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Abstract
Reduced top-down control by cortical areas is assumed to underlie pathological forms of aggression. While the precise underlying molecular mechanisms are still elusive, it seems that balancing the excitatory and inhibitory tones of cortical brain areas has a role in aggression control.
The molecular mechanisms underpinning aggression control were examined in the BALB/cJ
mouse model. First, these mice were extensively phenotyped for aggression and anxiety in
comparison to BALB/cByJ controls. Microarray data was then used to construct a molecular
landscape, based on the mRNAs that were differentially expressed in the brains of BALB/cJ
mice. Subsequently, we provided corroborating evidence for the key ﬁndings from the landscape through 1 H-magnetic resonance imaging and quantitative polymerase chain reactions,
speciﬁcally in the anterior cingulate cortex (ACC). The molecular landscape predicted that altered GABA signalling may underlie the observed increased aggression and anxiety in BALB/cJ
mice. This was supported by a 40% reduction of 1 H-MRS GABA levels and a 20-fold increase
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of the GABA-degrading enzyme Abat in the ventral ACC. As a possible compensation, Kcc2, a
potassium-chloride channel involved in GABA-A receptor signalling, was found increased. Moreover, we observed aggressive behaviour that could be linked to altered expression of neuroligin2, a membrane-bound cell adhesion protein that mediates synaptogenesis of mainly inhibitory
synapses. In conclusion, Abat and Kcc2 seem to be involved in modulating aggressive and anxious behaviours observed in BALB/cJ mice through affecting GABA signalling in the ACC.
© 2017 Elsevier B.V. and ECNP. All rights reserved.

1.

Introduction

Pathological aggressive behaviour has a high societal impact, and aggression towards people is one of the leading
causes of death worldwide (World-Health-Organization,
2014). An imbalance between top-down cortical control
and the responsiveness of the amygdala and other limbic
areas is assumed to underlie the aggressive behaviour
observed in psychiatric disorders (Potegal, 2012; Siever,
2008). Repeated negative experiences can alter the responsiveness of the limbic area. Top-down control by the
cortical areas normally modulates limbic responses so that
the behavioural outcome is adaptive and not harmful to the
individual. In addition, these cortical areas are sensitive
to reward and punishment expectancies and as a result
can adapt to social cues (Blair, 2004). An imbalance in
top-down control can play a role in aggression, and this
not only in humans but also in animals. The top-down
circuitry that mediates reactive aggression in animals starts
with the “control” by the orbitofrontal cortex (OFC) and
the anterior cingulate cortex (ACC) and ventral medial
prefrontal cortex as the “drivers” of the amygdala, mainly
via the stria terminalis of the bed nucleus to the medial
hypothalamus and the fronto-thalamostriatal circuitries
(Blair, 2013). Subsequently, the hypothalamus activates the
dorsal periaqueductal grey matter, which in turn affects
parasympathetic outﬂow (Gregg and Siegel, 2001; Lin
et al., 2011; Nelson and Trainor, 2007; Panksepp, 1998).
This circuitry is assumed to be similar to what is driving
reactive aggression in humans (Blair, 2001, 2013).
Examination of twelve animal models of aggression has
suggested a role for increased activity of the mediobasal
hypothalamus in association with reactive aggression as
well as altered serotonin and vasopressin signalling (Haller,
2013). In contrast, hyperactivation of the lateral hypothalamus is associated with pathological aggression, but no
clear associated changes in neurotransmitter signalling have
been found (Haller, 2013). As opposed to reactive aggression, pathological forms become apparent when aggression
escalates and are characterized by e.g. an abnormal bite
pattern, the absence of threat behaviour or attacks towards
smaller or female animals (Haller and Kruk, 2006; Miczek
et al., 2004). Multiple hormonal and transmitter systems
have previously been implicated in top-down control, such
as serotonin (Asberg et al., 1976; Coccaro and Kavoussi,
1997; Coccaro et al., 1997; Siever and Trestman, 1993),
catecholamines (de Almeida et al., 2005; Dougherty et al.,
2006), testosterone (Hermans et al., 2008; van Honk et al.,
2010) and the glutamate/GABA pathways (Fish et al., 2002;
Hrabovszky et al., 2005; Lieving et al., 2008; Lumley et al.,
2004; Siever, 2008). Positive allosteric modulators of the
GABAA receptor, such as benzodiazepines, were shown to

