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Abstract
During post-weaning development, a marked increase in peer–peer interactions is observed in mammals, including humans,
which is signified by the abundance of social play behaviour. Social play is highly rewarding, and known to be modulated through
monoaminergic neurotransmission. Recently, the habenula has received widespread attention because of its role in the regulation
of monoaminergic neurotransmission as well as in a variety of emotional and cognitive functions. Therefore, in the present study,
we investigated the involvement of the habenula in social play behaviour. Using the neuronal activity maker c-fos, we showed that
the habenula was activated after 24 h of social isolation in adolescent rats, and that a subsequent social play interaction reduced
c-fos activity in the medial part of the lateral habenula. This suggested that habenula activity modulated the aversive properties of
social isolation, which was alleviated by the positive effects of social play. Furthermore, after functional inactivation of the habenula, using a mixture of the GABA receptor agonists baclofen and muscimol, social play behaviour was markedly reduced, whereby
responsiveness to play solicitation was more sensitive to habenula inactivation than play solicitation itself. Together, our data indicate an important role for the habenula in the processing of positive (i.e. social play behaviour) and negative (i.e. social isolation)
social information in adolescent rats. Altered habenula function might therefore be related to the social impairments in childhood
and adolescent psychiatric disorders such as autism, attention deficit/hyperactivity disorder and early-onset schizophrenia.

Introduction
Social play behaviour is a characteristic, vigorous form of social interaction in young mammals (Panksepp et al., 1984; Vanderschuren
et al., 1997; Spear, 2000; Pellis & Pellis, 2009). Social play behaviour
is highly rewarding (Vanderschuren, 2010; Trezza et al., 2011a) and
is thought to be important for the acquisition of communicative skills,
the formation and maintenance of social bonds, and social and cognitive development (Potegal & Einon, 1989; Van den Berg et al., 1999;

Spinka
et al., 2001; Palagi, 2006; Pellis & Pellis, 2009; Baarendse
et al., 2013). Conversely, abnormalities in social play behaviour have
been observed in several child and adolescent psychiatric disorders
(Alessandri, 1992; Moller & Husby, 2000; Jordan, 2003; Manning &
Wainwright, 2010). Despite its importance for behavioural development and its impairment in several child and adolescent psychiatric
disorders, our knowledge of the neural underpinnings of social play
behaviour is limited (Panksepp et al., 1984; Vanderschuren et al.,
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1997; Trezza et al., 2010; Siviy & Panksepp, 2011). Therefore, identifying the neural substrates of social play behaviour will advance our
understanding of normal social development as well as the aetiology
of child and adolescent psychiatric disorders.
Lesion and intracranial drug administration studies have implicated the frontal cortex (Panksepp et al., 1994; Schneider & Koch,
2005; Pellis et al., 2006; Bell et al., 2009; van Kerkhof et al.,
2013a), as well as the thalamus (Siviy & Panksepp, 1985, 1987),
amygdala (Meaney et al., 1981; Daenen et al., 2002; Trezza et al.,
2012), striatum (Pellis et al., 1993; van Kerkhof et al., 2013a) and
nucleus accumbens (Trezza et al., 2011b, 2012; van Kerkhof et al.,
2013a) in social play. Furthermore, monoaminergic (i.e. dopaminergic, serotonergic and noradrenergic) neurotransmission plays a
prominent role in the modulation of social play (Siviy et al., 1996,
2011; Vanderschuren et al., 1997, 2008; Homberg et al., 2007;
Trezza et al., 2010; Siviy & Panksepp, 2011).
In recent years, the habenula has received a great deal of attention
because of its key role in the modulation of monoaminergic neurotransmission (Lecourtier & Kelly, 2007; Hikosaka, 2010). Monoamine nuclei, including the ventral tegmental area (VTA), dorsal
raphe nucleus, and locus coeruleus, receive regionally distributed
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input from distinct habenular subregions (Lecourtier & Kelly, 2007;
Kim, 2009; Goncalves et al., 2012). Considering its interconnections
with monoaminergic pathways, it is not surprising that the habenula
has been implicated in functions that depend on monoaminergic signalling, such as reward, punishment, decision-making, learning, attention and stress (for reviews see Hikosaka, 2010; Lecourtier & Kelly,
2007). Furthermore, the habenula has been suggested to be involved
in several psychiatric disorders that involve altered monoaminergic
neurotransmission, including depression, attention deﬁcit/hyperactivity disorder, and schizophrenia (Yang et al., 2008; Hikosaka, 2010;
Lee & Goto, 2011).
Given its involvement in a variety of cognitive, emotional and
behavioural processes, it is reasonable to expect that the habenula is
also involved in social behaviour. However, there is only sparse
information about the role of the habenula in social interaction
(Modianos et al., 1974; Matthews-Felton et al., 1995; Lecourtier
et al., 2004). The present study addresses this issue by mapping
habenula neuronal activity during social isolation and social play
behaviour, and determining the effects of inhibition of habenula
activity on the structure and quantity of social play behaviour.

