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Social behavior represents an integral part of behavioral repertoire of rats particularly
sensitive to pharmacological and environmental influences. The aim of the present
study was to investigate whether early postnatal clonazepam (CZP) exposure can
induce age-dependent changes related to expression of social behavior. The drug was
administered from postnatal day (P) 7 until P11 at daily doses of 0.1, 0.5 and 1.0 mg/kg i.p.
We designed three experiments to assess whether exposure to CZP affects social behavior
in respect to the age of rats and the test circumstances, specifically their familiarity with
test conditions during adolescence (P32), social behavior in juveniles and adolescents
(P18–P42) and social behavior in a resident-intruder paradigm. The frequency and duration
of a various patterns of social behavior related to play and social investigation not related
to play were evaluated. The results showed that CZP postnatal exposure decreased social
play behavior regardless of age and familiarity or unfamiliarity of experimental environment
but did not affect the social investigation per se. When rats were confronted with an
intruder in their home cages intense wrestling and inhibition of genital investigation
were found. In conclusion, these findings show that short-term CZP postnatal exposure
inhibits social play behavior and alters specific patterns of social behavior in an age and
environment related manner.
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INTRODUCTION
Benzodiazepine (BZD) exposure during brain development can
result in persistent modification of brain functions, behavioral
alterations and cognitive deficits (for rev. Gai and Grimm, 1982;
Tucker, 1985; Kellogg, 1988). Enduring behavioral, biochemical
and molecular effects can also occur when drugs are administered
after neuronal differentiation, but before complete maturation of
the central system, i.e., during the first three weeks of life in rats
(Avishai-Eliner et al., 2002) or later during adolescence (Hulin
et al., 2012). In spite of possible risk of adverse effects, BZDs are
widely prescribed to treat anxiety, depression and insomnia, to
control epileptic seizures, promote anesthesia or to induce muscle
relaxation in all age groups of patients including neonate and
children (for rev. Lader, 1994; Lalive et al., 2011).

Effects of BZDs are specifically mediated by their interaction
with BZD receptor binding site, which modulates the efficacy
of the major inhibitory neurotransmitter, γ-aminobutyric acid
(GABA), at the BZD-sensitive GABAA (BZD/GABAA) recep-
tors. In rats, BZD/GABAA receptors can be detected during
the last week of gestation and they reach the adult level by
the third-fourth week of life (Lippa et al., 1981). Changes
of BZD/GABAA receptor features were detected in animals
exposed to BZDs prenatally as well as postnatally (for rev.
Tucker, 1985). A recent study documented that early treatment
with BZDs induces selective alteration of subunit expression.
Changes at receptor level were observed also after administration

of other GABAA receptor ligands as barbiturates (Raol et al.,
2005). In addition, administration of GABAergic drugs including
BZDs during the 1st week of life increases apoptosis (Bittigau
et al., 2002; Forcelli et al., 2012). Therefore changes at both
molecular and cellular level can result in alteration of neu-
ronal circuitry in the immature brain and induce functional
impairment.

Despite high clinical importance, possible long-term risks of
early postnatal exposure to BZDs are only rarely investigated.
Some changes of behavior related to anxiety, aggression, emo-
tional state and cognitive abilities were reported in animals
exposed to BZDs from birth until weaning (P1–P21) and tested
during adolescence or adulthood (File, 1986a,b,c; Schroeder et al.,
1997). In these studies exposure to BZDs lasted for long time and
affected several critical developmental periods including switch
in BZDs receptor structure and maturation of the hippocam-
pal formation (Garrett et al., 1990; Avishai-Eliner et al., 2002).
Due to sedation and myorelexation (for rev. Tucker, 1985), long
lasting administration of BZDs was found to cause undernu-
trition and significant growth retardation, which can negatively
impact future functional abilities of exposed individuals (Smart
et al., 1973). Even though adverse effects of long lasting BZD
exposure can substantially affect results of developmental stud-
ies, chronic consequences of short lasting BZD exposure are
sparse. File (1987) demonstrated changes of exploratory activity
and emotional state (e.g., increased aggression) in adolescent

Frontiers in Behavioral Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 169 | 1

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/about
http://www.frontiersin.org/Journal/10.3389/fnbeh.2014.00169/abstract
http://www.frontiersin.org/Journal/10.3389/fnbeh.2014.00169/abstract
http://community.frontiersin.org/people/u/100024
http://community.frontiersin.org/people/u/153410
http://community.frontiersin.org/people/u/62609
mailto:nmikul@epilepsy.biomed.cas.cz
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Mikulecká et al. Benzodiazepines exposure on social behavior in rats

animals exposed to diazepam at P1–P7 (File, 1987). Recently,
studies with another modulator of GABAA receptors, allopreg-
nanolone, showed long-lasting emotional and cognitive impair-
ment in adult animals exposed to this neurosteroid between
P5 and P9 (Darbra and Pallarès, 2009; Mòdol et al., 2013).
Thus available data clearly document that early modulation of
GABAA receptors can modify behavior at later stages of devel-
opment and relate to a susceptibility to psychopathology in
adulthood.

