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Abstract

Rationale Serotonin is an important modulator of social
behaviour. Individual differences in serotonergic signalling
are considered to be a marker of personality that is stable
throughout lifetime. While a large body of evidence
indicates that central serotonin levels are inversely related
to aggression and sexual behaviour in adult rats, the
relationship between serotonin and social behaviour during
peri-adolescence has hardly been explored.

Objective To study the effect of acute and constitutive
increases in serotonin neurotransmission on social behav-
iour in peri-adolescent rats.

Materials and methods Social behaviour in peri-adolesent
rats (28-35 days old) was studied after genetic ablation of
the serotonin transporter, causing constitutively increased
extra-neuronal serotonin levels, and after acute treatment
with the serotonin reuptake inhibitor fluoxetine or the
serotonin releasing agent 3,4-methylenedioxymethamphet-
amine (MDMA). A distinction was made between social
play behaviour that mainly occurs during peri-adolescence,
and non-playful social interactions that are abundant during
the entire lifespan of rats.
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Results In serotonin transporter knockout rats, social play
behaviour was markedly reduced, while non-playful aspects
of social interaction were unaffected. Acute treatment with
fluoxetine or MDMA dose-dependently inhibited social play
behaviour. MDMA also suppressed non-playful social inter-
action but at higher doses than those required to reduce social
play. Fluoxetine did not affect non-playful social interaction.
Conclusions These data show that both acute and constitu-
tive increases in serotonergic neurotransmission reduce
social play behaviour in peri-adolescent rats. Together with
our previous findings of reduced aggressive and sexual
behaviour in adult serotonin transporter knockout rats, these
data support the notion that serotonin modulates social
behaviour in a trait-like manner.

Keywords Serotonin - Social play - Peri-adolescence -
Fluoxetine - Knockout rat - MDMA

There is a large body of literature that describes the
association between serotonin (5-hydroxytryptamine, 5-HT)
signalling, social status, aggression and sexual behaviour in
humans and animals. For instance, cerebrospinal fluid (CSF)
5-hydroxyindoleacetic acid (5-HIA A; the major metabolite of
5-HT) levels are inversely related to aggression in humans,
primates and rodents (Higley and Linnoila 1997; Fairbanks
et al. 2001). Selective serotonin reuptake inhibitors (SSRIs),
which are well-known anti-depressants, reduce impulsive
aggression as well as sexual behaviour in humans (New
et al. 2004; Olivier et al. 2006). Furthermore, depending on
the social structure of the community, serotonergic drugs are
able to interchange the dominant and subordinate status of
community members (Edwards and Kravitz 1997; Larson
and Summers 2001). It has been proposed that individual
differences in 5-HT neurotransmission are an important
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neural underpinning of personality (Serretti et al. 20006),
because central 5-HT levels are relatively stable throughout
lifetime (Higley and Linnoila 1997). Studies showing that
polymorphisms in 5-HT-related genes are linked to impul-
sive aggression in humans (Ferrari et al. 2005; Haberstick
et al. 2006; Popova 2006) support the idea that the se-
rotonergic modulation of social behaviour is heritable
(Higley and Linnoila 1997).

