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Abstract OBJECTIVES: Some individually-housed male mice behave aggressively during 
encounters with strange males, while others are timid or sociable in the same 
situation. The objective of the present study was to examine concentrations of 
glutamate, aspartate, and GABA in the brain of aggressive, timid, and sociable 
mice. 
METHODS: Random-bred albino mice were housed individually for three weeks 
and then classified in three groups (aggressive, timid, and sociable mice) accord-
ing to their behavior during social interaction with non-aggressive group-housed 
male mice in a neutral cage. One week after categorization, by means of the social 
conflict test, levels of glutamate, aspartate, and GABA were measured by in vivo 
microdialysis of the medial prefrontal cortex (mPFC) of the isolated and group-
housed mice. 
RESULTS: Sociable mice had almost triple the levels of GABA in their mPFC than 
aggressive or timid mice. No significant differences in aspartate and glutamate 
levels were found in these three types of individually-housed mice. Forebrain 
chemistry of group-housed mice did not differ from that of individually-housed 
mice with the exception of levels of glutamate and GABA which were significantly 
lower in group-housed mice than in sociable individually-housed mice.
CONCLUSION: The present results suggest that GABA might play a role in sociable 
behavior. Results also corroborate other findings indicating that the GABAergic 
system represents an important molecular and neuronal substrate for the selective 
attenuation of anxiety and aggression.
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INTRODUCTION

It is well known that individually-housed male mice 
can show a wide spectrum of behaviors and postures 
when introduced individually to a non-aggressive 
group-housed male mouse in a neutral cage. Under this 
arrangement (the social conflict test), some individual-
ly-housed mice attack their partners (aggressive mice), 
others show defensive-escape activities, although their 
partners are completely non-aggressive (timid mice), 
or they intensively investigate their partners (sociable 
mice) without exhibiting any agonistic (aggressive or 
timid) activity. This experimental model has been used 
extensively in behavioral pharmacology. Drugs showed 
characteristic behavioral profiles in aggressive, timid, 
or sociable mice. For example most drugs possessing 
anxiolytic activity, in man, reduced active escapes or 
defenses at doses lower than those inhibiting attacks or 
locomotion (Krsiak, 1975; Krsiak, 1979; Krsiak et al., 
1981; Krsiak et al., 1984). Ethanol increased aggression 
in aggressive or timid mice but did not evoke aggression 
in sociable mice (Krsiak, 1976). It is not known why 
some isolated mice behave aggressively during encoun-
ters with strange males, while others are timid or socia-
ble in the same situation. These three types of animals 
might differ, not only in their behavior and response to 
drugs, but also in brain chemistry. The objective of the 
present study was to examine concentrations of gluta-
mate, aspartate, and GABA in the brain of aggressive, 
timid, and sociable mice with in vivo microdialysis.

MATERIAL AND METHODS

Subjects. Male albino random-bred mice, derived from 
the ICR strain (Velaz, Prague, Czech Republic), weigh-
ing 18–20 g, at the beginning of experimental housing, 
were used. They were housed individually in self-clean-
ing cages or in groups of 10. The cages used for indi-
vidual housing had solid metal walls 13 cm high with 
wire-mesh floors (8 × 17 cm), placed 3 cm above trays 
with wood shavings. This wire-mesh floor ensured that 
the isolated mice were not handled throughout the 
period of individual housing. The mice kept in groups 
were housed in large standard plastic cages (26 × 42 
× 15 cm) with floors covered with wood shavings. All 
mice were housed under room lighting (with lights 
on from 6 a.m. to 6 p.m.), constant humidity (50–60 
%) and temperature (22–24 °C). Food and water were 
available ad libitum. 

Experiments were approved by the Expert Commit-
tee for Protection of Experimental Animals of the 3rd 
Faculty of Medicine, Charles University in Prague and 
were performed in accordance with the Animal Protec-
tion Act of the Czech Republic (No. 246/1992 Sb).

Social interaction tests. The standard procedure for 
the social conflict test, used in previous studies, was 
employed (Krsiak, 1976; Votava et al., 2001). Social 
interactions always involved one individually-housed 

mouse and one group-housed mouse. The isolated 
mouse was allowed 15 min to adapt to the observational 
cage before the group-housed mouse was introduced; 
the interaction ended after 4 min. This procedure, 
which suppresses aggression in group-housed mice and 
reduces their social behavior, facilitates active social 
behavior in isolated mice. The observational cages had 
transparent walls (20 cm high), transparent covers with 
apertures for air and wood shavings on the floor (20 × 
30 cm). The observation cages were cleaned and their 
floors were covered with fresh wood shavings after each 
interaction. The observations were performed under 
moderate room lighting between 8 a.m. and 1 p.m.