Studies on functional cosequences of early BZD exposure
have focused mostly on cognitive abilities and emotional state.
Alterations of social behavior are examined only sporadically
despite an importance of normal social interactions for further
development and life in highly organized groups. Only File’s
studies have documented impairment of social interactions in
animals exposed to BZDs early in the life and suggested that
alteration depends on the time-course of drug exposure, dose and
experimental approach (File, 1986b,c, 1987). Data are however
still fragmentary.

Present study was designed to determine whether exposure
to BZDs at early postnatal stage (P7–P11) which corresponds
with perinatal period in humans (Dobbing and Sands, 1979;
Avishai-Eliner et al., 2002; Clancy et al., 2007), affects: (1)
social behavior during adolescence (P32); (2) social behavior
in juveniles and adolescents (P18–P42); and (3) social behavior
of rats in their homing environment at three developmental
stages: middle adolescence (P32), sexual maturity (P60), and
adulthood (P80). The general design of used behavioral tests was
adapted from the literature (Meaney and Stewart, 1981; Fraňková
and Mikulecká, 1990; Vanderschuren et al., 1995b; Mitchell and
Redfern, 2005).

As a model BZD, we chose clonazepam (CZP), a partial
BZD agonist, first used for treatment of certain types of seizures
(Morishita, 2009). Safety and negligible adverse effects of CZP
in immature rats were demonstrated before (Mikulecká et al.,
2011). Data on pharmacokinetics of CZP in rats are sparse, but
Hoogerkamp et al. (1996) showed that terminal half-life of CZP
in adult rats is approximately 1 h. Immature organisms eliminate
CZP more slowly than adults (André et al., 1986). Our previous
studies demonstrated duration of both anticonvulsive and anxi-
olytic effects in rat pups. After single administration of CZP in
a dose of 1.0 mg/kg both P7 and P12, animals were partially
protected against pentylenetetrazole (PTZ)-induced seizures for
24 h (Kubová and Mareš, 1989). CZP in the same dose exhibited
anxiolytic effects in P12 rats for 48 h whereas motor impairment
was observed for only 3 h (Mikulecká et al., 2011). Also repeated
CZP administration only minimally affected body growth and
did not affect maternal attention and care (Mikulecká et al.,
2014).

MATERIAL AND METHODS
ANIMALS
Male Wistar albino rats (Institute of Physiology, Academy of
Sciences, Prague, n = 190) were used and maintained under
controlled temperature (22 ± 1◦C) and humidity (50 to 60%)
with a 12/12 h light/dark cycle (lights on at 6:00 AM). Food
and water were provided ad libitum (with the exception of the

testing period). On day 5, (birth counted as day 0) the pups
were randomly fostered and each litter was adjusted to ten males.
At P7 the animals were marked for identification and mixed by
treatment. To exclude the participation of a litter effect, only
a limited number of animals from the same litter were used.
They were weaned at postnatal day (P) 28. After weaning, the
animals were housed in groups of 3–4 per cage. Experiments were
approved by the animal Care and Use Committee of the Institute
of Physiology, Academy of Sciences of the Czech Republic (v.v.i),
and determined to be in agreement with the Animal Protec-
tion Law of the Czech Republic, which is fully compatible with
the guidelines of the European Community Council directives
86/609/EEC.

DRUG EXPOSURE
CZP (Hoffmann–Switzerland; obtained as a gift) was suspended
in one drop of Tween 80 and 1 ml of saline. Subsequently, this
solution was diluted in such a way that all used doses of CZP
were administered in the same volume of 5 µl/g of body weight.
The doses were selected according to our previous studies on
anticonvulsant effects of CZP in developing animals (Kubová
and Mareš, 1989; Mikulecká et al., 2011). The doses were opti-
mized according to results obtained in the first experiment, social
behavior in adolescence (Experiment 1). In this experiment CZP
at the doses of 0.1, 0.5 and/or 1.0 mg/kg were administered
intraperitoneally for 5 consecutive days, starting from P7 to P11.
In other experiments only doses of 0.5 or 1.0 mg/kg were used.
Control animals received the corresponding volume of vehicle.
Animals were weighted daily during the CZP exposure, on P12
and P15, and at the beginning of each experiment. Overall health
condition was regularly examined.

