three experiments
investigated how social motivation influences the development of socially-induced CPP, by
comparing groups of rats isolated for different periods before place conditioning, as it is known
that the amount of social play behavior displayed by adolescent rats is a function of the duration
of the preceding social isolation period (Niesink and VVan Ree, 1989; Vanderschuren et al.,
1995a; -2008). These experiments provide important information about how changes in social
motivation influence socially-induced CPP. Also, by varying the number and duration of
conditioning sessions, we aimed to understand whether the amount of training influences the
development of CPP. Third, we tested whether socially-induced CPP was subject to extinction.
In general, CPP extinguishes with repeated exposure to the conditioning environment without
the primary pleasurable stimulus, but several studies have shown that CPP can be remarkably
persistent (e.g. Mueller et al., 2002; Mueller and Stewart, 2000), perhaps demonstrating that
the reward-associated cues had become attractive stimuli by themselves (see Di Ciano and
Everitt, 2004). In recent years, extinction/reinstatement procedures have been successfully
applied to place conditioning experiments, showing that expression of drug-induced CPP can
be reinstated by a single drug re-exposure or by stress (for review see Tzschentke, 2007).
Therefore, we tested whether a reconditioning session could reinstate extinguished socially-
induced CPP.

In the second part of the study, we addressed the notion (Humphreys and Einon, 1981; Pellis
and McKenna, 1995) that play is the most positive, rewarding aspect of the social repertoire
of adolescent rats. To that aim, we treated the animals with methylphenidate to interfere with
the expression of social play. We have recently shown that methylphenidate suppresses social
play behavior in adolescent rats. Methylphenidate suppressed both play solicitation and
responsiveness to play solicitation, without affecting social exploratory behavior. However,
vehicle-treated animals still solicited play from methylphenidate-treated test partners
(Vanderschuren et al., 2008). Thus, by treating either the test animal, the stimulus animal, or
both with methylphenidate, we investigated the extent to which play solicitation, being
solicited, social interaction with a non-playful partner and full expression of social play
behavior contribute to the development of socially-induced CPP. Since social behaviors related
and unrelated to play have different ontogenetic profiles and are also differently affected by
drug treatments (Vanderschuren et al., 1997), understanding their relative contribution to the
positive subjective properties of social interaction will help to understand the brain mechanisms
involved in the regulation of social reward.

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 three in 40 x 26 x 20 (I x w x h) Macrolon cages under
controlled conditions (i.e. temperature 20-21 °C, 60-65% relative humidity and 12/12 h light
cycle with lights on at 7.00 a.m.). Upon arrival, the animals were allowed at least five days of
acclimatization to our facility and they were handled for 3 days before the start of the
experiments. Food and water were available ad libitum. All animals were experimentally naive
and were used only once, with the following exception: in experiment 2, 12-week-old Wistar
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rats that had previously been used undrugged in a behavioral experiment were used as housing
partners for the experimental animals. 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).

The place conditioning setup (TSE Systems, Bad Homburg, Germany) comprised 8 boxes,
each consisting of three compartments with removable Plexiglas lids: two equally sized large
conditioning compartments (30 x 25 x 30 cm; | x w x h) separated by a smaller, neutral
compartment (10 x 25 x 30 cm; | x w x h). The two conditioning compartments had different
visual and tactile cues: one had black-and-white striped walls and a floor with wide metal mesh,
the other had black walls and a floor with fine metal mesh. The compartment with black walls
had a white light (2 watt) mounted on the Plexiglas lid, to achieve a comparable light intensity
in both conditioning compartments. The middle compartment had white walls, a smooth floor
and a white light (2 watt) on the lid. Pilot studies performed in our laboratory have shown that
the rats had no unconditioned preference for one of the compartments.

During conditioning, closed dividers between the compartments were used to confine the
animals to the conditioning compartment. During habituation and testing, the closed dividers
were replaced by dividers that contained an arched gateway (9 x 11.5 cm; w x h), allowing the
rats access to all compartments. During habituation and testing, the position of the animal in
the apparatus was monitored by an array of infrared photobeam sensors located 2.5 cm above
the floor. A computer recorded the time (in sec) that the animals spent in each compartment.
All experiments were performed in a sound attenuated and dimly lit room, where the eight
place conditioning boxes were located. This test room was connected to an outer pre-test room,
where the animals were housed throughout the experiment.

Methylphenidate-HCI (BUFA, Castricum, The Netherlands) was dissolved in saline and
administered s.c. in a dose of 1.0 mg/kg, 30 min before the conditioning session. Injection
volume was 2 ml/kg.

EXPERIMENT 1. ROLE OF SOCIAL MOTIVATION AND AMOUNT OF TRAINING
IN SOCIALLY-INDUCED CPP |

Procedure

The aim of experiment 1 was twofold: 1. investigate whether preference for the social-paired
compartment was influenced by changes in social motivation induced by different degrees of
social isolation before conditioning; 2. investigate whether preference for the social-paired
compartment was influenced by the amount of training by varying the number of conditioning
sessions per day.