have bitonic effects, where low dosages increase aggression and high dosages decrease aggression (Miczek et al.,
2002). Both in humans and animals, the studies that implicate hypo-and hyper-GABAergic tone in increased aggression have reinforced the idea that the excitatory/inhibitory
balance across this prefrontal control mechanism is crucial
(Miczek et al., 2002).
The goal of the present study was to identify the molecular mechanisms underpinning top-down control of aggression in BALB/cJ mice. Originally, BALB/c mice derived from the Bagg albino strain, and speciﬁcally the
BALB/cJ substrain has been used to study neuropsychiatric disorders because of their anxious phenotype and
sensitivity to antidepressant treatment (Sittig et al.,
2014). Extensive phenotyping demonstrated that this strain
is also characterized by increased aggression compared
to other BALB/c substrains, notably the BALB/cByJ (Velez
et al., 2010) and BALB/cN substrains (Ciaranello et al.,
1974). Morphological studies have revealed differences in
organ and brain (structure) size (e.g. smaller heart, larger
brain, smaller corpus callosum) of BALB/cJ compared to
BALB/cByJ mice (Sittig et al., 2014). In particular, the ﬁnding of a smaller corpus callosum was associated with low sociability when compared to C57BL/6J mice (Fairless et al.,
2008). Genetically speaking, BALB/cJ mice carry thirty copy
number variations that are not found in BALB/cByJ mice. In
addition, genetic variation between both strains has been
found in twenty genomic regions but only the variation
in the gene coding for Glyoxalase 1 was replicated (Velez
et al., 2010; Williams et al., 2009). This enzyme converts
methylglyoxal and glutathione to S-lactoyl-glutathione and
has previously been associated with autism and affective
disorders (Junaid et al., 2004).
In this study, we have identiﬁed reduced GABA signalling
as a possible mechanism underlying the top-down regulation of aggression in the ACC. To come to this result, we
have used a novel combination of multidisciplinary experimental techniques: behavioural phenotyping, mRNA expression data analysis and validation, and proton magnetic resonance spectroscopy. This research adds to our knowledge
about the top-down control of aggression in animals, and
in this way, it provides clues towards new drug targets in
humans.

2.
2.1.

Experimental procedures
Animals

The experimental group involved male 10–11 week-old
BALB/cJ (Charles River, UK), 10–11 week-old BALB/cByJ
(Charles River, France) and 8-week-old C57BL/6J mice
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(Charles River, France). BALB/c mice (22–30 g) were singlehoused after arrival. C57BL/6J mice (20–26 g) were housed
in groups of ﬁve. Only male mice were used in order to prevent possible oestrous cycle interferences. Mice were maintained on a 12 h light/dark cycle (60 lx light intensity). Food
and water were provided ad libitum. All experiments were
carried out in the dark-phase under red light conditions with
the exception of the elevated plus maze test (200 lx light intensity). No experiment was carried out within the ﬁrst hour
after the transition between light and dark cycles. All experimental procedures were approved by the Committee of
Animal Experiments of the Radboud University Medical Centre (project number: DEC2013-235), Nijmegen, The Netherlands.

2.2.

Behavioural experiments

Cohort 1: Animals (n = 10 per substrain) were tested for
different behavioural aspects. The animals were tested in
two separate sub-cohorts (1a and 1b), each containing ﬁve
animals per substrain. The resident-intruder test was performed on days 7–11. Twelve days later, all animals were
scanned in the magnetic resonance scanner. Directly after
the scanning, brains of cohort 1a were frozen on dry ice and
stored for later mRNA analyses while the brains of cohort 1b
were collected in 10% formalin in 0.1 M PBS.
Cohort 2: Animals (n = 10 per substrain) were tested in
the resident-intruder test on days 7–11. Three days later,
day 14, anxiety was assessed in the open ﬁeld test. On day
16, animals were tested on the elevated plus maze.
2.2.1. Resident-intruder test
In order to assess the level of aggression in BALB/c mice,
the resident-intruder test was conducted in the home cage
of the resident. All residents were housed individually for
one week during which the cages were not cleaned. Animals were brought to the experimental room one hour prior
to the test. C57BL/6J mice were randomly assigned to being the intruder of the BALB/cJ or BALB/cByJ. At the start
of the experiment, the intruder animal was placed in the
home cage of the BALB/c mouse separated by a Plexiglas
transparent screen that allowed visual, auditory and olfactory perception. After a period of ﬁve minutes, the screen
was removed and social interaction was enabled for a maximum period of 10 min or ﬁve minutes following the ﬁrst
attack. This test was repeated for ﬁve consecutive days
and every day, a new unfamiliar intruder was encountered.
Videos of the interactions were acquired with an infra-red
high-speed camera (GigE, Basler AG, Ahrensburg, Germany)
with a frame rate of 25 frames per second. Attack latencies
were determined for all testing days whereas only the ﬁfth
day was assessed for detailed behavioural analyses, since
aggression levels were found stable at that stage. Animals
that did not attack received an attack latency score of 600
seconds. Aggressive behaviour (e.g. number and positioning of bites, number of attacks) was examined using The
Observer XT (Noldus, Wageningen, The Netherlands). Only
clear individual bite events were scored. The whole repertoire of aggressive behaviours (e.g. bites, attacks, lateral
threats, tail rattles) was scored in addition to the position of
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bites (examples can be found in Fig. S1). Aggression scores
of one BALB/cJ mouse were more than two times the standard deviation lower than the average and were excluded
from the analysis as a behavioural outlier.
2.2.2. Open ﬁeld test
To investigate whether aggression is linked to anxiety behaviour, an open ﬁeld test was performed. Locomotion activity was quantiﬁed using a 55 × 55 × 36 cm activity chamber (made by our laboratory). Animals (n = 10 per group)
were brought to the experimental room in darkness oneby-one, and were placed in the centre of the ﬁeld (27.5 ×
27.5 cm) where locomotion activity was then recorded for
ﬁve minutes. The arena was divided in four quadrants in
which the connected centre points of all quadrants formed
the centre of the ﬁeld. The total time in the centre zone,
outside the centre and time spend near the walls was
measured as well as the frequency of centre visits. The
latency to leave the centre was used as an indication of nonexplorative behaviour (immobility). Reduced velocity, distance travelled and frequency of centre visits were used as
indications of locomotor activity and anxiety behaviour. The
arena was cleaned with 70% alcohol between tests. Videotapes of the locomotion activity were examined using Ethovision XT9 (Noldus, Wageningen, The Netherlands).
2.2.3. Elevated plus maze test
In addition to the open ﬁeld test, the elevated plus maze
was used as measure of anxiety. Animals (n = 10 per group)
were brought to the experimental room in darkness and oneby-one. The elevated plus maze (Noldus, Wageningen, The
Netherlands) consisted out of two open (36 cm × 6 cm (lxw))
arms and two closed (36 cm × 6 cm (lxw), modelled with
15 cm high walls) arms emanating from a common central
platform (6 cm × 6 cm (lxw)) was placed 60 cm above the
ground. Animals were placed in the centre of the maze with
the head facing the closed arms and activity was recorded
for ﬁve minutes. The maze was cleaned with 70% ethanol
between tests. Videotapes of the locomotor activity were
examined using Ethovision XT9 (Noldus, Wageningen, The
Netherlands). The times spent in the open and closed arms
were examined as a time ratio. The time ratio (RT) is the
time spent on the open arms (TO)/total time spent on both
closed (TC) and open arms (TO). RT=TO/(TO+TC). In addition, also the frequency of transition between the arms, the
total distance travelled and the velocity were measured.
One BALB/cJ that froze throughout the whole experiment
in the centre of the maze was excluded from the analysis.