EXPERIMENTAL DESIGN
The experimental procedures are depicted in Figure 1. All exper-
iments were performed in a room with constant temperature
(22 ± 1◦C), under low-light conditions (35–45 lx), between
9:00 AM and 3:00 PM. Animals behavior was video recorded and
then analyzed using Observer, and locomotion was assessed using

FIGURE 1 | Design/time diagram of experimental procedure: social
behavior in adolescence, social behavior during development and
social behavior in a resident-intruder paradigm. The upper part shows a
timeline for the Experiment 1: social behavior in adolescence after 0.1, 0.5
and 1.0 mg/kg/day of CZP exposure between P7 and P11. The middle part
shows a timeline for the Experiment 2: social behavior during development
after 0.5 and 1.0 mg/kg/day of CZP exposure. The lower part shows a
timeline for the Experiment 3: social behavior in a resident-intruder
paradigm.
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EthoVision (both software Noldus Information Technology). Two
experimenters analyzed the video recordings simultaneously and
repeatedly until both of them were able to recognize the same
patterns. The patterns with duration of one second or more were
counted. Then, both observers performed evaluation of record-
ings separately, and between-reliability was calculated (between-
reliability >0.9).

Experiment 1: Social behavior in adolescence
Animals were tested at the age of 32 days (P32). The control group
consisted of nine pairs of rats. The group exposed to CZP at
a dose of 0.1 mg/kg consisted of eight pairs and those exposed
to CZP at a dose of 0.5 mg/kg and 1.0 mg/kg both consisted
of nine pairs. Two consecutive days before social interaction,
the animals were familiarized to the experimental condition by
placing them individually into the open field arena (OF) (45 ×
45 × 30 cm) for 5 min. On the day of social interaction test, the
rats were weighted, marked and individually isolated into small
cages (21× 27 cm) for three hours. Two rats from different litters
with identical treatment (C vs. C, CZP vs. CZP) were placed
into the OF arena at opposite corners and their behavior was
recorded for 10 min. To reduce any lingering olfactory cues, OF
was thoroughly wiped with water-moistened tissue paper after
each pair tested. The frequency and the duration of the follow-
ing patterns per pair of rats were observed: following/chasing
(moving in the direction of or pursuing the partner that is
moving away); climbing over/under; mutual sniffing; boxing (the
animals stand upright facing one another and pawing toward each
other); wrestling (the animals rolled over each other in rough-
and-tumble play) and pinning (one of the animals is lying in
supine position and the other is laying over it). These behavioral
patterns were divided into Behavior related to play (pinning,
boxing/wrestling, following/chasing) and Behavior unrelated to
play (climbing over/under and mutual sniffing) and then analyzed
separately.

Experiment 2: social behavior during development
Social behavior during development was studied in 10 pairs of
controls and two groups of 10 pairs of animals exposed to CZP.
Animals were tested for the first time at P18 and then repeatedly
at P25, P32 and P42. At the beginning of each test, animals were
weighted, marked and individually isolated into small cages (21×
27 cm) for 30 min. Similar to Experiment 1, two rats from differ-
ent litters with identical treatment (C vs. C, CZP vs. CZP) were
placed into the OF arena at opposite corners and their behavior
was recorded for 10 min. The duration of following behavioral
patterns per pair was evaluated: passive contact (pups in close
contact, resting, with no movement), active contacts (crawling
over/under, mutual sniffing), following (one pup followed the
other pup rapidly so that it almost touched it) and play fighting
(the animals rolled over each other in rough-and-tumble play).
Locomotion expressed as the distance travelled was assessed for
both animals in the pair.

Experiment 3: social behavior in a resident-intruder paradigm
Three groups of rats each consisting of 10 animals were used.
Two groups were exposed to CZP at doses of 0.5 or 1.0 mg/kg

and one control group was injected with saline. The animals
were housed in cages containing three to four rats. Twenty
four hours before testing, the animals designated as resident
rats were housed individually in standard cages in order to
provide territorial advantage. The rats serving as social stim-
uli (intruder rats), were not isolated. On the experimental day
(P32), the animals in their home cages were transferred to the
experimental room for an acclimatization period of 30 min
before testing. Each resident was paired with an unfamiliar
untreated intruder. The test started by placing an intruder in
the resident home cage and their social interaction was video
recorded for 10 min. After the test was completed, both resi-
dent and intruder rats were returned to their respective group
cages (to re-establish each group member’s rank position within
the social hierarchy). The same pairs of animals were tested
at P60 and P80 following the same procedure as at P32. The
following behavioral patterns were observed: pouncing (one rat
soliciting the other, by attempting to nose or rub the nape of
its neck); following (the pursuit of one animal by another);
wrestling (rough and tumble play); pinning (the one animal
stands over the exposed ventral area of the other pressing it
down); genital investigation (sniffing anogenital area). Behav-
ioral patterns were observed separately for each member of a
pair (resident and intruder) except for wrestling because this
pattern involved two animals concurrently performing the same
behavior (Figure 2). The day following the social interaction
test, locomotion of residents was assessed in the OF (see
below).