At 24 days of age, rats were transported to the outer pre-test room, where they remained until
the end of the experiment. The following day (day 1), each rat was placed into the CPP
apparatus and allowed to move freely around the three compartments of the apparatus for 15
min. The number of seconds spent in each compartment was recorded to determine baseline
side preference for each subject.

We used a counterbalanced place conditioning design (Tzschentke, 2007). Thus, on the basis
of their baseline preference scores (i.e., time spent in each of the two conditioning
compartments), the rats were assigned to a compartment in which they would be allowed social
interaction during conditioning, so that the baseline preference in each test group for the (to
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be) social-paired and (to be) non-social paired compartments approximated 50%. Thus, some
rats, based on the baseline preference, would be conditioned in their preferred compartment,
but others would be conditioned on their nonpreferred compartment. This procedure rules out
the possibility that preference shifts are the result of decreased avoidance of the non-preferred
compartment.

After the baseline preference session, the rats were allocated to one of three different housing
conditions during conditioning: 1. individually housed rats: these animals were placed in
individual cages after the baseline preference session, and remained individually housed
throughout the experiment; 2. short-term isolated rats: these rats were housed in groups of three
and were isolated for 3.5 h before each conditioning and test session; 3. socially housed rats:
these rats were housed in groups of three throughout the experiment.

Place conditioning began on day 2. To determine whether the development of socially-induced
CPP varied with the number of conditioning sessions per day, rats in each housing group were
divided into two sub-groups that received either one (Once/day group) or two (Twice/day
group) conditioning sessions per day. The Once/day group underwent eight consecutive days
of conditioning: on days 2, 4, 6 and 8 of the experiment, rats were placed for 15 min in one
compartment with an initially unfamiliar partner that did not differ more than 15 g in body
weight (social session). On days 3, 5, 7 and 9 they were placed alone in the other compartment
for 15 min (non social session). The Twice/day group underwent eight consecutive days of
conditioning, with two conditioning sessions per day: on days 2, 4, 6 and 8 of the experiment,
rats were placed for 15 min in one compartment with an initially unfamiliar partner (social
session) in the morning, and were placed alone in the other compartment (non social session)
during the afternoon. On days 3, 5, 7 and 9, the order of sessions was reversed, i.e. rats were
placed alone in one side of the CPP apparatus during the morning session, and were placed in
the other compartment with the social partner in the afternoon session. Morning and afternoon
sessions were separated by at least 2 h. This procedure prevented the rats to associate a certain
form of conditioning session with a particular time of day. The partners used in the social
sessions were housed in the same way as the respective experimental rats. On day 10, at 34
days of age, the rats were placed in the middle compartment and allowed to freely move
throughout the apparatus for 15 min. Time spent in each compartment was recorded.

Statistical analysis

Results

Data were analyzed with a mixed ANOVA, taking the interdependence of the time spent in
each compartment into account, and using housing condition (three levels: individually housed
rats, short-term isolated rats, socially housed rats) as between-subjects factor, and compartment
as within-subjects factor (two levels: social compartment and non social compartment). Mixed
ANOVA was followed by Tukey’s post hoc test performed on significant housing condition
x compartment interaction.

All groups failed to develop socially-induced CPP, regardless of whether they received one
([F(housing condition)2,29=2.65, N.S.; F(compartment)2,29=1.58, n.s.;

F(housing condition x compartment)2,20=0-37, n.s.], figure 1A) or two conditioning sessions per day
([F(housing condition)2,20=1.13, N.S.; F(compartment)2,29=2.60, n.s.;

F(housing condition x compartment)2,20=0-17, n.s.], figure 1B). In rats subjected to one conditioning
session per day (figure 1A), the mean differences between the time spent in the social- versus
the non social-paired compartment were 59.5 + 26.2 sec (individually housed rats), 31.2 +41.2
sec (short-term isolated rats) and 4.6 + 58.1 sec (socially housed rats). In rats subjected to two
conditioning sessions per day (figure 1B), the mean differences between the time spent in the
social- vs non social-paired compartment were 80.9 + 47.3 sec (individually housed rats), 40.7
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+58.9 sec (short-term isolated rats) and 37.3 + 60.9 sec (socially housed rats). Thus, although
these differences did not reach statistical significance, socially isolated rats seemed to spend
more time in the environment paired with a social partner, compared to both the short-term
isolated and socially housed rats. Moreover, long-term isolated rats conditioned twice per day
showed the highest preference for the social-paired compartment.

EXPERIMENT 2. ROLE OF SOCIAL MOTIVATION AND AMOUNT OF TRAINING
IN SOCIALLY-INDUCED CPP Il

Procedure

Experiment 2 aimed to determine whether using longer conditioning sessions would facilitate
the development of socially-induced CPP in rats housed under different conditions.