2.3. mRNA expression data analysis and
molecular landscape building
In order to investigate the genetic differences behind the
behavioural phenotypes of BALB/cJ and BALB/cByJ mice,
we analysed publically available microarray expression data
(Affymetrix mouse genome 430 2.0 array). Data that derived from samples of whole brain of 10–12 week old naïve
male BALB/cJ (n = 4) and BALB/cByJ (n = 5) mice from
the dataset “Public Inbred Mice” (dated 09/12/2007) was
obtained from PhenoGen Informatics (https://phenogen.
ucdenver.edu/PhenoGen) University of Colorado, Colorado,
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USA). No pooling of the samples occurred and quality control was completed. Expression data was processed with
GeneSifter and Bonferroni-corrected for multiple comparisons. Through the approach that was previously used for a
number of neurodevelopmental disorders (Poelmans et al.,
2013, 2011; van de Vondervoort et al., 2016), we then
used Ingenuity Pathway Analysis (QIAGEN Bioinformatics,
Redwood City, California, USA) and an extensive literature
search to construct a molecular landscape of the mRNAs
that were found to be differentially expressed in the brains
of BALB/cJ mice (see Table S1). The landscape was made
using the drawing program Serif DrawPlus version 4.0.

2.4. RNA isolation and quantitative polymerase
chain reactions (qPCRs)
We aimed to conﬁrm the ﬁndings from the microarray
data in our own behaviourally phenotyped cohort of animals. Therefore, we sliced frozen brains of mice (n=5
per substrain) from cohort 1 in sections of 150 μm with a
cryostat (LEICA Biosystems, Nussloch, Germany). Punches
from OFC (bregma 3.08–2.10), ventral ACC (vACC; area
24) (bregma 1.10–0.26), and dorsal ACC (dACC; areas 24 )
(bregma 0.26–0.94) and DMS (bregma 1.54–0.10) were collected in RNAlater (Thermo Fisher Scientiﬁc Inc, Waltham,
Massachusetts, USA). The RNeasy kit (QIAGEN, Germantown, Maryland, USA) was used to isolate total RNA from
the punches. cDNA was created according to the manufacturers’ manual (BIOLINE SensiFAST, London, UK) and diluted 10 times with RNase free water. Primers for housekeeping genes (Thermo Fisher Scientiﬁc, Eindhoven, The
Netherlands) and genes speciﬁcally chosen to conﬁrm ﬁndings from the microarray analysis and molecular landscape
(Integrated DNA Technologies, Leuven, Belgium) (Table S2).
All primers, used in our experiments, have a high level of
purity and quality, and their validity is guaranteed by both
companies for the conditions in which we used them experimentally. These primers were used for the qPCR analysis
(Rotorgene, QIAGEN, Germantown, USA) using SYBR green
(BIOLINE SensiFAST, London, UK) according to the manufacturers’ guidelines. Normalization of the data was performed
according to the delta ct-method, using the formula ˆ
2-dct,
with GAPDH and beta-actin as housekeeping genes, as the
expression of these genes was tested using GeNorm with a
M < 1.5, meaning expression was stable.