An important form of social behaviour is social play
behaviour, which is the earliest form of non-mother-directed
social behaviour in young mammals. Social play behaviour
consists of behaviours found in adult sexual, affiliative
and aggressive encounters (Bolles and Woods 1964;
Baenninger 1967; Poole and Fish 1975; Meaney and Stewart
1981). However, during social play, these behaviours are
displayed in an exaggerated and/or out-of-context fashion
(Poole and Fish 1975). In rats, a bout of social play
behaviour starts with one rat soliciting another animal,
by attempting to nose or rub the nape of its neck. If the
animal that is solicited upon 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 initiate another
bout of play, 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 behaviour in
rats, is not an endpoint but rather functions as a releaser of a
prolonged play bout (Poole and Fish 1975; Pellis and Pellis
1987; Pellis 1988). The animal that is pounced upon can also
respond by evading or by turning around to face the other
animal. In the latter situation, a brief period of boxing/
wrestling may follow, in which the animals try to push each
other away. If the solicited animal evades, the other animal
may start to chase it, thus making another attempt to launch a
play bout (see Vanderschuren et al. 1995a, for a detailed
analysis of the temporal structure of social play behaviour in
rats). It is thought that social play sub-serves the facilitation
of social and cognitive development because play
deprivation, i.e. social isolation during 2 weeks in peri-
adolescence when social play is most abundant (i.e. from
postnatal day 21 until postnatal day 35), leads to behavioural
disturbances, most prominently in the social domain
(e.g. Hol et al. 1999; Van den Berg et al. 1999). These
behavioural changes are more selective than those of
isolation rearing, which entails continuous isolation from
weaning throughout further lifetime. This not only affects
social behaviour (Ferdman et al. 2007) but also induces
behavioural disturbances related to exploratory behaviour
(Heidbreder et al. 2000), cognition (Heidbreder et al.
2000; Dalley et al. 2002; Bianchi et al. 2006) and reward
sensitivity (Howes et al. 2000), suggesting that social play
plays a rather selective role in the development of social
skills.
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There is evidence indicating that 5-HT modulates social
play in non-human primates. For instance, low CSF 5-HIAA
levels are associated with increased solitary play (Maestripieri
et al. 2006; Higley and Linnoila 1997), although these
findings are difficult to interpret in terms of central 5-HT
levels. The neurobiology of social play has been widely
investigated in rats (Vanderschuren et al. 1997; Siviy 1998),
but surprisingly, little attention has been paid to the role of
the serotonergic system in rat social play itself. While
treatment with para-chloro-phenylalanine or a low trypto-
phan diet, resulting in a decrease in central 5-HT levels, did
not affect social play, fenfluramine and the SSRI fluoxetine,
agents that increase extra-neuronal 5-HT levels, inhibited
play (Panksepp et al. 1987; Knutson et al. 1996). Further,
the 5-HT receptor agonist quipazine reduced social play
(Normansell and Panksepp 1985). These data suggest that
there is an inverse relationship between 5-HT signalling and
social play. Furthermore, the findings that 5-HT modulates
social behaviour in peri-adolescent animals indicates that
5-HT affects social behaviour throughout development,
consistent with the proposed trait-like relationship between
5-HT and social behaviour.

The serotonin transporter (SERT) critically regulates
extracellular 5-HT levels by its re-uptake into pre-synaptic
terminals (Lesch et al. 1996), and SERT knockout models
would therefore be very useful to test the hypothesis that
central 5-HT levels and social play behaviour are inversely
related in a trait-like manner. SERT knockout mice are
available (e.g. Bengel et al. 1998), which display reduced
aggression (Holmes et al. 2002a) and social interaction
(Kalueff et al. 2007). However, because social play
behaviour in mice is much less developed than in rats
(Poole and Fish 1975; Pellis and Pasztor 1999), mice are
not the preferred rodent species to study age-specific
patterns of social behaviour during development. As social
play behaviour in rats has been well described (Bolles and
Woods 1964; Baenninger 1967; Poole and Fish 1975;
Meaney and Stewart 1981; Pellis and Pellis 1987; Pellis
1988; Vanderschuren et al. 1997), we measured social play
in the recently generated SERT knockout rat (Smits et al.
2006), which displays a ninefold increase in extra-neuronal
5-HT levels (Homberg et al. 2007). In line with the findings
that increases in 5-HT levels reduce aggressive and sexual
behaviour, we have observed that both aggressive and
sexual behaviour (Homberg et al., unpublished observa-
tions) are reduced in the SERT knockout rat. The
constitutive absence of the SERT in mice causes changes
in the functioning of 5-HT receptors (Fabre et al. 2000;
Bouali et al. 2003), so that changes in behaviour may be the
result of adaptations that have occurred during develop-
ment. Therefore, we also investigated social play behaviour
in wild-type rats after acute treatment with compounds that
increase central 5-HT levels, i.e. the SERT-blocker fluox-
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etine and 3,4-methylenedioxymethamphetamine (MDMA
or “ecstasy”), which causes 5-HT release by reversing 5-HT
transport.