Materials and methods
Animals
Male Wistar rats (Charles River, Sulzfeld, Germany) arrived in our
animal facility at 21 days of age. They were housed in groups of
four in Macrolon cages (40 9 26 9 20 cm) under controlled conditions (i.e. temperature of 20–21 °C, 55–65% relative humidity and
12/12 h light cycle with lights on at 07.00 h). Food and water were
available ad libitum. All animals used were experimentally naive.
Before the start of the experiment, the rats were handled at least
twice. All experiments were approved by the Animal Ethics Committee of Utrecht University and were conducted in accordance with
Dutch regulations (Wet op de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC).
Surgical procedures
The surgical procedures were based on previous experiments
(Trezza et al., 2011b, 2012; van Kerkhof et al., 2013a). At 27–
28 days of age, rats were anaesthetized with Hypnorm (0.08 mL/
100 g, s.c.) (0.315 mg/mL fentanylcitrate and 10 mg/mL ﬂuanison,
Janssen, Beerse, Belgium) and positioned in a stereotactic frame
(David Kopf Instruments, Tujunga, CA, USA). Guide cannulas (24
gauge microblasted thin-walled stainless steel; Cooper’s Needleworks, Birmingham, UK) were implanted bilaterally. The cannulas
were aimed 0.5 mm above the habenula (coordinates: anterior–posterior, 3.0 mm from Bregma; medial–lateral,  0.8 mm from midline; dorsal–ventral, 4.2 mm from skull surface). Coordinates were
determined by pilot placements in rats at 28 days of age.
Cannulas were secured with stainless steel screws and dental
acrylic. Stainless steel stylets (29 gauge) were inserted into the guide
cannulas to maintain patency. After surgery, rats were individually
housed for 4 days to recover, after which they were housed with
their original cage mates.
Drugs and infusion procedures
The GABA-A receptor agonist muscimol (Tocris Bioscience, Bristol,
UK) and the GABA-B receptor agonist (RS)-baclofen (Tocris Bioscience) were dissolved in saline. Infusion procedures were as previously

described (Trezza et al., 2011b, 2012; van Kerkhof et al., 2013a). In
short, bilateral infusions of drugs or an equivalent volume of saline
were administered using 30 gauge injectors (Bilaney, D€
usseldorf, Germany) that were connected to 10 lL Hamilton microsyringes by polyethylene (PE-20) tubing. Over 60 s, 0.3 lL of the drugs or saline was
infused using a syringe pump (Harvard Apparatus, Holliston, MA,
USA), and the injectors were left in place for another 60 s to allow for
diffusion. Two different doses were used: a mixture of 1.0 nmol/
0.3 lL baclofen and 0.1 nmol/0.3 lL muscimol or a mixture of
0.3 nmol/0.3 lL baclofen and 0.03 nmol/0.3 lL muscimol (B&M).
Stylets were replaced after the procedure.
Behavioural testing
Experiments were performed as previously described (Trezza &
Vanderschuren, 2008a,b; Vanderschuren et al., 2008), in a soundattenuated chamber under red light conditions. The testing arena
was a Plexiglas cage (40 9 40 9 60 cm) with approximately 2 cm
of wood shavings covering the ﬂoor. Animals were randomly paired
with an unfamiliar partner, i.e. not a cage mate. Animals in a test
pair did not differ by more than 10 g in body weight.
The experiment investigating the effect of functional inactivation
of the habenula on social play behaviour was conducted as follows
(Trezza et al., 2011b, 2012; van Kerkhof et al., 2013a). At 1 week
post-surgery, the rats were habituated to the experimental procedures
on two consecutive days. On the ﬁrst habituation day, rats were
individually placed into the test cage for 10 min. On the second
habituation day, the animals were socially isolated for 2.5 h. Pairs
of rats were then infused with vehicle solutions and placed into the
test cage for 15 min, to habituate them to the infusion and testing
procedures. On the test day, pairs of rats were isolated for 3.5 or
24 h. Both rats in a pair were then simultaneously infused, placed
into separate holding cages for 5 min and subsequently placed
together into the test cage for 15 min.
The experiment aimed to determine the c-fos expression in the
habenula after social play behaviour was performed as previously
described (van Kerkhof et al., 2013b). Animals were separately
habituated to the test cage for 30 min on four consecutive days, to
minimize the inﬂuence of novelty of the test environment on c-fos
expression. The motivation for play was enhanced to half-maximal
and maximal levels, respectively, by isolating the animals for 3.5 or
24 h before the test (Niesink & Van Ree, 1989; Vanderschuren et al.,
1995, 2008). On the test day, animals were placed into the test cage
either in pairs (‘play group’) or alone (‘no play group’) for 15 min.
After the test, animals were placed back into their separate cages for
30 min. Subsequently, rats were killed by decapitation, and their
brains were quickly removed and frozen immediately ( 80 °C).
The behaviour of the animals was recorded using a camera
with zoom lens, video tape recorder and television monitor. The
behaviour of the playing rats was assessed using Observer 5.1
software (Noldus Information Technology B.V., Wageningen, The
Netherlands). The structure of social play behaviour in rats has
previously been described in detail (Baenninger, 1967; Bolles &
Woods, 1964; Panksepp & Beatty, 1980; Pellis & Pellis, 1987; Pellis
et al., 1989; Poole & Fish, 1975; for reviews see Panksepp et al.,
1984; Pellis & Pellis, 1998; Trezza et al., 2010; Vanderschuren et al.,
1997). In rats, a bout of social play behaviour 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 that is pounced upon responds by evading,
the soliciting rat may start to chase it, thus making another attempt to
launch a play bout. The solicited animal may also rear towards the
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soliciting animal and the two animals may rapidly push, paw, and grab
each other (‘boxing’). If the animal that is pounced upon 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 initiate another play bout,
by trying to gain access to the other animal’s neck. Thus, during social
play, pouncing is considered an index of play solicitation, whereas
pinning functions as a releaser of a prolonged play bout (Poole & Fish,
1975; Panksepp & Beatty, 1980; Pellis & Pellis, 1987; Pellis et al.,
1989). Pinning and pouncing frequencies can easily be quantiﬁed
and are considered the most characteristic parameters of social play
behaviour in rats (Panksepp & Beatty, 1980). During the social
encounter, animals may also display social behaviours not directly
associated with play, such as snifﬁng or grooming the partner’s body
(Panksepp & Beatty, 1980; Vanderschuren et al., 1995, 2008). As
social play behaviour in rats strongly depends on the playfulness of
the partner (Pellis & McKenna, 1992; Trezza & Vanderschuren,
2008a), in the present study, both animals in a play pair were similarly
treated. The following parameters were therefore scored per pair of
animals (to determine the effect of B&M treatment) or individually
(for c-fos analysis).
Social behaviours related to play:
● Frequency of pinning.
● Frequency of pouncing.
● Total play duration: the total amount of time spent in playful
social interactions (i.e. pinning, pouncing, boxing or chasing the
play partner).
Social behaviours unrelated to play:
● Time spent in social exploration: the total amount of time spent in
non-playful forms of social interaction (i.e. one animal snifﬁng or
grooming any part of the partner’s body).
Pinning, pouncing and other playful behaviours usually occur
very rapidly and are of short duration. Therefore, scoring their individual frequency is more informative than scoring their duration.
Moreover, we have also found that pinning and pouncing are very
reliable play parameters, which occur consistently and with considerable frequency during playful encounters (see also Panksepp &
Beatty, 1980; Vanderschuren et al., 1995, 2008), whereas the occurrence of chasing and boxing can be quite variable. In order to evaluate the total amount of time spent in playful social behaviours (e.g.
pinning, pouncing) vs. social behaviours unrelated to play (e.g.
social exploration: snifﬁng, social grooming), we also included the
total play duration as a parameter. Changes in boxing and chasing
provided only minor contributions to the effects on total play duration observed.
To assess whether the effects of the drug treatment on social play
were secondary to changes in locomotor activity, the rats were subsequently tested for horizontal locomotor activity as previously
described (Trezza et al., 2009; Veeneman et al., 2011; van Kerkhof
et al., 2013a). There was at least 1 day without infusions or testing
between the tests for social play behaviour and locomotor activity.
The infusion protocol was similar to that described above. After the
infusion procedure, rats were transferred to a plastic cage
(l 9 w 9 h, 50 9 33 9 40 cm) and their position was tracked ﬁve
times per second for 30 min using a video-tracking system (EthoVision; Noldus Information Technology B.V.).
Histological confirmation of injection sites
Animals were killed using carbon dioxide inhalation and microinjected with 0.3 lL of black ink (Parker) for 1 min through the guide