At 25 days of age, rats received a baseline preference test as described above (experiment 1,
day 1). On the basis of their baseline preference scores (as in experiment 1), the rats were
allocated to different housing conditions: 1. individually housed rats: these animals were placed
in individual cages after the baseline preference session, and remained individually housed
throughout the experiment; 2. short-term isolated rats: these rats were housed in groups of three
and were isolated for 3.5 h before each conditioning and test session; 3. rats housed with an
adult: these rats were housed with a 12-week-old partner, that we reasoned would show
relatively low levels of play, given the ontogenetic profile of social play (Baenninger, 1967;
Panksepp, 1981). The groups were conditioned similar to the Twice/day group from experiment
1, i.e. eight conditioning days, with two conditioning sessions (social and non social session)
per day, but each conditioning session lasted 30 min instead of 15 min. Testing took place on
day 10, when rats were 34 days old, as in experiment 1.

Statistical analysis

Results

Data were analyzed with a mixed ANOVA, taking the interdependence of the time spent in
each compartment into account, and using housing condition (three levels: individually housed
rats, short-term isolated rats, rats housed with an adult) as between-subjects factor, and
compartment as within-subjects factor (two levels: social compartment and non social
compartment). Mixed ANOVA was followed by Tukey’s post hoc test performed on significant
housing condition x compartment interaction.

Mixed ANOVA for the time spent in the social/non social compartment on the test day gave
the following results: [Fnousing condition)2,33=1.09, N.S.; F(compartment)2,33=9.61, p<0.01;
F(housing condition x compartment)2,33=3-99, p<0.01]. Post hoc analysis performed on the housing
condition x compartment interaction showed that socially isolated rats displayed socially-
induced CPP, since they spent significantly more time in the social-paired compartment on the
test day. Briefly isolated rats tended to spend more in the social-paired compartment, while
rats housed with a 12-week-old rat did not show preference or aversion for the social-paired
compartment (figure 2).

EXPERIMENT 3. EXTINCTION AND REINSTATEMENT OF SOCIALLY-
INDUCED CPP

The aim of experiment 3 was threefold: 1. investigate the persistence of socially-induced CPP;
2. investigate whether extinguished socially-induced CPP could be reinstated by single
reconditioning session; 3. determine the persistence of CPP after reinstatement.
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At 25 days of age, rats were socially isolated following the baseline preference session,
conditioned during the following eight days, and tested for their preference on day 10, when
they were 34 days old, as in experiment 2 (i.e. two 30 min conditioning sessions/day). On day
11, the rats were placed into the CPP apparatus with free access to all compartments for 15
min, and time spent in each compartment was recorded. This test was repeated daily until four
sessions had passed in which the difference between the time spent in the social-paired and
non-social-paired compartments was not statistically significant; this took seven sessions
(including the first test for CPP on day 10, which is essentially an extinction session). Twenty-
four hours after the last extinction session, the rats received one day of reconditioning. They
were placed in the social-paired compartment with a social partner for 30 min (social session);
two hours later, they were placed in the non social-paired compartment alone for 30 min (non
social session). The day after, rats were placed in the apparatus with free access to all
compartments, to evaluate whether extinguished socially-induced CPP had been reinstated.
Testing was repeated daily until three sessions had passed in which the difference between the
time spent in the social-paired and non-social-paired compartments was not statistically
significant.

Unlike the usual procedure employed in extinction-reinstatement setups (Shaham et al.,
2003; Tzschentke, 2007), we conducted a reconditioning session to reinstate CPP, rather than
a non-contingent exposure to the unconditioned stimulus outside of the testing environment
immediately prior to testing for reinstatement. Recent evidence on drug-induced reinstatement
of drug seeking suggests that not only motivational effects of the reinstating stimulus, but also
its interoceptive properties, play a major role in the expression of reinstatement (Keiflin et al.,
2008). However, unlike drug stimuli, whose interoceptive effects are subject to the
pharmacokinetic properties of the drug, it is not known whether the interoceptive effects of a
social interaction will outlast the interaction itself. We therefore reasoned that subjecting the
animals to social interaction outside of the CPP-apparatus immediately before a reinstatement
test would actually enhance the expression of extinction, because this would comprise explicit
unpairing of the CPP-apparatus (including its social-paired compartment) and social
interaction.

Statistical analysis

Results

The difference in time spent in the social- versus the non social-paired compartment was
calculated within the same experimental group and the data were analyzed using Student’s t
test.

Figure 3 shows the mean (x SEM) time spent in the social- and non social-paired compartment
during the first test day, during extinction and reinstatement of CPP. On the first test session,
the rats showed socially-induced CPP, since they spent significantly more time in the social-
paired compartment (t= 4.25, p<0.001). The following two sessions, rats still spent more time
in the compartment previously associated with the social partner (extinction session 1: t=4.17,
p<0.001; extinction session 2: t= 2.86, p<0.01). From the third extinction session on, CPP was
no longer apparent, with the difference in time spent in the social- versus the non social-paired
compartment not being significant anymore (extinction session 3: t= 0.89, n.s.; extinction
session 4: t= 1.27, n.s.; extinction session 5: t= 1.47, n.s.; extinction session 6: t= 0.82, n.s.).
A single reconditioning day reinstated CPP (reinstatement session 1: t= 2.53, p<0.01).
However, the duration of socially-induced CPP after reinstatement was short, since it was no
longer present during the following sessions (reinstatement session 2: t= 0.07, n.s.;
reinstatement session 3: t= 0.53, n.s.; reinstatement session 4: t= 0.1, n.s.; figure 3).
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EXPERIMENT 4. EFFECT OF METHYLPHENIDATE ON SOCIALLY-INDUCED

CPP I

Procedure

Experiment 4 was designed to test the hypothesis that conditioning with a play-unresponsive
partner would prevent the development of socially-induced CPP. To this aim, adolescent rats
were conditioned with partners treated either with vehicle or with a dose of mehylphenidate
that selectively suppresses social play behavior in adolescent rats, without affecting social
exploration (Vanderschuren et al., 2008).