2.5.

Proton magnetic resonance spectroscopy

Magnetic resonance (MR) experiments were performed a
week after the last resident-intruder test. The experiments
were performed using an 11.7T BioSpec Avance III small
animal MR system (Bruker BioSpin, Ettlingen, Germany)
equipped with an actively shielded gradient set (600 mT/m)
and Paravision 5.1 software. Animals were anesthetized by
isoﬂurane (3.5% for inductions and 2% for maintenance) and
placed in a stereotactic device in order to immobilize the
head. Breathing frequency was monitored throughout the
MR experiment and body temperature was maintained at
37.5 °C using a continuous warm air ﬂow (SA Instruments,
Inc., Sunny Brook, NY, USA). A circular polarized volume

resonator and an actively decoupled mouse brain quadrature surface coil were employed as transmit and receive
coils, respectively. Gradient echo (GE) T2∗ -weighted images
covering the entire mouse brain were acquired in three orthogonal directions to serve as anatomical references for
spectroscopy voxel localization. Metabolite concentrations
in the ACC, DMS and OFC were quantiﬁed by single voxel 1 H
MRS using PRESS sequence (TR/TE = 2500/11.6 ms, 400 acquisitions, TA ≈ 17 min) with a voxel size of 2.74 μL for ACC
and OFC and a size of 3.37 μL for DMS. Variable pulse power
and optimized relaxation delays (VAPOR) were employed for
suppressing water signal. For all spectra, a water spectrum
was acquired in the same voxel (without suppressing water
signal) to serve as a reference. Metabolite concentrations
were calculated using LCModel software in which a CramerRao lower bound (CRLB) < 20% was considered as acceptable
quality. Metabolite concentrations are reported as ratios to
total creatine (tCre) levels, as these levels were found to be
identical in our animal models.

2.6.

Statistics

The data is presented as mean ± standard error of the
mean. Calculations were performed using IBM SPSS Statistics
23. Normality of data was determined with the KolmogorovSmirnov test. Normal distributed variables were evaluated with independent student t-tests, while Mann-Whitney
U-tests for two independent samples were used for the
non-normally distributed variables. Expression data was
Bonferroni-corrected for multiple comparisons. Attack latencies over ﬁve days were assessed with the repeated measures ANOVA, without additional post-hoc testing. All used
tests were two-tailed tests or one-tailed in the case of a
clear expectancy. In order to reveal the relationships between the factors underlying aggression, we utilized Pearson correlations. Microarray expression data was processed
with GeneSifter and Bonferroni-corrected for multiple comparisons. Graphs were created with GraphPad Prism 5.03.

3.

Results

3.1. Increased aggressive and antisocial
behaviours
After a week of individual housing, aggression was examined in BALB/cJ and BALB/cByJ mice, through the residentintruder test. On the ﬁrst day, more BALB/cJ mice (17 out
of 19) attacked than BALB/cByJ mice (8 out of 20). On the
ﬁfth day, all BALB/cJ mice attacked and the majority of
BALB/cByJ (13 out of 20) did this as well. Throughout the
entire test period of 5 days, attack latencies were shorter
in BALB/cJ as compared to BALB/cByJ mice (F1,37 = 9.938,
p = 0.003, Fig. 1 a). Attack latencies on the ﬁrst day were
signiﬁcantly lower in the BALB/cJ mice, indicating higher
reactive aggression (U37 = 110.5, p = .022). This pattern
continued until the last day. BALB/cJ mice attacked approximately twice as often as BALB/cByJ (t37 = 2.318, p = .007),
and displayed less threat behaviour (U37 = 87.0, p = .049,
n = 39) (Fig. 1b, Table 1). However, the frequency of distal threat behaviour, deﬁned as tail rattles, was increased
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Fig. 1 Aggressive and anxiety-related behaviour (A) Attack latencies were shorter in BALB/cJ mice during all ﬁve days of
resident-intruder testing (B) The ratio of bites that were accompanied with threat behaviour was found lower in BALB/cJ mice.
(C) The positions of the bites were expressed as a percentage of the total number of bites per individual animal. BALB/cJ mice
attacks targeted more often vulnerable body parts (neck, face, belly). (D) Open ﬁeld locomotor tracings show decreased exploratory
behaviour in BALB/cJ mice (E) The time spent immobile in the centre of the open ﬁeld was ± 1.5 min for BALB/cJ mice. Error bars
represent SEM. ∗ p < .05, ∗∗ p < .01, ∗∗∗ p < 0.001.