cannulas, similar to the drug infusion procedure. After the infusion,
animals were immediately decapitated and their brains removed and
immediately frozen. Cryostat sections (20 lm) were collected and
stained using Nissl staining. In short, slides were placed in Thionin
solution (0.13% in MilliQ) for 1–5 min. Subsequently, slides were
placed for 1 min in MilliQ water, 70, 80, 96 and 100% ethanol
(3 9). Next, slides were placed in xylene (2 9) for 2 min and coverslipped using Entellan (Merck, Darmstadt, Germany). Placement
of the microinjection sides was determined using a light microscope
according to the atlas of Paxinos & Watson (2007). Only pairs in
which both animals had bilateral needle tracks terminating in the habenula were included in the ﬁnal analysis. A schematic representation of brain sections with the spread of microinjection placements
is presented in Fig. 1A. Infusion sites included both the medial
(mHb) and lateral (lHb) habenula (see Fig. 1B for a diagram outlining the different habenula subnuclei).
c-fos digoxigenin in situ hybridization
Fresh frozen brains were cryostat sectioned ( 20 °C) at 14 lm,
mounted on Super-Frost Plus slides (Eric Scientiﬁc Co., Portsmouth,
NH, USA) and stored at 80 °C. Slides were warmed to room temperature (19-21°C) before ﬁxation with 4% paraformaldehyde [4%
paraformaldehyde in phosphate-buffered saline, 154 mM NaCl,
0.896 mM KH2PO4, 4.58 mM Na2HPO4, pH 7.5]. Acetylation of the
slides was performed with acetic anhydride (0.25% acetic anhydride
in 1.5% triethanolamine buffer). Subsequently, slides were washed
with phosphate-buffered saline and 2 9 saline sodium citrate
buffer before applying the hybridization mix (50% formamide, 4 9
saline sodium citrate buffer, 0.4% baker’s yeast tRNA, 2% 50 9
Denhardt’s reagent, 10% Dextran, 0.05% salmon sperm DNA)
containing 5 ng c-fos probe per section.
The probe was generated using cDNA synthesized from total rat
brain RNA and the iScript reverse transcriptase kit with random
hexamers, according to the manufacturer’s protocol (Bio-Rad, Hercules, CA, USA). A polymerase chain reaction was performed with