The behavior of animals during the interactions was 
recorded on videotape. The tapes were later analyzed 
by an observer. This was done with a key-board that 
was connected to a standard PC and behavioral analysis 
software (Donát, 1991).

Measures. The frequency, total duration and latency 
of the number of aggressive, defensive-escape (timid), 
social and locomotor activities derived from the etho-
gram of mice (Grant and Mackintosh 1963) and pre-
viously described in detail (Kršiak, 1975; Krsiak, 1979; 
Votava et al. 2001) were recorded. Sociable activities, 
acts (social investigation):  Social  snif f  – sniffing 
the partner’s head, body, genitals or tail; climb– the 
mouse places its forepaws on the partner’s back, mostly 
in the shoulder region, and usually sniffs this area at 
the same time; fol low – following the partner by quiet 
walking. Aggressive activities (acts):  Attack – a 
fierce lunging at the partner often associated with biting; 
threat – a sideways or an upright stance with head and 
fore-body movements toward the partner, and trying to 
bite the partner (offensive sideways or upright posture); 
tail  ratt le  – rapid vibrations of the tail. Timid activi-
ties (acts):  Defense  – the mouse responds to the 
partner’s social behavior by raising forepaws, hunching 
the back (defensive upright posture) or by some rotation 
of the body bringing the legs closest to the other animal 
off the ground (defensive sideways posture); escape – a 
rapid running or jumping away from the partner; alert 
posture – a sudden interruption of all movements 
with eyes and ears being directed toward the partner. 
Locomotor activities (acts):  Walk – any walking 
across the cage which is not apparently related to the 
partner; rear – the mouse stands on his hind legs and 
usually sniffs the air or walls at the same time.

The inter-observer reliability of the recorded items 
was satisfactory as determined by several observers 
independently scoring the videotaped record of the 
behavior of 70 mice in interactions lasting 4 minutes 
each. The correlation ranged from r = 0.83 to 0.97.

Schedule of experiment. After 3 weeks of isolation, 
social interactions were performed under conditions 
described above. According to behaviors exhibited 
during the interaction, the isolated mice were classified 
into three groups: aggressive, sociable, or timid mice 
(see below). One week later an in vivo microdialysis 
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assay was performed on the isolated mice and on the 
group-housed mice. The medial prefrontal cortex of the 
mice was dialyzed and basal concentrations of GABA, 
glutamate and aspartate in the dialysates were subse-
quently evaluated using CE LIF (see below).

Probe preparation and surgery. Concentric dialy-
sis probes were prepared using a modification of the 
method described by (Fiserova et al., 1999). Each probe 
was assembled from AN 69 dialysis fibre (sodium sul-
phate copolymer) (20,000 Da, 310 μm OD, 220 μm ID; 
Hospal, Dasco, Bologna, Italy), silica fused capillary 
tubing (ID 75 μm; OD 150 μm), a 30 gauge stainless 
steel cannula, and polyethylene tubing (ID 0.58 mm; 

OD 0.96 mm) using Super-Epoxy. The proper dialysis-
open area on the dialysis fibre was 1 mm (from the tip). 
Under Equithesin anesthesia (1% pentobarbital and 4% 
chloral hydrate), mice were implanted with vertical dial-
ysis probes, using a stereotaxic apparatus. After taking 
the co-ordinates with the dialysis probe mounted on 
the stereotaxic holder (medial prefrontal cortex; mPFC: 
A: +2.5 mm and L: ± 1.3 mm from bregma and V: 5.0 
mm from occipital bone) (Franklin and Paxinos 1996) 
the fiber was slowly lowered into the brain and secured 
to the skull with dental cement. After completion of the 
microdialysis experiments the placement of the dialysis 
probe was verified histologically (Fig. 1). Animals with 

Figure 1. Schematic localization of dialysis probes (dialyzing portion) within the mPFC, as referred to in the atlas 
of Franklin and Paxinos (1997). On the right of both sections, starting from cranial, is indicated the distance 
from bregma in mm. The probe is indicated with the bold solid line.



82 Copyright © 2009 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

Magdaléna Šustková-Fišerová, Jaroslava Vávrová, Miloslav Kršiak 

the probe outside the mPFC region were not included 
in the study results.