Socially isolated rats were divided in two groups. Both groups were tested for baseline
preference at 25 days of age, and conditioned as in experiment 2, i.e. eight conditioning days,
with two 30 min conditioning sessions (social and non social session) per day. During the social
session, the control group was conditioned with a vehicle-treated social partner, whereas the
methylphenidate group was conditioned with a partner treated with methylphenidate (1 mg/
kg, s.c., 30 min before conditioning). The animals did not receive any treatment before the non
social sessions. Rats from both groups were tested on day 10, at 34 days of age, as described
above.

Statistical analysis

Results

Data were analyzed with a mixed ANOVA, taking the interdependence of the time spent in
each compartment into account, and using treatment of the partner (two levels:
methylphenidate or vehicle) as between-subjects factor, and compartment as within-subjects
factor (two levels: social compartment and non social compartment). Mixed ANOVA was
followed by Tukey’s post hoc test performed on significant group x compartment interaction.

Mixed ANOVA for the time spent in the social/non social compartment on the test day gave
the following results: [Fpartner treatment)1,22=4-43, P<0.05; F(compartment)1,22=1.32, n.s.;
F(partner treatment x compartment)1,22=6.92, p<0.05]. Post hoc analysis performed on the partner
treatment x compartment interaction showed that, in line with results from experiment 2,
socially isolated rats conditioned with vehicle-treated partners showed socially-induced CPP
(figure 4). However, the rats conditioned with a methylphenidate-treated partner did not display
preference for the social-paired compartment (figure 4). The dose of methylphenidate used in
this experiment has been shown to suppress both the initiation to play and the responsivity to
play initiation, leaving social exploration and locomotor activity during social encounters
unaffected (Vanderschuren et al., 2008). These data therefore suggest that social interaction
with a play-unresponsive partner does not induce CPP in adolescent rats.

EXPERIMENT 5. EFFECT OF METHYLPHENIDATE ON SOCIALLY-INDUCED

CPP I

Experiment 4 showed that rats treated with methylphenidate were unrewarding social partners,
because their vehicle-treated experimental counterparts did not display CPP. In our previous
work, we found that methylphenidate suppressed both the initiation to play and the responsivity
to play initiation. However, vehicle-treated animals still solicited play from methylphenidate-
treated test partners (Vanderschuren et al., 2008). In experiment 5, we evaluated the
contribution of play solicitation in the development of socially-induced CPP. By treating either
the experimental animal with methylphenidate (that will not solicit play and will not respond
to solicitation, but will be solicited by a vehicle-treated partner), or its test partner (that will
not solicit play, or respond to solicitation, but will allow the experimental animal to solicit),
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or both with methylphenidate (completely eliminating social play from the interaction), we
investigated the extent to which play solicitation or being solicited, social interaction with a
non-playful partner and the entire interaction of social play contribute to the development of
socially-induced CPP.

Socially isolated rats were tested for baseline preference at 25 days of age, and conditioned as
in experiment 2, i.e. eight conditioning days, with two 30 min conditioning sessions (social
and non social session) per day. After testing for baseline preference, rats were randomly
allocated to one of the following treatment groups: Veh-Veh (rats injected with vehicle 30 min
before the beginning of the social session and conditioned with a vehicle-treated social partner);
Veh-MPH (rats injected with vehicle 30 min before the beginning of the social session and
conditioned with a methylphenidate (1 mg/kg, s.c.)-treated social partner); MPH-Veh (rats
injected with methylphenidate (1 mg/kg, s.c.) 30 min before the social session and conditioned
with a vehicle-treated social partner); MPH-MPH (rats injected with methylphenidate (1 mg/
kg, s.c.) 30 min before the social session and conditioned with a methylphenidate (1 mg/kg,
s.c.)-treated social partner). The animals did not receive any treatment before the non social
conditioning sessions. Rats from all groups were tested on day 10, at 34 days of age, as
described above.

Statistical analysis

Results

Data were analyzed with a mixed ANOVA, taking the interdependence of the time spent in
each compartment into account, and using treatment of the experimental rat (two levels:
methylphenidate or vehicle) and treatment of the partner (two levels: methylphenidate or
vehicle) as between-subjects factors, and compartment as within-subjects factor (two levels:
social compartment and non social compartment). Mixed ANOVA was followed by Tukey’s
post hoc test performed on significant treatment/partner treatment x compartment interaction.