A

B

Fig. 1. (A) Schematic representation of brain sections with the spread of
microinjection placements (black dots) in the habenula. (B) Schematic representation of a brain section outlining the borders of the different habenula
subnuclei analysed for c-fos expression. Adapted from Paxinos & Watson
(2007).
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c-fos-speciﬁc primers containing T3/T7 promoters. Primers (Eurogentec, Liege, Belgium) were designed using Primer3 (Rozen &
Skaletsky, 2000). All primers were checked for gene speciﬁcity by
BLAST searching. The primer sequences used for c-fos (Genbank
NM_022197.2) were T3 antisense: AATTAACCCTCACTAAAGG
G-CACAGCCTGGTGAGTTTCAC and T7 sense: GTAATACGAC
TCACTATAGGG-TCACCCTGCCTCTTCTCAAT. The polymerase
chain reaction product size was checked by agarose gel electrophoresis. From these polymerase chain reaction products, labelled probes
were generated by linear ampliﬁcation using the MAXIscript kit
according to the manufacturer’s protocol (Applied Biosystems, Foster
City, CA, USA) and probes were labelled using digoxigenin (DIG)–
UTP (DIG labelling mix; Roche, Penzberg, Germany). The probe
size and concentration were checked using agarose gel electrophoreses. The probe was brieﬂy heated at 95 °C before adding it to the
hybridization mix and hybridization was performed in a humid
chamber at 60 °C overnight. Method speciﬁcity control included
hybridization with the sense probe, which did not result in speciﬁc
cell labelling, as illustrated in Fig. 2A (the image contrast in this
ﬁgure was enhanced using Corel Photo-Paint).
Post-hybridization washes were carried out with 1 9 saline
sodium citrate buffer at 60 °C, including a wash with 2 9 saline
sodium citrate buffer containing RNAse A (0.3 units/mL; Roche) at
37 °C. Before antibody incubation, slides were exposed to a blocking solution (1% blocking powder in Tris buffer, 100 mM Tris,
150 mM NaCl, pH 7.5) according to the DIG detection kit manual
(Roche) for 1 h. Slides were incubated with anti-DIG–alkaline phosphatase antibody (1 : 2500, DIG detection kit; Roche). This antibody was conjugated to alkaline phosphatase, allowing the use of
nitro-blue tetrazoliumchloride/5-bromo-4-chloro-3-indolyphosphate
p-toluidine salt as a substrate to visualize the probe. The antibody
incubation was performed overnight at 4 °C.
Following antibody incubation, slides were washed in Trisbuffered saline (100 mM Tris, 150 mM NaCl, pH 7.5) and a magnesium buffer (100 mM Tris, 100 mM NaCl, 50 mM MgCl, pH 9.5).
Incubation with the substrate nitro-blue tetrazoliumchloride/5bromo-4-chloro-3-indolyphosphate p-toluidine salt (1 : 50; Roche)
in magnesium buffer was performed in a humid chamber at room

A

temperature for 28 h. The reaction was stopped with Tris-buffered
saline containing 1 mM EDTA (pH 7.5) and slides were washed
twice with water to remove salt precipitate. Slides were left to dry
and coverslipped using Merckoglas (Merck).
Quantification of c-fos-immunopositive cells
The quantiﬁcation methods have been described previously (Nordquist et al., 2008). Images of all regions of interest were digitized
using an objective magniﬁcation of 9 5 on a Leica DM/RBE photomicroscope with a Q-imaging 12 bit camera and MCID software (InterFocus Imaging, Cambridge, UK). Image acquisition was preceded
by a ﬂat ﬁeld correction and a calibration routine to ensure standardized optical density values. For each subject, three (occasionally two)
sections were digitized per region of interest. Sections were made in
series of 10 and therefore sections were 140 lm apart.
Regions of interest were determined using images of Nissl-stained
adjacent sections (Nissl staining as described above) according to
the atlas of the rat brain by Paxinos & Watson (2007), as schematically presented in Fig. 1B. The habenula can be divided into the
mHB and lHb, whereby the latter can be subdivided into the lateral
habenula medial part (lHbm) and lateral habenula lateral part (lHbl).
These regions provide regionally distributed input to monoamine
nuclei, including the VTA, dorsal raphe nucleus, and locus coeruleus (Lecourtier & Kelly, 2007; Kim, 2009; Goncalves et al., 2012).
Therefore, c-fos-immunopositive cells were quantiﬁed in these three
subregions of the habenula. An algorithm was used to identify
c-fos-positive cells (Nordquist et al., 2008). The c-fos-immunopositive cell somata were segregated from background staining using
several point operators and spatial ﬁlters combined in an algorithm
designed to detect local changes in optical density. Images underwent histogram equalization followed by smoothing (low-pass ﬁlter,
kernel size 7 9 7). Next, the unﬁltered image was subtracted from
the smoothed image. Subsequent steps involved optimizing the
image for use as a measuring template; the image was binarized and
subjected to erosion (kernel size 5 9 5), smoothing (kernel size
7 9 7) and dilation (kernel size 3 9 3). Finally, for detecting
objects, the size and shape of c-fos-immunoreactive neuron exclu-