Materials and methods
Subjects

All experiments were conducted with the approval of the
animal ethics committees of the VU Medical Center,
Amsterdam, The Netherlands, and the University Medical
Center Utrecht, The Netherlands.

Both commercially supplied and SERT knockout rats
were used in this study. Male Wistar rats (Harlan, Horst, the
Netherlands) arrived at the age of 3 weeks in the animal
facility. SERT knockout rats, which have been generated by
ethylnitrosourea-induced mutagenesis in a Wistar back-
ground (for detailed description, see Smits et al. 2006),
were bred by crosses between outcrossed (six generations)
SERT"" rats. At the age of 2 weeks, ear cuts were taken
under anaesthesia and used for genotyping. At the age of
3 weeks, male SERT " and SERT™" rats (littermates
served as controls) were transported from the breeding
room to the experimental room. The animals were socially
housed (four rats per type IV macrolon cage) under a
normal day/light cycle (lights off at 7 pM.) at controlled
room temperature (21+2°C) and relative humidity of 60+
15%. Food and water were available ad libitum. Three days
after arrival, the rats were weighed and handled daily until
testing.

Behavioural procedure

Testing was performed as described previously (Vanderschuren
et al. 1995b). Rats, aged 28-35 days, were tested in an acrylic
plastic cage (40x40x60 cm [Ixwxh]) with approximately
2 cm of wood shavings covering the floor. The test cage was
illuminated by a 25-W red light bulb mounted 60 cm above
the test cage. Background noise, produced by a radio, was
used to minimize the influence of extraneous sounds.

Two days preceding the test, the animals were habituated
to the test cage during 10 min. The animals of a test pair did
not differ more than 10 g in body weight and had no
previous common social experience. On the test day, test
pairs were isolated for 3.5 h before the test to induce a half-
maximal increase in the amount of social play behaviour
(Niesink and Van Ree 1989). Thirty minutes before the test,
pairs of animals in group 1 were treated with 0 or 1 mg/kg
fluoxetine (subcutaneous [s.c.]), animals in group 2 were
pre-treated with 0 or 10 mg/kg fluoxetine and group 3
received 0, 0.5, 2 or 5 mg/kg MDMA (s.c.). Pairs of
similarly treated rats were tested for 15 min in the test cage

and the test order was randomized across treatments.
Behaviour of the animals was recorded on video tape, and
analysis from the video tape recordings was performed
afterwards. Coding of the drug solutions ensured that both
during experimentation and analysis, the experimenter was
unaware of the treatment of the animals. Using Observer
4.0 (Noldus Information Technology B.V., Wageningen,
The Netherlands), frequencies and durations of the follow-
ing behaviours was scored—pinning: one of the animals
lying with its dorsal surface on the floor of the test cage
with the other animal standing over it; pouncing: play
soliciting by nosing the partner’s nape; boxing/wrestling:
facing each other in vertical position and struggling using
the forepaws; following/chasing: moving in the direction of
or pursuing the test partner, who moves away; social
grooming and social exploration: sniffing or licking any
body part of the test partner Behaviour was assessed per
pair of animals. Animals were used only once.

Drugs

Fluoxetine was purchased from Sigma-Aldrich (Schnelldorf,
Germany), and MDMA was purchased from O.P.G. (Utrecht,
The Netherlands). Both drugs were freshly dissolved in
saline on the day of the experiment and injected s.c. in the
flank in a volume of 2 ml/kg.
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Fig. 1 Social play behaviour in peri-adolescent male SERT '~ and
SERT*"" rats. The data represent mean+SEM of the number of pins,
pounces and boxing/wresting episodes (a) and mean+SEM of the
duration of social exploration and following/chasing (b) during a
15 min test. Asterisk, p<0.05 SERT " vs SERT™*
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Statistical analyses

Data were analysed using one-way analysis of variance
(ANOVA), followed by Student-Newman—Keuls post-hoc
tests where appropriate. The level of probability for
statistically significant effects was set at p<0.05 (n.s.=
non-significant).