Table 1

Additional behavioural differences between BALB/cJ and BALB/cByJ mice.

Substrain
Aggressive behaviour
Latency to ﬁrst attack (s)
Number of bites
Number of tail rattles
Number of attacks
Open ﬁeld measures
Centre visits in open ﬁeld
Time spent in centre (s)
Distance travelled in open ﬁeld (cm)
Velocity in open ﬁeld (cm/s)
Elevated plus maze measures
Distance travelled on elevated plus maze (cm)
Velocity on elevated plus maze (cm/s)
Ratio time spend on open arms
Time present in closed arms (s)
Transition between open and closed arms
Data for each behaviour are mean ± SEM.
∗ p < .05.
∗∗ p < .01.
∗∗∗ p < .001.

BALB/cJ

BALB/cByJ

41.42 ± 11.70∗
25.68 ± 3.088∗∗∗
6.474 ± 1.099∗
13.42 ± 1.632∗∗

243.0 ± 14.87
9.10 ± 1.965
2.950 ± 0.9907
7.65 ± 1.867

9.2 ± 2.38∗∗∗
27.35 ± 10.06∗∗∗
1108 ± 205.98∗∗∗
7.64 ± 1.43∗∗∗

35.9 ± 3.05
78.21 ± 8.02
2076 ± 121.92
14.16 ± 0.83

1249 ± 39.23
4.34 ± 1.12
0.108 ± 0.032∗∗
253.87 ± 9.89∗∗
10.33 ± 3.98

1110 ± 11.98
3.77 ± 0.132
0.445 ± 0.081
155.62 ± 23.24
13.0 ± 1.80
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in BALB/cJ compared to BALB/cByJ mice (U37 = 103.5,
p = .013, Table 1). Signiﬁcantly more bite events occurred
in interactions with the BALB/cJ mice (t37 = 4.579, p <
.001, Table 1). The majority of the bites by both strains
were directed to the back of the intruder animals but 1/4
bites of the BALB/cJ on the intruder were in aberrant places
(U37 = 37.5, p < .001, Fig. 1c). In 22% of the bites, BALB/cJ
mice targeted the belly, which happened mostly during submissive upright postures of the intruders, while BALB/cByJ
mice targeted the belly in only 9% of the bite events.
The exploratory behaviour of these animals was assessed
in the open ﬁeld test. BALB/cJ mice showed a longer period of immobility in the centre of the ﬁeld (U18 = 22.0,
p = .035). Some animals did not leave the centre of the
ﬁeld and displayed a vigilant posture for the whole testing period (Fig. 1d, e). Unlike BALB/cJ mice, BALB/cByJ
animals did not show immobility and explored the whole
ﬁeld. BALB/cByJ returned frequently to the centre of the
ﬁeld (t18 = −6.903, p < .001) and spent more time in the
centre (t18 = −3.954, p < .001, while BALB/cJ rarely returned to the centre and spent only a shorter time in that
zone (Table 1). In addition, BALB/cJ mice travelled less
(t18 = −4.045, p < .001, Table 1) with a lower velocity
(t18 = −3.941, p < .001, Table 1). Furthermore, a negative correlation was found when the number of bites in the
resident-intruder was plotted against the distance travelled
in the open ﬁeld, indicating that the most aggressive animals were the least exploratory (r = −0.69, p < 0.001).
No difference was found in the time spent in the periphery between the two substrains. To rule out possible effects of the order of testing, i.e. aggression prior to anxiety
test, the opposite order was assessed in an independent cohort. In this cohort, BALB/cJ mice behaved similar as in the
cohort that was tested on aggression prior to the anxiety
test. However, it seems that BALB/cByJ mice explore more
when they are tested on anxiety before aggression, creating an even bigger difference between the two substrains
(Fig. S2a–c). On the elevated plus maze, BALB/cJ mice spent
90% of the time in the closed arms (U17 = 8.0, p = .003,
Table 1). No difference was found between the two strains
in the total distance travelled through the maze and
the number of transitions between open and closed arms
(Table 1).
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sistance, Glycerol-3-phosphate shuttle and GABA receptor
Signaling to be the three most signiﬁcantly enriched pathways (Table S3) and GAD2 was present in all three pathways.
Within the ‘Physiological Systems Development and Function’ category, enrichments with the lowest p-values were
found for Nervous System Development and Function. In
the category ‘Molecular and Cellular Functions’, Molecular
Transport was most enriched. The top three upstream regulators of our list were Neuroligin 2 (NLGN2), ST8 alpha-Nacetyl-neuraminide alpha-2,8-sialyltransferase 2 (ST8SIA2),
and A kinase (PRKA) anchor protein 5 (AKAP5). Based on
the IPA ﬁndings and an extensive literature search, we constructed a molecular landscape that contains 22 of the 33
differentially expressed mRNAs/proteins from our list. This
landscape is shown in Fig. 2. In short, signalling in the landscape takes place in the tripartite synapse, with involvement of pre- and postsynaptic neurons and astrocytes. GABA
synthesis, trafﬁcking and release is the main signalling cascade in the presynaptic neuron. Glutamate (GLUT) is converted into GABA by GAD2 (see above). Vesicular GABA
Transporter (VGAT) transports GABA into presynaptic vesicle and potassium voltage-gated channel subfamily Q member 2 (KCNQ2) upregulates its expression. Synaptotagmin II
(SYT2) and protein tyrosine phosphatase, receptor type, S
(PTPRS) are located in the presynaptic vesicle membrane
and promote vesicle trafﬁcking and fusion to the membrane
where after GABA is released into the synaptic cleft. GABA
in the synaptic cleft binds to GABAA receptors (GABA ARs) at
the postsynaptic membrane. Activation of GABA ARs is indirectly promoted by G protein-coupled receptor 39 (GPR39)
as zinc (Zn2+ ) molecules bind to this membrane-located receptor, which results in the activation of KCC2, a chloride
and potassium pump, which is upregulated by NLGN2 and
in turn activates the GABA ARs. In addition, GABA from the
synaptic cleft is taken up by the GABA transporter (GAT),
into astrocytes and neurons. In the mitochondria of astrocytes (and neurons, not shown), GABA is then degraded to
succinate semialdehyde (SSA) by 4-aminobutyrate aminotransferase (ABAT). An elaborate description of all protein
interactions in this landscape is provided in Supplementary
information S1.