FIGURE 2 | Social behavioral patterns displayed by rats in a
resident-intruder paradigm. (A) pouncing, (B) wrestling, (C) pinning, (D)
following, and (E) genital investigation.
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LOCOMOTION
After 30 min of adaptation to the experimental room, a rat
was placed into the left corner of the arena to explore the new
environment for 5 min. Locomotion was evaluated by analyzing
the track record for the distance travelled. In both Experiment 1
(social behavior in adolescence) and Experiment 2 (social behavior
during development) locomotion for each rat in the pair was
calculated. In Experiment 3 (social behavior in a resident-intruder
paradigm) locomotion was assessed only for resident rats one day
after social behavior test.

STATISTICAL ANALYSIS
The frequency and duration of social interaction patterns were
evaluated. All data were presented as mean ± standard error
of mean. One-way ANOVA was used to analyze data from
Experiment 1 (social behavior in adolescence). Data from Exper-
iment 2 (social behavior during development) and from Exper-
iment 3 (social behavior in a resident-intruder paradigm) were
analyzed with two-way ANOVA (one treatment factor and age
as a repeated-measures factor). Further, post hoc Holm-Sidak
method was used to explore significant main effects or interac-
tions resulting from the ANOVA (SigmaStat® SPSS Inc., Chicago,
IL). The level of statistical significance was set at P < 0.05. In
Experiment 1, only seven pairs of animals exposed to 0.1 mg/kg
CZP dose were included in the analysis, as one animal died
during the CZP exposure. Due to technical problem during the
collection data in Experiment 3, only nine pairs of rats per group
were included in the analysis. ANOVA analysis yielded highly
similar results for both frequency and duration of behavioral
patterns in both Experiment 2 (social behavior during develop-
ment) and 3 (social behavior in a resident-intruder paradigm),
therefore only data on duration were reported. In addition, we
calculated the time in percentage of the occurrence of individual
patterns relative to total time spent in social interaction; the values
of the most expressed social patterns are given in the results
section.

RESULTS
BODY WEIGHT
There was no difference in average body weight (BW) between
litters or between animals selected for individual treatments. BW
of P7 animals was 17.8± 0.3 g in controls vs. 18.2± 0.2 g in CZP
0.5 mg/kg and 18.0 ± 0.3 g in CZP 1.0 mg/kg. CZP exposure had
only limited effects on body growth. Controls gained more weight
than the CZP exposed rats. Further analysis revealed that from
P9 to P12 relative body weight was lower in animals receiving
CZP with both doses (0.5 and 1.0 mg/kg) than in controls. In
animals exposed to higher dose of CZP (1.0 mg/kg/day) relative
body weights were still lower at P15 and P18. No significant
differences were found in subsequent days of behavioral testing
(i.e., at P25, P32 and P42) [drug effect: F(2,570) = 13.34, p < 0.001;
age F(10,570) = 6057.9, p < 0.001; drug× age interaction F(20,570) =
0.64, p = 0.88] (Figure 3).

Experiment 1: social behavior during adolescence
Behavior related to play. The analysis revealed significant effect of
CZP exposure in both the duration F(3,30) = 6.50, P = 0.002 and

FIGURE 3 | Body weight (mean +SEM) of rats during CZP exposure and
at P12, P15, P18 and P25. Abscissa: age in days, ordinate: relative weight
(body weight on the first day of the drug administration was taken as
100%). * Significant difference compared to appropriate control groups.

FIGURE 4 | Duration (A) and number (B) of social behavior related and
unrelated to play in P32 animals exposed to CZP from P7 to P11
postnatal day. * Significant difference compared to control group.

Frontiers in Behavioral Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 169 | 4

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Mikulecká et al. Benzodiazepines exposure on social behavior in rats

the number F(3,30) = 7.89, P < 0.001 of behavior related to play.
At doses of 0.5 and 1.0 mg/kg CZP, post hoc comparison showed
a significant decrease in the duration and the number of behavior
related to play.

Behavior unrelated to play. There was no significant main effect
of CZP exposure in the duration of behavior unrelated to play
F(3,30) = 1.75, P = 0.17 but a significant effect was found in
the number of behavior unrelated to play F(3,30) = 4.11, P =
0.01. Post hoc test showed that CZP exposure at the dose of
1.0 mg/kg decreased the number of behavior unrelated to play
(Figures 4A, B).

Experiment 2: social behavior during development
Passive contacts. There was a significant effect of age in the dura-
tion of passive contacts [F(3,81) = 99.04, p < 0.001]. Both controls
and CZP exposed animals spent less time in passive contact at
P25, P32 and P42 compared to those at P18. The overall analysis

revealed significant effect of CZP exposure [F(2,27)= 9.60, p <

0.001], and drug × age interaction [F(6,81) = 4.33, p < 0.001].
Post hoc comparison showed that both doses of CZP increased
passive contact in animals at P18 compared to controls. Further,
the animals exposed to CZP at P32 and P42 spent a shorter time
in passive contact compared to animals at P25 (Figure 5A).