Results

SERT™" pairs of rats, as compared to SERT™" pairs,
showed a strong reduction in pinning frequency (Fig. la;
F2, 13y=5.78, p<0.05), pouncing frequency (F(», 13,=7.08,
p<0.05) and boxing/wresting frequency (F, 11y=9.91, p<
0.01). The duration of following/chasing was significantly
increased in SERT " rats (Fig. 1b; F(o, 13)=6.5, p<0.05),
while social grooming and social exploration were not
affected by deletion of the SERT gene (social exploration:
F2,12=0.22, n.s.; social grooming: F(5, 12)=0.76, n.s.).
As illustrated in Fig. 2a, 1 mg/kg fluoxetine did not affect
pinning (F(2, 13y=1.33, n.s.), pouncing (F2, 13y=2.56, n.s.)
and boxing/wrestling (F(, 13=1.75, n.s.). One-way
ANOVA did not also reveal effects of 1 mg/kg fluoxetine

on social exploration (F(», 13)=0.55, n.s.), following/
chasing (F2, 13y=0.69, n.s.) or social grooming (Fia, 13)=
0.00, n.s.; Fig. 2b). A higher dose of fluoxetine, 10 mg/kg,
on the other hand, significantly reduced pinning (F2, 14)=
15.86, p<0.005), pouncing (Fp, 14=36.18, p<0.0001),
boxing/wrestling (F», 14y=23.82, p<0.0005; Fig. 2c¢) and
following/chasing (F(,, 14=20.17, p<0.001) but not social
exploration (F,, 14y=3.03, n.s.) and social grooming (£, 14y=
0.03, n.s.; Fig. 2d).

MDMA was tested in three different doses: 0.5, 2.0 and
5.0 mg/kg. One-way ANOVA indicated that MDMA
treatment dose-dependently suppressed pinning (Fig. 3a;
Fo, 30=28.8, p<0.0001, post-hoc testing: all MDMA
groups vs saline p<0.05), pouncing (Fo, 29=31.77, p<
0.0001, post-hoc testing: all MDMA groups vs saline p<
0.05) and boxing (F2, 29)=22.07, p<0.0001, post-hoc
testing: all MDMA groups vs saline p<0.05). In addition,
MDMA decreased following/chasing (Fig. 3b; Fo, 20)=
8.81, p<0.0005, post-hoc testing: all MDMA groups vs
saline p<0.05). Social exploration (F(, 30y=6.41, p<0.005,
post-hoc testing: 2 and 5 mg/kg MDMA vs saline p<0.05)
and social grooming (F2, 28=24.89, p<0.0001, post-hoc
testing: 2 and 5 mg/kg MDMA groups vs saline p<0.05;
Fig. 3b) were also attenuated by MDMA treatment.
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Fig. 2 Effect of fluoxetine on social play behaviour in peri-adolescent
male wild-type rats. Thirty minutes before the 15-min test, the animals
were treated with 1 (a, b) or 10 mg/kg (¢, d) fluoxetine (s.c.). The data
represent mean+SEM of the number of pins, pounces and boxing/
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Fig. 3 Effect of MDMA on social play behaviour in peri-adolescent
male wild-type rats. Thirty minutes before the 15-min test, the animals
were treated with 0, 0.5, 2 or 5 mg/kg MDMA (s.c.). The data
represent mean+SEM of the number of pins, pounces and boxing/
wresting episodes (a) and meant SEM of the duration of social
exploration, following/chasing and social grooming (b). Asterisk, p<
0.05 vs saline; double cross, p<0.05 vs 0.5 mg/kg MDMA

grooming

Discussion

In this study, we show that increasing extra-neuronal 5-HT
levels, either constitutively by deletion of the SERT gene or
transiently by pharmacological manipulation (i.e. treatment
with fluoxetine or MDMA), decreases social play behaviour
in peri-adolescent rats. These effects were specific for
playful social behaviours, i.e. pinning, pouncing and
boxing/wrestling. Mixed effects were observed for follow-
ing/chasing, social grooming and social exploration. The
similarities between the genetic and pharmacological manip-
ulations of the serotonergic system suggest that reduced
social play behaviour in SERT ™ rats is the result of
increased extracellular 5-HT levels (Homberg et al. 2007).