3.3. Local decrease in GABA caused by increased
degradation in the ACC
3.2. Altered GABA signalling underlying
aggression
In order to uncover the molecular pathways/signalling cascades that are underlying aggression, a hypothesis-free approach was followed through the analysis of publically available mRNA expression data from the brains of BALB/cJ
and BALB/cByJ mice. Thirty-three unique mRNAs with a
Bonferroni-corrected p < .05 were found differentially expressed between whole brain samples of the strains (see
Table S1). Solute carrier family 12, member 5, Kcc2 (also
known as Slc12a5), was the most upregulated mRNA (22.43fold) in BALB/cJ mice. Among the downregulated mRNAs,
glutamate decarboxylase 2 (Gad2), a GABA-synthesizing enzyme, had the lowest p-value. Canonical pathway analysis
of the list of differentially expressed mRNAs with Ingenuity
Pathway Analysis revealed Glutamate Dependent Acid Re-

Based on the molecular landscape described above, we hypothesized that GABA signalling would be altered in the
brains of BALB/cJ mice. We tested this hypothesis in two
ways. First, 1 H-MRS was performed in three brain areas that
are involved in the top-down control of aggression, namely
the OFC, ACC and DMS. Locally in the ACC, a 40% decrease
in GABA metabolite concentration was found in the BALB/cJ
mice (t10 = −3.298, p = .008, Fig. 3a). In the OFC and
DMS, no differences in GABA concentrations were found
between substrains. Metabolite concentrations for glutamate and glutamine did not change in the three brain areas
(Fig. 3b, c). Second, following the 1 H-MRS experiment,
brains were isolated and the same three brain areas were
evaluated for gene expression changes by quantitative polymerase chain reaction (qPCR) in order to conﬁrm that the
observed decrease in GABA metabolite concentration in the

Cortical control of aggression: GABA signalling in the anterior cingulate cortex

11

Fig. 2 Molecular landscape based on publically available microarray mRNA expression data and mRNAs validated through
qPCR. Signalling in the landscape takes place in the tripartite synapse, with involvement of pre- and postsynaptic neurons and
astrocytes. GABA synthesis, trafﬁcking and release is the main signalling cascade in the presynaptic neuron. An elaborate description
of all protein interactions in this landscape is provided in Supplementary information S1.

Fig. 3 Magnetic resonance spectroscopy (A) GABA metabolite concentrations were found 40% lower in the ACC of BALB/cJ mice.
(B) Glutamate and (C) glutamine levels were similar between substrains in the ACC, DMS and OFC. Error bars represent SEM. ∗ p <
.05. Abbreviations: ACC, anterior cingulate cortex; DMS, dorsal medial striatum; OFC, orbitofrontal cortex.