Active contacts. The analysis revealed significant effects of age
[F(3,81) = 10.78, p < 0.001], CZP exposure [F(2,27) = 6.79, P =
0.004], and drug × age interaction [F(6,81) = 4.13, p = 0.001].
Control animals at P18 spent significantly less time in active
contacts than controls at all subsequent developmental stages.
In addition, both controls at P32 and P42 spent more time in
active contact compared to those at P25. Furthermore, subsequent
analysis showed that P32 animals at the dose of 1.0 mg/kg CZP
decreased the time spent in active contact compared to controls.
At P42, both doses of CZP decreased the time spent in active
contact (Figure 5B).

FIGURE 5 | Effects of CZP exposure (P7–P11) on social behavior during
development. Illustrated here are the means + SEM for the total duration of
passive contacts (A), total duration of active contacts (B), total duration of

play fighting (C), and total duration of following (D). * Significant difference
compared to appropriate control groups. # Significant difference compared to
P18, + Significant difference compared to P25.
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Play fighting. The animals at P18 did not display fighting.
Repeated measures of ANOVA revealed significant effects of age
[F(3,81) = 15.26, p < 0.001], drug exposure [F(2,27) = 23.31, p <

0.001], and drug × age interaction [F(6,81) = 6.00, p < 0.001].
Control rats at P32 and P42 spent more time fighting compared to

those at P25. Both doses of CZP significantly decreased fighting in
all age groups (Figure 5C). In addition, the percentage evaluation
of the time spent in individual behavioral patterns revealed that
CZP exposure irrespective of the dose (0.5 and 1.0 mg) markedly
suppressed play fighting at P25 (0.65% and 3.07%), P32 (1.24%

FIGURE 6 | Effect of CZP exposure (P7–P11) on resident social behavior
in a resident-intruder paradigm. Illustrated here are the means+SEM for
total duration of pouncing (A), total duration of wrestling (B), total duration
of pinning (C), total duration of following (D), total duration of (all play

behavior) (E) and total duration of genital investigation (F). * Significant
difference compared to corresponding control groups. + Significant
difference compared to P32. # Significant difference compared to 0.5 mg/kg
dose of CZP.
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and 4.48%) and at P42 (1.23% and 2.65%). The percentage values
in the control group are as follows: P25 = 11.09%, P32 = 19.59%
and P42 = 14.18%.

Following. Finally, the analysis revealed significant effects of
age [F(3,81)=67.99, p < 0.001], CZP exposure [F(2,27) = 133.62,
p < 0.001], and drug × age interaction [F(6,81) = 22.01, p <

0.001] in the time spent following. At P18, a very short duration
of following behavior was observed. Subsequent analysis showed
that all animals at P25, P32 and P42 irrespective of treatment
spent more time following compared to those at P18. In addition,
control animals at P42 spent more time following compared to
animals at P 25. Moreover, both CZP doses decreased time spent
in following behavior at P25, P32 and P42 compared to the
appropriate controls (Figure 5D). In addition, both CZP doses
suppressed the percentage of time spent in following, above all, at
P32 (1.30% and 0.88%) and P42 (1.29% and 1.28%) relative to
the control group P32 = 2.30% and P42 = 3.63%.

Experiment 3: social behavior of residents in a resident-intruder
paradigm
Pouncing. There was significant effect of age in the time spent
pouncing [F(2,48) = 55.40, p < 0.001]. The animals at both P60
and P80 spent less time pouncing compared to animals at P32.
No significant effect of CZP exposure [F(2,24) = 0.73, p = 0.48]
or drug × age interaction was found [F(4,48) = 1.24, p < 0.30]
(Figure 6A).

Wrestling. The analysis revealed significant effects of age
[F(2,48) = 24.93, p < 0.001], CZP exposure [F(2,24) = 4.97, p =
0.01], but not of drug × age interaction [F(4,48) = 1.78, p = 0.14].
Controls as well as CZP exposed animals spent less time wrestling
at P60 and P80 compared to animals at P32. Further, post hoc
comparison showed that at a dose of 1.0 mg/kg, CZP increased
wrestling time in P60 and P80 animals (Figure 6B). The higher
dose of CZP increased the percentage of time spent wrestling at
P60 = 24.6% and P80 = 28.3% relative to their control groups
P60 = 14.3% and P80 = 10.2%.

Pinning. There was a significant effect of age [F(2,48) = 6.62, p <

0.003], but no significant effect of CZP exposure [F(2,24) = 0.54,
p = 0.58], or drug × age interaction F(4,48) = 0.49, p = 0.73. The
post hoc analysis showed that only control animals at P80 spent
less time pinning compared to those at P32 (Figure 6C).

Following. ANOVA failed to identify any significant effect of
age [F(2,48) = 1.55, p = 0.22], CZP exposure [F(2,24) = 1.85,
p = 0.18], and drug × age interaction [F(4,48) = 1.98, p =
0.1](Figure 6D).