Fluoxetine and MDMA are well known to increase
central 5-HT levels, but they affect dopaminergic neuro-
transmission as well, raising the possibility that reduced
social play is due to an effect on the dopaminergic system.
Fluoxetine, at 10 mg/kg as used in the present study,
increases dopamine release in the frontal cortex (Tanda
et al. 1994). MDMA is a potent releaser of 5-HT, but it

releases dopamine as well, albeit at higher concentrations
(for reviews, see White et al. 1996; Green et al. 2003).
Although psychostimulant drugs that increase central
dopaminergic neurotransmission have been found to sup-
press social play behaviour (e.g. Beatty et al. 1982; for
review, see Vanderschuren et al. 1997), these effects are
most likely mediated through non-dopaminergic mecha-
nisms because the selective dopamine reuptake inhibitor
GBR-12909 and the dopamine receptor agonist apomor-
phine did not suppress play (Vanderschuren et al. 2005).
Moreover, the pre-synaptic functioning of dopaminergic, as
well as noradrenergic neurons, was not altered in SERT /"~
rats (Homberg et al. 2007). Therefore, the present findings
are most likely the result of altered function of the
serotonergic system, rather than the dopaminergic system.

Indirect 5-HT agonists such as MDMA and parachloro-
amphetamine enhance locomotor activity (Geyer 1996), but
the doses required to enhance locomotor activity in
peri-adolescent rats are higher than those that suppress play
in the present study (see Aberg et al. 2007). Fluoxetine does
not alter locomotor activity (Homberg et al. 2004), and
locomotor activity does not differ between SERT™" and
SERT " rats under both a novel and habituated conditions
(Homberg et al., unpublished observations). In the present
study, following/chasing, the social parameter most closely
related to locomotor activity, was increased in SERT ' rats
and decreased by fluoxetine and MDMA. Thus, there is no
parallel in the effects of fluoxetine, MDMA and SERT
knockout on locomotor activity and following/chasing. This
indicates that the reduction in social play found in SERT "~
rats and after treatment with fluoxetine and MDMA is not
likely to be secondary to effects on locomotor activity.

An alternative explanation of the present findings is that
the decrease in social play behaviour is due to increased
anxiety. Although the animals were habituated to the test
cage and tested under red light conditions, reluctance to
contact an unfamiliar conspecific may have interfered with
our findings. SERT ™ mice display anxiety-related symp-
toms and reduced social interaction (Holmes et al. 2002b;
Kalueff et al. 2007), MDMA and fluoxetine have anxio-
genic effects in a variety of tests (Lin et al. 1999; Morley
and McGregor 2000; Drapier et al. 2007) and the SSRI
citalopram reduces social interaction (Dekeyne et al. 2000).
MDMA has also been reported to decrease social investi-
gation and aggression and to increase non-social explora-
tion, which was interpreted as attempts to escape from the
test arena, i.e. an anxiogenic-like effect of MDMA
(Maldonado and Navarro 2001). On the other hand, pro-
social effects of MDMA have also been reported (Morley
and McGregor 2000). SERT ™ rats spent more time on
following and chasing than SERT""" rats. This suggests that
while social play was reduced, SERT " rats were still
interested in their playing partner, which argues against
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social anxiety as an explanation of reduced play behaviour
in SERT " rats. Moreover, social exploratory behaviour,
which is the parameter used in the social interaction test of
anxiety (File and Seth 2003), was not affected in SERT "~
and in fluoxetine-treated rats, whereas MDMA only mildly
reduced social exploration at doses that completely elimi-
nated social play. Thus, the observed effects were relatively
selective for social play, and increases in extra-neuronal 5-
HT levels do not induce a generalized aversion to contact
an unfamiliar rat.