ACC corresponds to gene expression changes that are only
present in the ACC as well. As, due to technical limitations,
we couldn’t distinguish between the ventral ACC (vACC) and
dorsal ACC (dACC) in the MR approach, we decided to make
this distinction in the qpCR experiments, i.e. we punched

and isolated RNA from both the vACC and dACC separately,
as depicted in Fig. 4a.
Based on the microarray data (showing Gad2 as the
most signiﬁcantly downregulated mRNA, see above) we ﬁrst
tested whether expression of Gad2 was indeed downreg-
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Fig. 4 mRNA expression levels of Abat, Kcc2 and Nlgn2 in the anterior cingulate cortex. (A) Quantitative polymerase chain
reactions were performed on RNA obtained from animals that were tested for aggression in the vACC and dACC. (B) Abat mRNA
expression was higher in vACC of BALB/cJ mice. (C) mRNA expression of Kcc2 was higher in BALB/cJ mice in the vACC. (D) A trend
towards decreased Nlgn2 mRNA was found in the dACC of BALB/cJ mice. Error bars represent SEM. # p < .10, ∗ p < .05, ∗∗ p <.01.
Abbreviations: vACC, ventral anterior cingulate cortex; dACC, dorsal anterior cingulate cortex.

ulated in the ACC but not in the OFC and DMS. Quantitative PCR revealed no differences between BALB/cJ and
BALB/cByJ mice in the amount of Gad2 mRNA in the vACC,
DMS or OFC, but a trend towards increased Gad2 expression
was found in the dACC (t7 = 2.294, p = .083) (Fig. S3a). Subsequently, we hypothesized that the observed, ACC-speciﬁc
decrease in GABA metabolite concentration could be the result of a downregulation of the other GABA synthezing enzyme (that was not found among the signiﬁcantly differentially expressed mRNAs in the microarray data), i.e. Glutamate decarboxylase 1 (Gad1). However, qPCR revealed
no differences between BALB/cJ and BALB/cByJ mice in
the amount of Gad1 mRNA in all three areas (Fig. S3b).
As we did not ﬁnd a signiﬁcantly downregulated expression
of Gad2 and Gad1 in the ACC (nor the DMS and OFC), we
subsequently hypothesized that an increase of the GABAdegrading enzyme (Abat) would result in a reduced concentration of GABA (metabolites) in the ACC. Indeed, we
found a 20-fold increase of Abat expression in the vACC
(t5 = 7.273, p = .001) while the 5-fold increased expression
of Abat in the dACC did not reach signiﬁcance (t7 = 2.154,
p = 0.102) (Fig. 4b). As the animals from cohort 1a that
we used to perform the qPCR experiments were sacriﬁced
shortly having been exposed to anaesthesia - which can have
an effect on mRNA expression (Staib-Lasarzik et al., 2014)
- we repeated the qPCR of Abat expression in independent
cohorts of BALB/cJ and BALB/cByJ that had not been exposed to anaesthesia and we were able to conﬁrm the upregulation of Abat expression in the vACC of BALB/cJ mice
(p < .05; Fig. S4).

3.4. Postsynaptic increase of Kcc2 and possibly
regulatory role of Nlgn2
As indicated above, we found additional evidence for the
main ﬁnding from our microarray data-based molecular
landscape, i.e. that GABA signalling is altered in the brains
of BALB/cJ mice, and more speciﬁcally that the reduced
GABA metabolite concentration in the vACC of these mice
is due to a markedly increased expression of the GABAdegrading enzyme Abat. Furthermore, the molecular landscape points towards a possible postsynaptic compensatory
mechanism for this decrease in GABA signalling in that the
expression of Kcc2 - a chloride and potassium pump that
activates GABA A Receptors (which would provide compensation for the reduced GABA levels at the synapse) - was
found be 22-fold increased in the brains of BALB/cJ mice.
Therefore, we performed a qPCR of Kcc2 expression in the
ACC to ascertain whether this mechanism actually compensates for the observed decrease in GABA metabolite levels.
We found that Kcc2 mRNA expression was 2.2-fold increased
in the vACC in BALB/cJ mice (t6 = 2.497, p = .047) but not
in the dACC (Fig. 4c).
Lastly, the upstream regulator analysis of the differentially expressed mRNAs that we performed (see above) suggested a regulatory role for NLGN2. Therefore, we hypothesized that an altered expression of Nlgn2 in BALB/cJ
mice could provide a (partial) explanation for the observed
differences in expression of the mRNAs that it regulates.
We observed decreased Nlgn2 expression in the dACC of
BALB/cJ mice (t7 = −2.722, p = .030) (Fig. 4d). Further, a
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trend was found in the negative correlation between Nlgn2
mRNA expression in the dACC and the number of attacks
(r = −0.56, p = 0.059), i.e. the lower the expression of
Nlgn2, the higher the number of attacks (and vice versa).
This is in keeping with the literature in that it has been reported that overexpression of Nlgn2 reduces aggression in
rats (Kohl et al., 2015; Kohl et al., 2013) and further suggest a role for Nlgn2 in the modulation of aggression.

4.