Microdialysis and biochemistry. At least 24 h after 
implantation, the dialysis probe was perfused at a 
constant rate of 2 μl/min with Ringer’s solution. The 
dialysate was discarded during the first 30 min of 
dialysis. Subsequently, 40 μl samples were collected, 
at 20-min intervals in small ice-cooled polyethylene 
test tubes. Baseline samples were collected during an 
80 min equilibration period to allow the neurotrans-
mitter to reach a steady level. Immediately following 
collection, the samples were frozen on dry ice and lyo-
philized. GABA contents were quantified with a specific 
and selective analytical method using capillary electro-
phoresis with a laser-induced fluorescence detector (CE 
LIF); GABA concentrations are presented in pmols/ 20 
min. 

Reagents. All reagents were of analytical grade. 
Ringer`s solution (147 mM NaCl, 2.2 mM CaCl2 and 
4.0 mM KCl adjusted to pH 7.4 with 0.1 N NaOH) 
was used for dialysis. Gamma-amino-N-butyric acid 
(GABA; 4-amino-n-butyric acid) was purchased from 
Sigma-Aldrich Co.

Data analysis. The isolated mice were first classified 
into one of three groups according to their behavior 
during social interaction: aggressive mice (exhibiting 
attacks), timid mice (exhibiting escapes or defensive 
postures but no attacks), and sociable mice (exhibit-
ing no attacks, defenses or escapes). The procedure 
used to classify the mice has been previously described 
(Kršiak 1975). The individual type of behavior (aggres-
sive, timid, or sociable) has been seen to be significantly 
stable in repeated interactions as shown previously 
(Kršiak 1975; Donát 1986; Kršiak and Šulcová 1990).

The concentrations of GABA, glutamate, and aspar-
tate in the dialysates from brains of the three categories 
of isolated mice or group-housed mice were statisti-

cally analyzed using a one way analysis of variance 
followed by the Holman-Sidak method for multiple 
comparisons.

RESULTS

GABA concentrations 

There was a significant difference in the mean values 
of GABA concentrations in dialysates from the medial 
prefrontal cortex among individually-housed timid, 
aggressive, and sociable mice and group-housed mice 
(F (3, 30) = 14.714, P < 0.001, one way ANOVA). Levels 
of GABA were markedly and significantly higher in the 
medial prefrontal cortex of individually-housed socia-
ble mice than in individually-housed aggressive mice, 
individually-housed timid mice and group-housed 
mice (t = 5.820, 5.038, and 4.937, respectively, P < 0.01, 
Holman-Sidak method, Fig. 2). No differences were 
found in dialysate GABA levels in brains of individu-
ally-housed timid mice, individually-housed aggressive 
mice, and group-housed mice (Fig. 2).

Glutamate concentrations

There was a significant difference in mean values of 
glutamate concentrations in dialysates from the mPFC 
in timid, aggressive and sociable individually-housed 
and group-housed mice (F (3, 30) = 3.441, P < 0.05, one 
way ANOVA, Fig. 3). Pair-wise multiple comparisons 
(Holm-Sidak method) revealed only one significant 
difference; glutamate levels were significantly lower in 
group-housed mice than in individually-housed socia-
ble mice (t = 3.091, P < 0.01, Fig. 3). There was also a 
significant difference in the mean values of glutamate 
concentrations between group-housed mice and all 
individually-housed mice combined (t = –2.690, df = 
16, P = 0.016, t-test).

Figure 2. Concentrations of gamma-aminobutyric acid (pmol/40 
microl) in dialysates from the medial prefrontal cortex in four 
categories of mice (means ± SEM). GH = group-housed, SH 
= singly housed. One-way ANOVA (P<0.001), ** p < 0.01 for 
subsequent multiple comparisons with the Holm-Sidak method.

Figure 3. Concentrations of glutamate (pmol/40 microl) in 
dialysates from the medial prefrontal cortex in four categories 
of mice (means ± SEM). GH = group-housed, SH = singly housed. 
One-way ANOVA (P<0.05), ** p < 0.01 for subsequent multiple 
comparisons with the Holm-Sidak method.
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Aspartate concentrations

No significant differences were found among the mean 
values of aspartate concentrations in mPFC dialysates 
of timid, aggressive, and sociable individually-housed 
mice and group-housed mice (F (3, 30) = 0.585, P = 
0.630, one way ANOVA, Fig. 4).