B

Fig. 2. (A) Illustration of immunolabelling using antisense or sense probes for c-fos in the motor cortex, a brain region with very high levels of c-fos gene
expression. Note the presence and absence of speciﬁc cell labelling after hybridization with the antisense or sense probes, respectively. Bar = 50 lm. (B) Theoretical representation of potential shifts in the intensity histogram. Curve 1 indicates the frequency histogram of the control group. The two vertical lines indicate
the cut-off points used to separate the cells into the light, medium and dark categories (33 and 67%). The area under the curve represents the total number of
c-fos-positive cells/mm2, i.e. the cell density. If social play behaviour induces c-fos activity in a new group of neurons, an increase in the cell density is
expected, which would be reﬂected in an upward shift of the histogram (curve 2). This should be apparent as an enhanced cell density primarily in the medium
category. Alternatively, if the same neurons are active, but express more c-fos as a result of play behaviour, a rightward shift is expected, with an increase in
the cell density in the dark category (curve 3). A downward or leftward shift in the histogram could be explained in a similar fashion. Adapted from Nordquist
et al. (2008).
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sion criteria were used so that only objects with a surface area larger
than 8 lm2, maximum diameter smaller than 8 lm and a form
factor smaller than 0.9 were selected. The number of cells counted
was corrected with a factor indicating the approximate size of a cell,
thus preventing two adjacent segmented objects being mistakenly
counted as one cell. This algorithm allowed for an observer-independent measurement. Several parameters were measured: number of
c-fos-positive cells, optical density of each cell, and total measured
surface area of the region.
Data analysis of c-fos expression levels
The parameters obtained from the MCID software were used to
calculate the density of c-fos-positive cells (number of positive cells
divided by the total surface area of the region). Changes in the (re)
activity of a particular brain region upon exposure to a stimulus
such as social play not only comprise changes in the number of
responsive cells, but also the intensity with which individual cells
respond. This intensity can be measured at the cellular level by
determining the relative amount of hybridized probe in hybridization
histochemistry, which represents the amount of mRNA (Higo et al.
1999; Hill et al. 1993; Robbins et al. 1991; Stylianopoulou et al.
2012; Zhao et al. 2008). In the present experiments, we used densitometry to measure the immunocytochemical signal that was used to
detect the hybridized c-fos antisense probe. This signal consisted of
the purple–brown reaction product generated by alkaline phosphatase in the protocol for detecting DIG-labelled probes as described
in Materials and methods.
To compare the c-fos-positive cell density (FpCD) in a manner that
takes the labelling intensity into account, cells were categorized into
three conditions: light, medium, and dark. Therefore, a frequency histogram of the optical densities of all cells in the non-playing animals
was made for each brain region. These histograms were used to calculate the 33rd and 67th percentile of the optical density in the non-playing animals. These optical density values were used to categorize the
cells in all animals. The number of cells in each category was divided
by the total surface area of the respective region of interest, to determine the cell density per intensity category. The cell densities of the
three categories indicated shifts in the frequency histograms of the
optical densities (Fig. 2B). An upward shift in the histogram would be
reﬂected by an increase in the overall cell density as well as an
increase in the medium category and would suggest recruitment of a
new population of cells. A rightward shift of the curve is expected
when the same neurons are active, but express more c-fos. This would
be reﬂected by an increase in the cell density in the dark category. In a
similar fashion, a downward or leftward shift of the histogram would
indicate a smaller number of activated cells, or a reduced quantity of
c-fos expression per activated cell, respectively.
Statistical analysis
For data analysis, SPSS software 15.0 (IBM Software, New York,
NY, USA) was used. For each animal the mean FpCD of three
images (taken from three subsequent sections) was calculated. To
assess the effect of isolation time and play experience on the FpCD,
data were analysed using a two-way ANOVA with social isolation and
play experience as between-subject factors. To determine the effect
of play on the FpCD per intensity category, a two-way ANOVA was
also used, with play experience and social isolation time as
between-subject factors, followed by post-hoc Student’s t-test analysis if appropriate. To assess the effect of B&M infusions on social
play behaviour, data were analysed using a paired-samples Student’s

t-test or an independent Student’s t-test, depending on the experimental setup. The effect of B&M administration on locomotor activity was analysed using a one-way ANOVA.

Results
Social isolation induces c-fos expression in the habenula
The mean FpCD was determined in rats (n = 8/group) that were
socially isolated for 3.5 or 24 h. After these isolation periods, half of
the animals were placed in the test cage with a partner for 15 min
(‘play’ group), whereas the other group was placed in the same test
cage alone (‘no play’ group). Representative pictures of c-fos labelling
in all groups are provided in Fig. 3A–D. In all habenula subregions,
social isolation for 24 h induced a signiﬁcant increase in the FpCD
compared
with
social
isolation
for
3.5 h
[mHb:
Fisolation(1,28) = 2.522, P = 0.026; lHbm: Fisolation(1,28) = 33.524,
P < 0.001; lHbl: Fisolation(1,28) = 22.556, P < 0.001] (Fig. 3E–G).
These results indicate that, after social isolation for 24 h, c-fos activity
was increased in the entire habenula. No effect of play on the FpCD
was observed in any of the habenula regions [mHb: Fplay
(1,28) = 0.013, P = 0.910; lHbm: Fplay(1,28) = 1.337, P = 0.257;
lHbl: Fplay(1,28) = 1.167, P = 0.289], nor was an interaction
observed between isolation and play [mHb: Fplay 9 isolation
(1,28) = 2.780, P = 0.107; lHbm: Fplay 9 isolation(1,28) = 1.912,
P = 0.178; lHbl: Fplay 9 isolation(1,28) = 1.101, P = 0.303].
In addition, the c-fos expression levels were analysed taking the
intensity levels into account (Fig. 4). This entailed the differentiation
of the FpCD per category of intensity: light, medium and dark cells
(see Fig. 2B). The results indicate that, in all regions, 24 h of social
isolation decreased the FpCD in the light category [mHb:
Fisolation(1,27) = 71.539, P < 0.001; lHbm: Fisolation(1,28) = 28.479,
P < 0.001; lHbl: Fisolation(1,28) = 32.231, P < 0.001], whereas it
increased the FpCD in the medium and dark categories [medium:
mHb: Fisolation(1,27) = 63.848, P < 0.001; lHbm: Fisolation(1,28) =
38.411, P < 0.001; lHbl: Fisolation(1,28) = 29.267, P < 0.001; dark:
mHb: Fisolation(1,28) = 49.644, P < 0.001; lHbm: Fisolation
(1,28) = 104.981, P < 0.001; lHbl: Fisolation(1,28) = 38.210, P <
0.001] (Fig. 4). These results suggest that social isolation for 24 h
enhanced the levels of c-fos in cells that already express c-fos as well
as recruiting previously inactive cells.
Interestingly, in the lHbm, a signiﬁcant effect of play was
observed in the dark category [Fplay(1,28) = 4.348, P = 0.046], as
well as an interaction between the effect of play and the effect of
isolation [Fisolation 9 play(1,28) = 4.943, P = 0.034] (Fig. 4F). These
results indicate that play had a differential effect on the dark c-fospositive cells in the lHbm after 3.5 and 24 h of isolation. Post-hoc
independent t-tests showed that there was no effect of play after
3.5 h isolation (t = 0.381, d.f. = 14, P = 0.709), whereas after 24 h
of isolation, play reduced the FpCD in the dark category
(t = 2.191, d.f. = 14, P = 0.046). In none of the other regions
were effects of play observed in the different categories [light: mHb:
Fplay(1,27) = 1.859,
P = 0.184;
lHbm:
Fplay(1,28) = 0.789,
P = 0.382; lHbl: Fplay(1,28) = 0.377, P = 0.544; medium: mHb:
Fplay(1,27) = 0.758,
P = 0.392;
lHbm:
Fplay(1,28) = 0.791,
P = 0.381; lHbl: Fplay(1,28) = 1.343, P = 0.256; dark: mHb:
Fplay(1,27) = 0.186,
P = 0.670;
lHbl:
Fplay(1,28) = 0.595,
P = 0.447] (Fig. 4).
In summary, social isolation enhanced c-fos expression throughout the habenula. Social play behaviour reduced the number of
dark c-fos-expressing cells in the lHbm after 24 h of social
isolation.
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Fig. 3. Social isolation for 24 h enhances the cell density of c-fos-positive cells. The FpCD was determined in rats after 3.5 or 24 h of social isolation and
subsequently receiving a play session (play; black bars) and in rats that were placed in the test cage without a partner (no play; white bars). Representative pictures of c-fos labelling after 3.5 h no play (A), 3.5 h play (B), 24 h no play (C), and 24 h play (D). The contrast of these images was enhanced for illustrative
purposes (CorelDraw Graphics X5, contrast +40%, brightness 25%). Note that original images were used for the analysis. Quantiﬁcation of c-fos-positive cells
in the four groups in the mHb (E), lHbm (F) and lHbl (G). Data are presented as mean  SEM. *P < 0.05, ***P < 0.001.