All play behavior. Analysis of behavior related to play (pounc-
ing, wrestling, pinning and following) revealed significant age
effect [F(2,48) = 39.40, p < 0.001]. Both controls and CZP exposed
animals at P60 and P80 spent less time playing compared to
those at P32. ANOVA did not revealed any significant effects
of CZP exposure [F(2,24) = 2.31, p = 0.12], as well as drug ×
age interaction [F(4,48) = 1.58, p = 0.19]. Nevertheless, post hoc
comparison showed that animals exposed to CZP at a dose of
1.0 mg/kg spent more time playing compared to their respective
controls (Figure 6E).

Genital investigation. There was significant effect of age in
the time spent investigating genitals [F(2,48) = 6.13, p = 0.004].

Control animals at P60 and P80 spent more time investigating
genitals compared to those at P32. Both doses of CZP affected
genital investigation [F(2,24) = 11.41, p < 0.001]. Post hoc test
revealed that at both P60 and P80 the animals spent less time
investigating genitals than the corresponding controls. Animals
exposed to 1.0 mg/kg CZP at P60 spent more time investigating,
compared to those at P32. No drug × age interaction effect was
found [F(2,48) = 1.37, p = 0.26] (Figure 6F). As for the percentage
of time spent in genital investigation, both CZP doses markedly
suppressed this behavior at P60 (24.3% and 24.3%) and P80
(33.2% and 27.7%) relative to control groups (P60 = 45.2% and
P80 = 64.7%).

LOCOMOTION
In Experiment 1 (social behavior during adolescence) ANOVA did
not reveal significant difference in the distance moved between

FIGURE 7 | Effect of CZP exposure (P7–P11) on locomotion. Illustrated
here are the data from Experiment 2 (social behavior during development,
A) and Experiment 3 (social behavior in a resident-intruder paradigm, B).
# Significant difference compared to P18. + Significant difference compared
to P25. * Significant difference compared to control group.
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the control and CZP animals, aged 32 days (control: mean =
8215.56, SEM = 445.50, CZP 0.1 mg/kg: mean = 8128.01, SEM =
787.61, CZP 0.5 mg/kg: mean = 7560.67, SEM = 737.79, CZP
1.0 mg/kg: mean = 8123.96, SEM = 445.557). During devel-
opment (Experiment 2), there was a significant effect of age
[F(3,81) = 71.71, p < 0.001], but not of CZP exposure [F(2,27) =
0.24, p = 0.97], nor of drug × age interaction [F(6,81) = 1.40,
p = 0.22]. Post hoc test revealed that animals in all age groups
walked a longer distance than those at P18. The dose of 1.0 mg/kg
CZP significantly prolonged the distance moved at P32 and
P42 compared to those of animals at P25 (Figure 7A). As for
locomotion of resident rats, ANOVA revealed a significant effect
of age [F(2,48) = 4.20, p = 0.021] and drug × age interaction
[F(4,48) = 2.57 p = 0.04]. No significant effect of CZP exposure
[F(2,24) = 2.38, p = 0.11] was observed in the distance moved.
Post hoc test showed a significant decline in locomotion in
control animals at P80 compared to those at P32 and P60.
Moreover, the animals at P80 exposed to a higher CZP dose,
walked for a longer distance compared to respective controls
(Figure 7B).

DISCUSSION
In the present study, we evaluated the effects of early life exposure
to clonazepam on the social behavior of rats in respect to their
familiarity with test conditions. The results of this study have
shown that short-lasting exposure to CZP during early postnatal
period affects social play and social interaction differentially,
depending on age and environment.

Social behavior represents a relevant category of behavior
essential for the acquisition of motor, social, sexual and cognitive
skills (Vanderschuren et al., 1997; Pellis and Pellis, 1998; Auger
and Olesen, 2009; Trezza et al., 2010). In rats, social behav-
ior is a complex dynamic interaction that begins with social
play behavior at about P18, peaks between P32 and P40 and
gradually declines thereafter (Panksepp, 1981; Pellis and Pellis,
1997; Terranova et al., 1999) but never disappears completely
(Vanderschuren et al., 1995a; Pellis and Pellis, 1997). Social inter-
actions and play behavior especially are highly dependent not only
on the age of rats, but also on test circumstances, primarily on the
familiarity or unfamiliarity of the environment (Vanderschuren
et al., 1995b; Varlinskaya and Spear, 2008). Novel environment
represents a highly anxiogenic condition and novelty was found to
suppress social interaction in pubescent and young adult animals
(P35 and P60) but not in younger animals (P28) (Primus and
Kellogg, 1989, 1990).