DISCUSSION

The most prominent differences in brain chemistry 
among aggressive, timid, and sociable individually-
housed mice were in levels of GABA: sociable mice had 
markedly higher levels of GABA in the forebrain than 
aggressive and timid mice as determined by in vivo 
microdialysis. On the other hand, no significant differ-
ences in aspartate and glutamate levels in the forebrain 
were found among the three types of mice.

These results corroborate other findings indicating 
that the GABAergic system represents an important 
molecular and neuronal substrate for selective attenua-
tion of anxiety and, to some extent, of aggression (Low et 
al., 2000; Miczek et al., 1995; Miczek et al., 2002). In the 
present experimental model (i.e. the social conflict test), 
only drugs stimulating the GABA-receptor complex 
(benzodiazepines, barbiturates and GABAergic drugs) 
selectively inhibited active escapes and defenses (i.e. 
the most conspicuous expressions of timidity) (Krsiak 
et al., 1984). Timid and aggressive mice become less 
timid or aggressive and more sociable after GABAergic 
drugs (Krsiak et al., 1984; Krsiak & Sulcova, 1990) as if 
these drugs compensated for a deficiency of GABA in 
timid and aggressive animals. Undoubtedly, individual 
differences detected in forebrain chemistry may con-
tribute to the final manifestation of a drug’s effect. For 
example, alcohol, tested in a wide dose range, increased 
aggressive behavior in aggressive or timid mice, but not 
in sociable mice (Krsiak, 1976).

All individually-housed mice were randomly 
selected and subjected to the same form of social iso-
lation, but only some responded to a strange partner 
with timid or aggressive behavior. Those who did not 
(sociable mice) had almost triple the levels of GABA 
in their mPFC. The reasons for this large difference are 
unclear. Genetic and/or developmental factors might 
be responsible. 

Helmeke et al. (2008) found in their work, on the Oct-
odon degus, that early adverse emotional experiences 
(separation stress) induced long lasting, significantly 
lower densities of calbindin-D28k-immunoreactive 
interneurons (including GABAergic neurons) in the 
medial prefrontal cortex of the degu.

Involvement of the GABA receptor subunit gene in 
autism risk has been demonstrated (Collins et al., 2006). 
Impaired regulation of the GABAergic system in some 
individuals with autism has been recently hypothesized 
(Mercadante et al., 2008). Deficits in attachment behav-
ior in mice lacking the mu-opioid receptor gene have 
been reported (Moles et al., 2004). And deficits in social 

cognition and social behavior have been found in the 
oxytocin knockout mouse (Winslow & Insel, 2002).

Regarding the differences in brain chemistry 
between individually-housed and group-housed mice, 
no significant differences in forebrain glutamate and 
aspartate levels were found between group-housed 
and individually-housed aggressive and timid mice. 
Only individually-housed sociable mice differed from 
group-housed mice in forebrain chemistry: individual-
ly-housed sociable mice had significantly higher levels 
of GABA and glutamate in the medial prefrontal cortex 
than group-housed mice. 

Literature involving neurochemical and neuroendo-
crinological consequences of social isolation in mice and 
rats is quite extensive, often with contradictory results. 
While some papers offer evidence of the stressful nature 
of social isolation in mice (e.g. increased corticosterone 
plasma levels after a prolonged isolation - Frances et al., 
2000), others have challenged this concept, at least in 
mice (Brain, 1975; Haller & Halasz, 1999). Indeed, adult 
male mice usually live, under natural conditions, in 
large families composed of females and offspring, while 
adult males tend to be driven away. So under “normal” 
laboratory monogamous-male-mice-housing condi-
tions, fighting occurs because of intolerance among 
adult males; dominant males often attack subordinates 
who then become stressed. Isolated males were, in 
some respects, more similar to socially dominant males, 
having heavier testes than subordinated mice (Bartos 
& Brain, 1993). Social state significantly affected the 
HPA-axis response in intruder-resident encounters in 
mice (Pletzer et al., 2007). Thus, differences in stress 
due to group-housing and isolation might contribute 
to the neurochemical differences between individually-
housed sociable mice and group-housed mice.

Acknowledgement
Supported by grant MSM0021620816.

Figure 4. Concentrations of aspartate (pmol/40 microl) in dialysates 
from the medial prefrontal cortex in four categories of mice 
(means ± SEM). GH = group-housed, SH = singly housed. 
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