Statistical analysis for the time spent in the social/non social compartment on the test day gave
the following results: [Ftreatment)1,32=0.10, N.S.; F(partner treatment)1,32=0.98, n.s.;
F(treatment x partner treatment)1,32=2.06, N.S.; F(compartment)1,32=2.98, N.S.;

F(compartment x treatment)1,32=0.6, N.S.; F(compartment x partner treatment)l,32:1-7_3: n.s.;
F (compartment x treatment x partner treatment)1,20=5-98, p<0.05;]. Post hoc analysis performed on the

compartment x treatment x partner treatment interaction showed that only vehicle-treated rats
conditioned with vehicle-treated partners displayed socially-induced CPP, whereas vehicle-
treated rats conditioned with methylphenidate-treated partners did not (figure 5). Consistent
with experiment 4, this result suggests that being conditioned with a play-responsive partner
is necessary for the development of socially-induced CPP. Treatment of the experimental
animal with methylphenidate blocked the development of CPP (figure 5). This effect was
independent of the treatment received by the social partner, since methylphenidate-treated rats
conditioned with either vehicle- or methylphenidate-treated partners spent a comparable
amount of time in the social- and non social-paired compartments (figure 5).

EXPERIMENT 6. EFFECT OF METHYLPHENIDATE ON PLACE
CONDITIONING

The aim of experiment 6 was to exclude the possibility that methylphenidate blocked the
development of socially-induced CPP because of aversive properties of methylphenidate itself,
thus opposing the positive subjective properties of social behavior.
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The procedure was comparable to experiment 5, except that the rats were not allowed to socially
interact during conditioning. On day 1, at 25 days of age, all rats were tested for baseline
preference in the CPP apparatus and then socially isolated. Starting from day 2, the rats were
conditioned for eight consecutive days, with two conditioning sessions per day. Thirty min
before the drug session, half of the rats were injected with methylphenidate (1 mg/kg, s.c.),
whereas the other half were injected with vehicle. The conditioning session consisted of placing
the rats individually in one side of the CPP apparatus (drug compartment) for 30 min. On the
same day, 30 min before the vehicle session, rats from both groups were injected with vehicle,
and then placed in the other side of the apparatus (vehicle compartment) for 30 min. The order
of drug and vehicle sessions was counterbalanced over days: on days 2, 4, 6 and 8, rats were
conditioned with methylphenidate in the morning session, and with vehicle in the afternoon
session; on days 3, 5, 7 and 9, the order of sessions was reversed, i.e. rats were conditioned
with vehicle in the morning session, and with methylphenidate in the afternoon session. Rats
were tested on day 10, at 34 days of age, as described above.

Statistical analysis

Results

Data were analyzed with a mixed ANOVA, taking the interdependence of the time spent in
each compartment into account, and using treatment of the experimental rat (two levels:
methylphenidate or vehicle) as between-subjects factor, and compartment as within-subjects
factor (two levels: drug compartment and vehicle compartment). Mixed ANOV A was followed
by Tukey’s post hoc test performed on significant treatment x compartment interaction.

Mixed ANOVA for the time spent in the drug/vehicle compartment on the test day gave the
following results: [Freatment)1,10=0.036, n.S.; F(compartment)1,10=7-74, p<0.05;

F(treatment x compartment)1,10=5-74, p<0.05]. Post hoc analysis performed on the treatment x
compartment interaction showed that vehicle-treated rats, as expected, spent an equal amount
of time in both compartments on the test day. In contrast, methylphenidate-treated rats spent
more time in the drug than in the vehicle compartment (figure 6). This shows that 1 mg/kg
methylphenidate, administered 30 min before conditioning, has positive subjective properties
in adolescent rats.

DISCUSSION

The present study had the following aims: 1. to understand how motivational aspects of social
interaction in adolescent rats contribute to the development of socially-induced CPP. 2. to
understand how the amount of training influences socially-induced CPP and whether socially-
induced CPP is susceptible to extinction and reinstatement, like drug-induced CPP. 3. to test
the hypothesis that conditioning with play-unresponsive partners would prevent the
development of socially-induced CPP, and to investigate the relative contribution of play
solicitation to socially-induced CPP.