Many experimental studies already documented that social
behavior is particularly sensitive to pharmacological influences
(Varlinskaya and Spear, 2002; File and Seth, 2003; Schneider and
Koch, 2005; Homberg et al., 2007; Koros et al., 2007; Trezza
et al., 2009; Mooney and Varlinskaya, 2011). Also early phar-
macological intervention was found to modify social behav-
ior long time after treatment cessation. File (1986b) reported
minor increase of social interactions between control adolescent
rats and rats treated with diazepam or lorazepam throughout
preweaning period, but no difference in animals treated with
CZP according to the same treatment protocol (File, 1986c). In
both studies, animals spent more time in active social interaction

when being in familiar than in unfamiliar environment. On the
contrary, in our study CZP exposure suppressed play behavior
in adolescence, but not other forms of social interaction irre-
spective of environmental context. Discrepancy between these
studies probably relates to differences in experimental protocol
and way of evaluation. In our study, we differentiated between
“social behavior related to play” and “social behavior unrelated
to play” and these two categories were evaluated separately,
whereas File evaluated all social contacts in one category. Thus
we hypothesize that early CZP exposure leads to increased
social anxiety and/or decreased motivation for play behavior
and that the lack of familiarity effects is due to impaired adap-
tation to novelty. The adolescent animals were familiarized to
OF before social test. In contrast, in developmental study ani-
mals were not habituated to environment. Pre-weaning rats do
not display intra-session habituation and even older rats are
not able to remember the environment if exposure is repeated
after seven days from the first exposure (Leussis and Bolivar,
2006).

In present study, adolescent animals were isolated for three
hours before the social interaction took place in order to promote
social behavior (Vanderschuren et al., 1995b). It has been shown
that social deprivation, especially during the acquisition period of
social play, leads to social disturbances independent of subsequent
social stimulation (Hol et al., 1999) and may induce a predispo-
sition to either anxiety or depressive-like behavior (Tsoory et al.,
2007). Developing animals were repeatedly tested thus the time
period of isolation was cut to 30 min. Therefore we assume that
the inhibition of social play in CZP-exposed animals cannot be
attributed to a long-term or repeated isolation.

When allowed to establish a territory, a male rat defends
his territory if an unfamiliar conspecific intruder is introduced.
Such behavior is indicative of the territorial advantage of resident
animal, and it is apparent after the resident has been singly housed
for only a few days (for rev. Mitchell and Redfern, 2005). In
concordance with previous studies on the role of territoriality
on social behavior in a resident-intruder paradigm, our data
show that play behavior gradually decreases with age but never
disappear completely and even adult rats continue to play (Pellis
and Pellis, 1987, 1990). Early exposure to CZP modified social
interaction in resident-intruder test. Exposure to CZP in a dose
of 1.0 mg/kg increased the duration of wrestling which was
always initiated by the resident rat reflecting a high degree of
dominance for his territory. This social activity never changed to
an aggressive form of fighting characterized by a threat posture,
serious attacks to partner’s rump, and biting (Pellis and Pellis,
1987; Blanchard et al., 2001). This finding is in agreement with
results of previous study showing that if a male intruder is
weight-matched to resident, the aggressive form of interaction
does not emerge (Robinson et al., 2011). In earlier studies, File
reported that the administration of CZP from birth until weaning
enhances offensive behavior when adolescent rats were resident
in their home cage (File, 1986c). Similarly, the same author
showed that neonatal treatment (P1–P7) with a high dose of
diazepam (10 mg/kg) increases aggression in adolescent resident
rats (File, 1987). Taken together, these findings indicate that BZDs
exposure during postnatal period affects the specific forms of
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social behavior that reflect dominance for an established territory.
Our data in addition revealed a remarkable inhibition of genital
investigation in the adults exposed to CZP early in life. This
component of social behavior represents a natural propensity
of laboratory rats to investigate and olfactory discriminate con-
specifics (Engelmann et al., 1995, 2011). Thus present findings
suggest that postnatal CZP exposure shifts the behavior from
social investigation to a higher motivation pattern, such as play
wrestling. Opposite effects of early CZP exposure on social play
and other forms of social behavior are consistent with recent
studies demonstrating that social play and social behaviors repre-
sent separate behavioral categories with different pharmacological
sensitivity (Varlinskaya et al., 1999; Varlinskaya and Spear, 2008;
Trezza et al., 2009).

Early CZP exposure did not result in substantial changes of
locomotion in any social test. Therefore we consider it unlikely
that the differences in social behavior are related to locomotor
alteration. Exposure to the high dose of CZP however resulted
in decrease of capability to adapt to environmental condition.
In contrast to controls, in CZP exposed animals distance moved
did not decrease with repeated exposure. As previously reported
animals exposed to CZP exhibited higher locomotion, spent more
time in the central part of the OF, suggesting decresed anxiety, and
had impaired between-session habituation in (Mikulecká et al.,
2014).