Temporary inactivation of the habenula reduced social play
behaviour
To further investigate the role of the habenula in social play
behaviour, this region was temporarily inactivated by local administration of B&M. The effect of B&M administration was investigated
after both 3.5 and 24 h of social isolation (Fig. 5). The dose of
1.0 nmol/0.3 lL baclofen and 0.1 nmol/0.3 lL muscimol almost
completely abolished the levels of pinning after 24 h of isolation
(t = 4.808, d.f. = 5, P = 0.005) (Fig. 5A). In addition, this dose of
B&M decreased pouncing (t = 4.074, d.f. = 5, P = 0.010) and
reduced the total time spent on social play behaviour (t = 6.321,
d.f. = 5, P = 0.002). In contrast, social exploratory behaviour was
unaffected (t = 0.849, d.f. = 5, P = 0.435). These results indicate
a speciﬁc effect of habenula inactivation on social play behaviour,
without affecting non-playful social interactions.
As this dose of B&M profoundly reduced social play behaviour,
a lower dose of B&M (0.3 nmol/0.3 lL baclofen and 0.03 nmol/
0.3 lL muscimol) was also tested after 24 h of social isolation
(Fig. 5A). This dose also reduced pinning (t = 3.177, d.f. = 10,
P = 0.010) and total play duration (t = 3.804, d.f. = 10, P = 0.003),
but did not affect pouncing (t = 1.662, d.f. = 10, P = 0.128). These
results suggest that, at a lower dose, inactivation of the habenula
speciﬁcally affected the responsiveness to social play initiations.
Similar to the higher dose, this dose did not inﬂuence social exploration (t = 1.616, d.f. = 10, P = 0.137).
As social isolation affected FpCD in the habenula (Figs 3 and
4), the effect of temporary inactivation of the habenula was also

investigated after 3.5 h of social isolation, to establish whether the
involvement of the habenula in social play depended on the duration of social isolation (Fig. 5B). After 24 h of social isolation,
the lower dose of B&M profoundly reduced pinning, but not
pouncing, whereas the higher dose of B&M almost completely
blocked pinning, suggesting that the reduction in pouncing at this
dose was secondary to the reduced responsiveness to play initiation. Therefore, only the lower dose of B&M (0.3 nmol/0.3 lL
baclofen and 0.03 nmol/0.3 lL muscimol) was tested after 3.5 h
isolation. Similar to what happened after 24 h of social isolation,
B&M reduced pinning (t = 5.106, d.f. = 10, P < 0.001) and the
total play duration (t = 4.668, d.f. = 10, P = 0.001), but not
pouncing (t = 1.664, d.f. = 10, P = 0.127) or social exploration
( 1.837, d.f. = 10, P = 0.096). Interestingly, although levels of
play are usually half-maximal and maximal, respectively, after
social isolation for 3.5 or 24 h before the test (Niesink & Van
Ree, 1989; Vanderschuren et al., 1995, 2008), in this series of
experiments, the absolute amounts of social play after 3.5 h of
social isolation (Fig. 5B) were similar to those after 24 h of isolation (Fig. 5A). This is probably the result of interexperiment variation. Indeed, especially after intracranial surgery, the levels of
social play that we observe can vary considerably but, in our
experience, this variation has minimal inﬂuence on the effectiveness of drug treatments or intracranial manipulations (Trezza &
Vanderschuren, 2008b; Trezza et al., 2011b, 2012; van Kerkhof
et al., 2013a). Therefore, we think that it is fair to conclude from
these experiments (Fig. 5A and B) that the duration of social
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Fig. 4. Social isolation for 24 h reduces the cell density of light c-fos-positive cells, whereas it increases the cell density of medium and dark positive cells in
the mHb (A–C), lHbm (D–F), and lHbl (G–I). Social play behaviour reduces the density of dark c-fos-positive cells after 24 h of social isolation in the lHbm
(F). The FpCD was determined in rats after 3.5 or 24 h of social isolation and subsequently receiving a play session (play; black bars) and in rats that were
placed in the test cage without a partner (no play; white bars). Data are presented as mean  SEM. ***P < 0.001 3.5 h vs. 24 h of social isolation, $P < 0.05
play vs. no play group.