By and large, previous studies of socially-induced CPP in adolescent rats used only socially
isolated animals as experimental subjects (Calcagnetti and Schechter, 1992; Crowder and
Hutto, 1992; Van den Berg et al., 1999; Thiel et al., 2008; -2009, but see Douglas et al.,
2004). These studies have not systematically investigated whether changes in the incentive
value of social interaction modify the acquisition of CPP. To address this issue, we compared
the magnitude of socially-induced CPP in groups of rats subjected to different housing
conditions. Furthermore, given the paucity of data about how the amount of training influences
CPP, we investigated how different conditioning parameters, such as number and length of
conditioning sessions per day, influenced the development of socially-induced CPP. Our
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analysis showed that when a protocol consisting of two daily 30-min conditioning sessions for
eight days was used, socially isolated rats displayed robust and reproducible socially-induced
CPP. Rats that were briefly isolated (i.e. 3.5 h) before conditioning, which yields an about half-
maximal induction of social play behavior (Niesink and Van Ree, 1989; Vanderschuren et al.,
1995a; -2008) showed a trend towards CPP, whereas adolescent rats housed with a 12-week-
old social partner did not show CPP. These data demonstrate that motivational factors make a
major contribution to socially-induced CPP in adolescent rats. In fact, in keeping with previous
studies (Douglas et al., 2004), graded levels of social isolation during conditioning lead to
graded levels of CPP (see Fig. 2), with animals most motivated for social interaction displaying
the most pronounced CPP. The same holds true for other natural rewards: for example, a food-
deprived rat will prefer contextual cues previously associated with food, while the same rat,
when water deprived, will approach cues associated with fluid (Perks and Clifton, 1997). Like
feeding and drinking, social play can be seen as a homeostatically controlled behavior, which
is increased by social deprivation and reduced by social satiation. Indeed, social isolation
strongly increases social play in adolescent rats, with the amount of social play displayed being
a function of the duration of social isolation preceding the test (Panksepp and Beatty, 1980;
Niesink and Van Ree, 1989; Vanderschuren et al., 1995a; -2008). In our experiments,
individually housed rats had the opportunity to engage in social interaction and social play only
once per day, i.e. during conditioning with a social partner. Thus, maximal levels of social play
experienced during conditioning and high motivation for social interaction as a result of social
isolation might account for the strong CPP displayed by socially isolated rats. In support of
the notion that prolonged social isolation increases the appetitive motivation for social
interactions, it has been shown that: 1. individually housed rats tested in a T-maze chose social
rewards over food rewards more often than socially housed animals (Ikemoto and Panksepp,
1992); 2. social housing reduced the 50-kHz ultrasonic vocalizations (USVs) emitted by rats
in response to rewarding manual tickling by an experimenter, and increased the time to
approach the experimenter’s hand (Burgdorf and Panksepp, 2001); 3. compared to socially
housed rats, individually housed animals showed faster acquisition of instrumental tasks for
tickling (Burgdorf and Panksepp, 2001) and rapid acquisition of 50-kHz USVs to a conditioned
stimulus that predicted tickle reward (Panksepp and Burgdorf, 2000).

Remarkably, we observed no CPP in adolescent rats housed with a 12-week old rat. We
reasoned that the low levels of social play displayed by rats of this age (Baenninger, 1967;
Panksepp, 1981) would substantially enhance social play in the adolescents during
conditioning. The lack of CPP in these animals suggests that the high intrinsic motivation for
play in adolescent animals caused the adults to engage in play as well (Pellis and Pellis,
1992; Pellis and Pellis, 1991), so that the levels of play performed by the adolescents during
conditioning were not sufficient to evoke CPP. However, since we did not measure home cage
social interactions between adolescents and 12-week old cagemates, this interpretation remains
speculative.

From a methodological point of view, two more issues need to be addressed. First, our
experiments used a counterbalanced place conditioning procedure (Tzschentke, 2007). This
means that the animals were allocated to test groups and conditioning compartments on the
basis of their baseline side preference. Thus, in each group, approximately half of the rats was
conditioned in their preferred compartment and half in their non-preferred one, so that the
baseline preference in each test group for the (to be) social-paired and (to be) non-social paired
compartments approximated 50%. Therefore, preference shifts after conditioning reflect
socially-induced CPP, rather than decreased avoidance for the initially non-preferred
compartment. Second, in our experimental setting, 30-min conditioning sessions induced
robust CPP; shorter conditioning sessions, conducted either once or twice/day, caused a trend
towards CPP that was not consistent across experiments. However, a recent study found no
difference in the magnitude of CPP in adolescent rats conditioned with a social partner for
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either 10 or 30 min (Thiel et al., 2008). This discrepancy might be due to differences in the
experimental procedures (biased vs unbiased design) and apparatus used (two- vs three-
compartment CPP boxes). In adolescent rats, social behavior, and particularly social play,
peaks in the first 5-10 min of the social encounter, depending on the familiarity with the
environment, and then wanes (Panksepp et al., 1984; Vanderschuren et al., 1995b). Thus, a
possible explanation of our findings is that, at the beginning of the conditioning session,
animals paid more attention to the social than to the environmental stimuli. Over time, the
animals would become more aware of the contextual stimuli, allowing for the association
between the positive social experience and the environmental stimuli to take place. It is also
possible that in the socially isolated rats, the need for social interaction was so high that allowing
them social interaction for only 15 min/day was not enough to fulfill their social needs, so that
frustration about the briefness of the interaction, and the interruption of the interaction after
15 min diluted the positive value of the social experience in the conditioning environment.