Long-term SSRI treatment is associated with increased
extra-neuronal 5-HT levels and several compensatory
adaptations (Dawson et al. 2002) that are strikingly similar
to those seen in SERT ' rats, like desensitization of pre-
and post-synaptic 5-HT;, receptors (Homberg et al.,
unpublished observations). Chronic SSRI treatment
decreases aggressive (Fuller 1997) and sexual behaviour
(Olivier et al. 2006) in rats, phenotypes we also observed in
SERT " rats (Homberg et al., unpublished observations).
Because acute fluoxetine and MDMA treatment cause an
immediate increase in extra-neuronal 5-HT levels without
compensatory adaptations, it is likely that reduced social
play in SERT " rats is due to the increased extra-neuronal
5-HT levels, rather than compensatory adaptations.
Ansorge et al. (2004) showed that early chronic SSRI
treatment in wild-type mice induces anxiety- and depression-
like phenotypes that resembles those of SERT " mice. It
may follow that SERT " rats behave as being chronically
treated with SSRIs, but given that acute and chronic SSRI
treatment induce opposite effects (Silva and Brandao 2000)
and that the effects of anti-depressants on the immature
developing brain may differ as opposed to the effects on the
mature brain of adults (Ansorge et al. 2004; Taravosh-Lahn
et al. 2006), further research is required to support this
suggestion. Anti-depressants are frequently prescribed to
children with major depressive disorder and anxiety (Cheung
et al. 2006), while there is only sparse knowledge of the
effects of SSRIs on the developing brain (Spear and Brake
1983; Ansorge et al. 2004). Because social behaviour is
reduced in peri-adolescent and adult SERT ' rats, it is likely
that changes in 5-HT homeostasis found at adulthood in
SERT " rats (Homberg et al. 2007) reflect the situation in
the peri-adolescent SERT /™ brain. We thus propose that
insight into the function of the serotonergic system in the
SERT " (peri-adolescent) brain may be helpful to gain
insight into the effects of SSRIs on the developing brain.

5-HT 1is considered to be an important marker of
personality traits such as harm avoidance (Gerra et al.
2000), social dominance (Edwards and Kravitz 1997,
Larson and Summers 2001), social attachment (Beech and
Mitchell 2005) and social impulsivity (Fairbanks et al.
2001), which are relatively stable within individuals. These
traits may be the result of changes in SERT function
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because a polymorphism in the SERT gene of humans and
non-human primates, which decreases SERT expression
and function (Lesch et al. 1996), has quite consistently been
associated with childhood (Beitchman et al. 2006;
Haberstick et al. 2006) and adult aggression (Sakai et al.
2006) and childhood (Nobile et al. 2004) and adult
depression (Caspi et al. 2003). Furthermore, this polymor-
phism has been associated with reduced free play behaviour
in monkeys (Bethea et al. 2004). Anti-social behaviour in
children has been suggested to be related to developmental
abnormalities in the serotonergic system, and altered social
behaviour during childhood likely extends into adulthood
(Van Goozen and Fairchild 2006). Thus, the observations
that SERT '~ rats display reduced social play behaviour,
reduced aggression and reduced sexual behaviour is likely
to be the result of constitutive disruptions in 5-HT function.
On the other hand, because social play sub-serves the
development of an adequate social repertoire (Vanderschuren
et al. 1997; Hol et al. 1999; Van den Berg et al. 1999), the
reduction in social play in SERT " rats could also itself
cause changes in adult social behaviour, independent of
5-HT function. Whichever possibility holds true, we think
that because of their lifelong altered 5-HT homeostasis, the
SERT knockout rat model may contribute to our under-
standing of the role of 5-HT during the development of
social behaviour.
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