isolation had no major inﬂuence on the play-reducing effect of
functional inactivation of the habenula. None of the B&M doses
tested inﬂuenced locomotor activity [Ftreatment(2.28) = 1.390,
P = 0.266] (Fig. 5C).
In summary, these results indicate that the inactivation of the
habenula speciﬁcally affected social play behaviour, leaving locomotor activity and non-playful social investigation intact. Responsiveness to play solicitation, i.e. pinning, was more sensitive to
habenula inactivation than the initiation of play, i.e. pouncing. Furthermore, the disruption of play by inactivation of the habenula was
independent of the duration of social isolation.

Discussion
The present study is the ﬁrst to report involvement of the habenula
in social play behaviour in rats. Our data show that the habenula
becomes activated after social isolation. This social isolation-induced
activation is reduced in the lHbm after social play. In addition, pharmacological inactivation of the habenula suppressed social play
behaviour.

The habenula responds to social isolation
In the present study, c-fos activity in the habenula was investigated
after two periods of social isolation that have been shown to induce
half-maximal and maximal levels of social play behaviour (Niesink
& Van Ree, 1989; Vanderschuren et al., 1995, 2008). Social isolation for 24 h enhanced the number of cells expressing c-fos relative
to 3.5 h of social isolation, throughout the entire habenula. Previous
studies, as well as our own observations, using c-fos as a neuronal
activity marker have shown that the basal c-fos level in the habenula
is low in naive animals (Wirtshafter et al., 1994; Zhang et al.,
2005). It is therefore possible that, after 3.5 h of isolation, the levels
of c-fos are enhanced compared with baseline, but to a lesser extent
than after 24 h of isolation. This suggests that cellular activity in the
habenula is a function of the duration of social isolation.
Activation of the habenula after social isolation may be related to
its role in the processing of aversive information (Hikosaka, 2010).
Indeed, stressful stimuli have been shown to enhance c-fos expression in the lHb (Wirtshafter et al., 1994) and to induce immune
responses in the mHb (Cirulli et al., 1998; Sugama et al., 2002). In
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Fig. 5. Pharmacological inactivation of the habenula with B&M reduces social play after 24 h (A) and 3.5 h (B) of isolation, but does not affect social exploration (A and B) or locomotor activity (C). Saline (0 nmol B&M), white bars; 1.0/0.1 B&M, black bars; 0.3/0.03 nmol B&M, dark grey bars. Data are
presented as mean  SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. saline (0 nmol B&M).

addition, neuronal activity in the mHb and lHb has been found to
be enhanced in rat models of depression (Caldecott-Hazard et al.,
1988; Shumake et al., 2003). It is therefore likely that in the present
study the habenula was activated as a result of the negative emotional effects of social isolation.
The habenula is positioned as a key regulator of monoaminergic
neurotransmission. Activation of the habenula results in decreased
activity of dopaminergic and serotonergic neurons, and/or increased
noradrenergic activity, via direct and indirect projections to the VTA,
dorsal raphe nucleus and locus coeruleus, respectively (Stern et al.,
1979; Kalen et al., 1989a,b; Lecourtier & Kelly, 2007; Lecourtier
et al., 2008). Recently, it has been shown that the projection of the
lHb to the rostromedial tegmental nucleus, which in turn regulates
dopamine activity via its inhibitory projections to the VTA and substantia nigra, signals aversive information (Hong et al., 2011; Lammel
et al., 2012; Stamatakis & Stuber, 2012). Therefore, activity in the habenula after social isolation may result in altered monoamine levels,
which signal the affective states associated with social isolation and
the modulation of subsequent social interaction.
Social play reduces c-fos expression in the habenula after
social isolation
The opportunity to play
c-fos-positive cells in the
reduction in FpCD after
be related to the increase

reduced the number of darkly labelled
lHbm after 24 h of social isolation. The
play in animals isolated for 24 h may
in c-fos expression as a result of social