The expression of social behavior and specifically play behavior
involves a wide variety of neuronal systems. The various aspects of
social play are evidently regulated and/or modulated by different
neurotransmitters and can be influenced differently by environ-
mental and social factors (Varlinskaya et al., 1999; Trezza et al.,
2009). The recent progress in the neuropharmacology of play
behavior have pointed to neurotransmitter systems, such as opi-
oids, cannabinoids, cholinergic and dopaminergic that modulate
the rewarding, motivational and cognitive aspects of play behav-
ior, and to the nonspecific effects of serotonin and norepinephrine
(Vanderschuren et al., 1997; Homberg et al., 2007; Trezza et al.,
2010; Siviy and Panksepp, 2011; Siviy et al., 2011). In addition,
GABAergic and dopaminergic transmission play a major role in
the pharmacology, neurochemistry and physiopathology of the
emotional states. For example, GABAA receptor substrate which
controls bidirectional reward signaling between dopaminergic
and non-dopaminergic reward systems, play a role in positive
emotional processes such as social play (Laviolette and van der
Kooy, 2001; Burgdorf and Panksepp, 2006).

Interactive social play represents a separate and character-
istic form of social behavior expressed predominantly between
weaning and adolescence. This form of social behavior is highly
rewarding and indispensable for the development of social com-
petence and cognitive skills (Panksepp, 1981; Pellis and Mckenna,
1995). Social play during a juvenile period prepares the motor sys-
tem of animals for engagement in adult behavior. In addition, the
experience of positive social interaction during key developmental
ages has profound and long-lasting effects on brain function
and behavior in emotional, motivational and cognitive domain
(Trezza et al., 2011). When available, play can also facilitate and
refine brain areas that are involved in the very social skills, and
serves for training animals to cope with unpredictable events. Play

deprivation during juvenile and adolescence can lead to incom-
petence in sexual performance in adulthood and produce long-
term cognitive, behavioral and emotional deficits (for rev. Pellis
and Pellis, 2006; Trezza et al., 2011). Short-term CZP exposure in
the critical period of neurobehavioral development may interfere
with the formation of social motivation or positive emotional
processes, thereby altering the emotional reactivity and expres-
sion of social behavior. Inadequate social behavior is the main
hallmark of psychiatric disorders (DMS IV, American Psychiatric
Association, 1994) and to some extent, the disturbances shown
in animal studies are comparable to symptomatological as well
as etiological aspects of neurodevelopmental disorders (Schneider
and Koch, 2005). The data from animal experiments have to be
translated to human situation with extreme caution. In concor-
dance with previous studies, our results however indicate that the
exposure to benzodiazepines during the critical developmental
period may alter the responsiveness in social relationship.
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Fraňková, S., and Mikulecká, A. (1990). Ontogeny of social behavior of pups of
laboratory rats genetically selected for activity level. Act. Nerv. Super. (Praha) 32,
167–173.

Gai, N., and Grimm, V. E. (1982). The effect of prenatal exposure to diazepam
on aspects of postnatal development and behavior in rats. Psychopharmacology
(Berl) 78, 225–229. doi: 10.1007/bf00428155

Garrett, K. M., Saito, N., Duman, R. S., Abel, M. S., Ashton, R. A., Fujimori, S.,
et al. (1990). Differential expression of gamma-aminobutyric acidA receptor
subunits. Mol. Pharmacol. 37, 652–657.

Hol, T., Van den Berg, C. L., Van Ree, J. M., and Spruijt, B. M. (1999). Isolation
during the play period in infancy decreases adult social interactions in rats.
Behav. Brain Res. 100, 91–97. doi: 10.1016/s0166-4328(98)00116-8

Homberg, J. R., Schiepers, O. J., Schoffelmeer, A. N., Cuppen, E., and
Vanderschuren, L. J. (2007). Acute and constitutive increases in central serotonin
levels reduce social play behaviour in peri-adolescent rats. Psychopharmacology
(Berl) 195, 175–182. doi: 10.1007/s00213-007-0895-8

Hoogerkamp, A., Arends, R. H., Bomers, A. M., Mandema, J. W., Voskuyl, R. A.,
and Danhof, M. (1996). Pharmacokinetic/pharmacodynamic relationship of
benzodiazepines in the direct cortical stimulation model of anticonvulsant
effect. J. Pharmacol. Exp. Ther. 279, 803–812.

Hulin, M. W., Amato, R. J., and Winsauer, P. J. (2012). GABA(A) receptor
modulation during adolescence alters adult ethanol intake and preference
in rats. Alcohol. Clin. Exp. Res. 36, 223–233. doi: 10.1111/j.1530-0277.2011.
01622.x

Kellogg, C. K. (1988). Benzodiazepines: influence on the developing brain. Prog.
Brain Res. 73, 207–228. doi: 10.1016/s0079-6123(08)60506-3

Koros, E., Rosenbrock, H., Birk, G., Weiss, C., and Sams-Dodd, F. (2007). The selec-
tive mGlu5 receptor antagonist MTEP, similar to NMDA receptor antagonists,
induces social isolation in rats. Neuropsychopharmacology 32, 562–576. doi: 10.
1038/sj.npp.1301133
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