In experiment 3, CPP was extinguished by daily exposure to the CPP apparatus (including, but
not restricted to the social-paired compartment, as the rats were free to move throughout the
apparatus during testing) in the absence of the social partner. The initial CPP lasted for three
daily test sessions. However, after seven extinction sessions, CPP could be reinstated by a
single reconditioning session. These data demonstrate that the acquired positive value of
neutral environmental stimuli by association with a positive social experience is quite
persistent, since a single re-exposure to the social partner in the social-paired compartment
after extinction reinstated CPP. Interestingly, the duration of reinstated CPP was shorter than
the original CPP. This could be the result of two factors. First, the reconditioning took place
at an age (approximately 42 days) when levels of social play might already be waning
(Baenninger, 1967; Panksepp, 1981). The social repertoire of adolescent rats changes during
development. Social behaviors related to play peak between 30 and 40 days of age, and then
gradually decline, being replaced by more adult-like sexual and agonistic behaviors. In
contrast, social behaviors unrelated to play occur during the entire lifespan of rats (Panksepp,
1981; Thor and Holloway, 1984; Vanderschuren et al., 1997). Thus, since our results (see
below) suggest that social play rather than social exploratory behavior underlies the
development of socially-induced CPP (Humphreys and Einon, 1981; Pellis and McKenna,
1995), it is possible that lower levels of play experienced by older animals during the
reconditioning session might account for a weaker CPP. Second, the animals’ training history
might explain the short duration of the reinstated CPP. During the eight initial training sessions,
an unambiguous association was made between the social-paired compartment and social
interaction. The CPP evoked by this association was then extinguished over seven sessions,
followed by a single reconditioning session. Thus, the fact that animals had experienced the
positive association in nine sessions, but extinction in seven sessions, might have caused the
social-paired compartment to become an ambiguous environment, paired with social
interaction on somewhat more than half of the occasions, thus reducing the strength of CPP.

In experiment 4, we compared the magnitude of CPP in adolescent rats conditioned with either
vehicle- or methylphenidate-treated partners. Interestingly, when adolescent rats were
conditioned with methylphenidate-treated partners, place preference was completely
abolished. We have previously shown that the dose of methylphenidate used in this experiment
reduced both play solicitation and responsiveness to play solicitation, without affecting social
exploratory behavior or locomotor activity during social interaction (Vanderschuren et al.,
2008). Furthermore, rats treated with this dose of methylphenidate indirectly reduced social
play in vehicle-treated rats (Vanderschuren et al., 2008). This is consistent with findings
showing that social play behavior is influenced by the level of social activity of the partner
(Pellis and McKenna, 1992; -1995; Trezza and Vanderschuren, 2008). In the present study,
rats conditioned with methylphenidate-treated partners spent equal amounts of time in the
social- and non social-paired compartment. Thus, in keeping with previous studies (Calcagnetti
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and Schechter, 1992), conditioning with play-unresponsive partners prevented the
development of CPP. A likely explanation of the results of experiment 4 is that social
interaction, without the opportunity to engage in reciprocal rough-and-tumble play, is not
rewarding for adolescent rats. These findings are consistent with the observations that
adolescent rats tested in a T-maze preferred a play-responsive over a play-unresponsive partner
(Humphreys and Einon, 1981). Interestingly, recent studies, using suboptimal conditioning
parameters, have shown that cocaine and nicotine can enhance socially-induced CPP, even
though these drugs reduced social play behavior during conditioning (Thiel et al., 2008;
-2009), suggesting that drugs and social interaction can have additive rewarding effects in
adolescent rats under certain circumstances. Our analysis of the effects of methylphenidate on
social play behavior showed that vehicle-treated rats did solicit play from their
methylphenidate-treated partners, even if they were not reciprocated (Vanderschuren et al.,
2008). We therefore performed a next experiment, in which the experimental animal, the
stimulus animal, or both were treated with the drug, to test whether play solicitation itself, or
being solicited would be rewarding. The data from experiment 4 suggested that unreciprocated
play solicitation was not rewarding, and this was confirmed in experiment 5, because vehicle-
treated animals conditioned with a methylphenidate-treated partner did not show CPP. In
addition, the results of experiment 5 suggest that being solicited but not responding is not
rewarding either, since methylphenidate-treated rats conditioned with a vehicle-treated partner
did not show CPP either. As might then be expected, methylphenidate-treated animals
conditioned with a methylphenidate-treated partner, in which social play would be completely
eliminated (Vanderschuren et al., 2008), also displayed no CPP. Thus, the lack of socially-
induced CPP in methylphenidate-treated rats is likely the result of the suppression of social
play, that occurred when one or both animals were treated with the drug (Vanderschuren et al.,
2008). A limitation of our study is that we did not measure social play behavior during
conditioning. Therefore, although our data suggest that social play is the most pleasurable
aspect of the social repertoire of adolescent rats, further research is needed to support this
interpretation. Methylphenidate is widely prescribed and very effective for the treatment of
ADHD. In view of the importance of peer relationships during development, the finding that
methylphenidate markedly disrupts social reward in adolescent rats highlights the need for a
better understanding of the effects of psychostimulant drugs on the developing brain.

The effects of methylphenidate on socially-induced CPP were not the result of
methylphenidate-induced place aversion counteracting the positive properties of social play.
In fact, this dose of methylphenidate itself induced CPP (experiment 6). This result confirms
the influence of social context on the subjective effects of drugs of abuse. Interestingly, whereas
the subjective effects of several other drugs of abuse are enhanced in a social context (Newman
etal., 2007; Thiel et al., 2008; -2009; Tomie et al., 2004), the play-unresponsive state induced
by methylphenidate apparently blunted its own positive properties. Another remarkable detail
to experiment 6 is the fact that methylphenidate induced CPP, despite the fact that it was
administered 30 min before conditioning (to be consistent with experiments 4 and 5, in which
the drug was administered 30 min before conditioning with a social partner, since this
pretreatment interval has been shown to suppress social play; Vanderschuren et al., 2008).
Previous research has indicated that imposing an interval between drug treatment and place
conditioning can lead to place aversion, because when positive subjective properties of the
drug have subsided, opponent negative effects may prevail (Ettenberg et al., 1999). Apparently,
the slower kinetics of methylphenidate compared to cocaine (Volkow and Swanson, 2003)
permit for positive properties of this drug to be seen even after a considerable interval between
drug treatment and conditioning.