isolation. Social play behaviour is known to be highly rewarding
(Vanderschuren, 2010; Trezza et al., 2011a). The experience of a
positive social event or the termination of the negative situation
associated with social isolation may therefore reduce the activity
evoked by the aversive properties of social isolation in this part of
the habenula. It is then reasonable to expect that the experience of
social play behaviour has a larger effect on habenula activity after
longer isolation periods, which is in keeping with our observations.
Interestingly, social play speciﬁcally reduced the FpCD in the
lHbm, whereas it did not affect c-fos levels in the mHb or lHbl.
These different habenula subregions are known to have distinct
efferent and afferent connections, whereby the lHb has dense projections to monoamine-producing nuclei (Aghajanian & Wang, 1977;
Lecourtier & Kelly, 2007; Jhou et al., 2009; Goncalves et al.,
2012). More speciﬁcally, the lHbl mainly projects to the rostromedial tegmental nucleus, which provides a GABAergic input to the
VTA and dorsal raphe nucleus, whereas the lHbm mainly projects
directly to the VTA and dorsal raphe nucleus and has only sparse
projections to the rostromedial tegmental nucleus (Kim, 2009;
Goncalves et al., 2012). It has been hypothesized that the lHbl is
involved in signalling aversive stimuli via the rostromedial tegmental nucleus–VTA pathway to inhibit activity of dopamine neurons
(Hong et al., 2011; Lammel et al., 2012; Stamatakis & Stuber,
2012), whereas the lHbm is part of a habenula–VTA feedback loop,
because the lHbm directly projects to, and also receives direct inputs
from, the VTA (Skagerberg et al., 1984; Goncalves et al., 2012).
The experience of social play behaviour after 24 h of social
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isolation therefore alters the activity in the habenula–VTA loop,
reﬂected by changes in lHbm activity.
The lHb is also implicated in regulating serotonin and noradrenaline neurotransmission. This may also be related to the effects of
play on habenula c-fos levels, as these neurotransmitters are known
to modulate social play behaviour (Vanderschuren et al., 1997,
2008; Homberg et al., 2007; Trezza et al., 2010; Siviy & Panksepp,
2011; Siviy et al., 2011). It has recently been shown that signalling
from the basal ganglia to the habenula in response to aversive
stimuli is reduced by serotonin (Shabel et al., 2012), and that
antidepressants reduce the c-fos response to stress in the mHb (Silva
et al., 2012). Thus, the play-induced suppression of habenula
activity may be mediated by serotonin.
In summary, the positive experience of social play behaviour may
reduce habenula activity when the animal is in a negative emotional
state as a result of social isolation, through altered dopamine or
serotonin neurotransmission.
Inactivation of the habenula reduces social play behaviour
In the present study, we used local administration of a mixture of
two GABA receptor agonists to temporarily inactivate the habenula
(Martin & Ghez, 1999; Majchrzak & Di Scala, 2000; McFarland &
Kalivas, 2001; van Duuren et al., 2007). Pharmacological inactivation of the habenula decreased the frequency of pinning and the
total play duration, whereas a higher dose of the agonists also
reduced pouncing. The effect of habenula inactivation was speciﬁc
for playful social behaviour, as neither social exploration nor
locomotor activity was affected. The absence of an effect on general social interest is in keeping with the effects of lesions of the
habenula, which were found not to impair social interaction in adult
rats (Lecourtier et al., 2004). These results therefore suggest that,
in young rats, the habenula is speciﬁcally involved in playful,
rewarding social interactions.
The present study shows that the responsiveness to a playful solicitation is more sensitive to habenula inactivation than initiation of a
playful interaction. Inactivation of the habenula reduced pinning,
which is the response to a playful solicitation (Poole & Fish, 1975;
Panksepp & Beatty, 1980; Pellis & Pellis, 1987; Pellis et al., 1989),
and, at a high dose of B&M, pouncing (i.e. play solicitation) was also
reduced. This reduction in pouncing is probably an indirect effect of
near-complete abolishment of responsiveness to play solicitation after
treatment with the higher dose of B&M. The explanation resonates
well with an older study that found that lesions of the habenula
reduced the responsiveness to sexual solicitation in female rats, but
not sexual initiative in male rats (Modianos et al., 1974). As our infusions covered both the lHb and mHb subnuclei, the alternative possibility that distinct subregions of the habenula, which are differentially
sensitive to GABA receptor agonism, modulate different aspects of
play cannot be ruled out. Our observation that habenula inactivation
particularly reduced the responsiveness to play solicitation is not easily explained on the basis of the role of the habenula in signalling
aversive information (Hikosaka, 2010). Rather, these ﬁndings suggest
that habenula activity plays a role in the prolongation of a positive
social interaction, such as sexual behaviour (Modianos et al., 1974) or
social play (present study). Together, our data therefore implicate the
habenula in the processing of social information, which can be of
either positive (i.e. social play) or negative (i.e. social isolation)
valence.
The habenula complex has direct efferent and afferent connections
with regions that have previously been reported to be involved in
social play behaviour, such as the thalamus and septum (Beatty

et al., 1982; Siviy & Panksepp, 1985, 1987; Lecourtier & Kelly,
2007). In addition, the habenula is a key regulator of monoaminergic neurotransmission, and inactivation of the habenula is likely to
interfere with this process. As mentioned above, manipulations of
habenula signalling have been reported to alter dopamine (Lecourtier
et al., 2008), serotonin (Stern et al., 1979; Kalen et al., 1989b;
Yang et al., 2008) and noradrenaline neurotransmission (Kalen
et al., 1989a,b). Numerous previous studies have indicated that a
correct balance in monoaminergic activity is essential for the expression of social play behaviour (for reviews see Vanderschuren et al.,
1997; Trezza et al., 2010; Siviy & Panksepp, 2011). Therefore, it is
likely that inactivation of the habenula disrupts social play
behaviour via alteration of monoaminergic signalling and/or via its
projection to other regions, such as the thalamus.
Concluding remarks
The present study indicates an important role for the habenula in
the processing of positive (i.e. social play behaviour) and negative
(i.e. social isolation) social information. These data enhance our
knowledge of the neural mechanisms of social play behaviour. This
is of great relevance in view of the importance of social play for
behavioural development and the impairments in social play seen in
child and adolescent psychiatric disorders. In addition, these
ﬁndings contribute to our knowledge of the physiological role of the
habenula in adaptive behaviour, extending its importance beyond
the processing of aversive information.
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