In conclusion, the present study provides more insights into how social rewards can be used
in a place conditioning setup in adolescent rats. In particular, we showed that: 1. the magnitude
of socially-induced CPP depends upon the number and length of conditioning sessions,
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demonstrating that the amount of training contributes to the development of CPP; 2. similar to
other natural rewards, socially-induced CPP is directly influenced by changes in the
motivational state of the subject, because socially-induced CPP was most reliably found in
animals socially isolated during conditioning; 3. socially-induced CPP is persistent and,
comparable to drug-induced CPP, can be reinstated after extinction; 4. social play behavior is
likely the most pleasurable aspect of the social repertoire of adolescent rats; in fact, it is essential
that both social partners engage in a playful interaction for social behavior to be rewarding.
Together, these findings help to understand how learning on the basis of social information,
i.e. the association of neutral environmental stimuli with positive social experiences, leads to
long-lasting changes in behavior.
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Figure 1.

Effect of number of conditioning sessions/day on socially-induced CPP in individually housed,
short-term isolated and socially housed rats. Rats received either one (Panel A) or two (Panel
B) 15-min conditioning sessions/day, for eight days. Data represent mean + SEM time spent
in the social paired- (social, white bar) and non social-paired (non social, black bar)
compartments on the test day. n=10-12 per group. The data in panels A and B are from two
separate experiments.
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Figure 2.

Socially-induced CPP in individually housed rats, short-term isolated rats and rats housed with
a 12-week-old partner. Rats received two 30-min conditioning sessions/day, for eight days.
Data represent mean + SEM time spent in the social paired- (social, white bar) and non social-
paired (non social, black bar) compartments on the test day. **p<0.01 for difference in time
spent in the social- and non social-paired compartments on the test day (Tukey’s post hoc test,
n=12 per group).

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2010 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Trezzaetal.

h compartiment

i

@
@

e spent i

Tim

Page 18
social
500 0N sOCIAl
400 - -
: T w ot T - I
(‘1? LR L] . T T
S ao0 4 -
o
E::
@
S 200
100 1
0
EX1 EX2 EX3 EX4 EX5 EXB REIN 1 REIN 2 REIN3 REIN4
TEST ' EXTINCTION SESSIONS TEST AFTER A
CS SESSION
Figure 3.

Extinction and reinstatement of socially-induced CPP in individually housed rats. Data
represent mean = SEM time spent in the social paired- (social, white bar) and non social-paired
(non social, black bar) compartments on the test day (TEST), during extinction (EX) and
reinstatement (REIN) of the conditioned response. ***p<0.001, **p<0.01 for difference in
time spent in the social- and non social-paired compartments (Student’s t test, n=12 per group).

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2010 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Trezzaetal.

Page 19

500 - —1 social
m— 0N social

400 -

300 f |
200
100

0 T

Time spent in each compartment
on the test day

Treatment Veh Veh
Treat partner Veh MPH1

Figure 4.

Effect of methylphenidate on the development of socially-induced CPP. Experimental rats
were conditioned either vehicle- or methylphenidate- (1 mg/kg, s.c.) treated partners.
“Treatment” indicates the treatment (vehicle, Veh) of experimental rats, whereas “Treat
partner” indicates the treatment (either vehicle (Veh) or methylphenidate (MPH1)) of the social
partner. Data represent mean £ SEM time spent in the social paired- (social, white bar) and
non social-paired (non social, black bar) compartments on the test day. *p<0.05 for difference
in time spent in the social- and non social-paired compartments (Tukey’s post hoc test, n=12

per group).
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Figure 5.

Effect of methylphenidate (1 mg/kg, s.c., 30 min before the social session) on socially-induced
CPP. “Treatment” indicates the treatment (either vehicle (Veh) or methylphenidate (MPH1))
of the experimental rats, whereas “Treat partner” indicates the treatment (either vehicle (Veh)
or methylphenidate (MPH1)) of the social partner. Data represent mean + SEM time spent in
the social paired- (social, white bar) and non social-paired (non social, black bar) compartments
on the test day. **p<0.01 for difference in time spent in the social- and non social-paired
compartments (Tukey’s post hoc test, n=8-12 per group).
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Figure 6.

Effect of methylphenidate (1 mg/kg, s.c., 30 min before the drug session) on place conditioning.
Data represent mean = SEM time spent in the drug paired- (drug, white bar) and vehicle-paired
(vehicle, black bar) compartments on the test day. *p<0.05 for difference in time spent in the
drug- and vehicle-paired compartments (Tukey’s post hoc test, n=6 per group).
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