Discussion

This study aimed to identify the molecular mechanisms underlying the cortical control of aggressive behaviour in the
BALB/cJ mouse model and by combining multidisciplinary
techniques. We constructed a molecular landscape based
on publically available mRNA expression data and we attempted to conﬁrm the main ﬁndings from this landscape
in a separate and independent cohort of BALB/cJ and control, BALB/cByJ animals. A disturbed balance between excitation and inhibition in the ACC or OFC was hypothesized
to underlie aggressive behaviour (Blair, 2001) and we found
supportive evidence for this in BALB/cJ mice. BALB/cJ mice
display an aberrant pattern of aggression, i.e. ignorance
of submissive behaviour of the intruder mice (with an increased number of belly targeted bite events as the outcome), directing attacks to vulnerable body parts of the intruder and attacking despite lack of threat behaviour before
the bite attack. We continued aggression testing until stable levels of aggression were observed and we found that
a larger proportion of BALB/cJ mice showed initial aggressive behaviour compared to BALB/cByJ mice. Therefore,
it needs to be considered that BALB/cJ mice were more
experienced in aggressive interactions, which could have
inﬂuenced their aggressive phenotype due to a repeated
victory effect (Caramaschi et al., 2008). This pathological
behaviour was associated with a decreased GABA concentration, speciﬁcally in the ACC of BALB/cJ mice. This is in
coherence with other studies that used positive allosteric
modulators, such as benzodiazepine, allopregnanolone and
alcohol, which consistently found an inverse correlation between brain levels of GABA and aggression in several species
(as reviewed by Miczek et al., 2003). A more recent study
in female patients with attention-deﬁcit hyperactivity disorder (ADHD) investigated the relation between GABA and
aggression in the anterior cingulate cortex using 1H magnetic resonance (Ende et al., 2015). Interestingly, similar
to what we found in BALB/cJ mice, reduced levels of ACC
GABA were found, that were negatively correlated with aggression scores.
Furthermore, in the same ADHD patients these lower ACC
GABA levels were also strongly associated with high inattention scores, which indicates an important role for the regulation of attention in addition to control of anger (Ende
et al., 2015). Since the ACC has a profound function in
the regulation of attention processing, this may also be
altered in BALB/cJ mice. In this respect, preliminary research done by our group revealed an attentional deﬁcit
in BALB/cJ mice in the ﬁve-choice-serial-reaction-time-task
measured by increased omissions (Jager et al., 2015). That
being said, whether inattention is (partially) driving aggression in BALB/cJ mice needs to be investigated further.

13

It could be hypothesized that a disinhibition of the ACC,
by lower local GABA levels, would reduce the control of
other brain areas involved in top-down control of aggression, i.e. the amygdala, hypothalamus and the periaqueductal gray matter (Blair, 2013). As a possible result, decreased
sensitivity to reinforcement signals (e.g. error detection)
in BALB/cJ mice may have inﬂuenced decision making and
thereby control of aggressive behaviour. On the other hand,
disinhibition of the ACC may have caused an overly responsive basic threat circuitry (amygdala – hypothalamus – periaqueductal gray matter), which may have inﬂuenced the
likelihood of BALB/cJ mice to respond to a threat with aggressive behaviour, as is found in youth with conduct problems and low callous-unemotional traits when presented a
fearful face (Viding et al., 2012). Whether these brain areas
are also affected in their activity in BALB/cJ mice still needs
to be investigated. Additionally, it needs to be considered
that a change in GABA signaling can have an effect on multiple other neurotransmitters, e.g. the dopaminergic and
serotoninergic pathways (Miczek et al., 2002). For example, GABAergic interneurons commonly express dopamine
D2 receptors and GABA is also involved in the innervation of
magnocellular arginine vasopressin neurons (Santana et al.,
2009; Theodosis et al., 1986). Thereby, it was found that
GABAergic neurons and dopamine D2 receptors interact in
the lateral anterior hypothalamus of hamsters in relation to
aggression control (Schwartzer et al., 2009).
The observed lower levels of GABA in the ACC of BALB/cJ
mice could possibly be explained by an increased degradation of GABA by Abat (Siegel GJ et al., 1999). High Abat
expression was particularly detected in the vACC but also
in the dACC. The vACC is mainly involved in reward expectation and affective decision making based on reward
and punishment (Matsumoto et al., 2003). In contrast, the
dACC is involved in pain sensitivity and in error detection (Kringelbach and Rolls, 2003, 2004; O’Doherty et al.,
2001; Vogt et al., 1996). Correct error detection will provide sensitivity to social feedback and seems to be altered
in BALB/cJ mice. Interestingly, reduced pain sensitivity was
found in BALB/cJ mice, suggesting that GABA signalling in
the ACC is also affecting this behavioural output (Jager
et al., 2015). Furthermore, the dACC is involved in skeletomotor control during fear tasks and avoidance and may
play a role in the immobility observed in the open ﬁeld test.
In addition, we found a negative correlation between the
number of bites in the resident-intruder test and the distance travelled in the open ﬁeld, i.e. the most aggressive
animals were the least exploratory (p < .001). This may indicate that heightened aggression observed in BALB/cJ mice
may be related to anxiety. Whether there is a causal relationship still needs to be investigated further. Interestingly,
an article by Neumann et al., 2010 stated there was impressive evidence for an overlap in the regulating systems of
aggression and anxiety on neuroendocrine and neurochemical level, and therefore a strong correlation between aggression and anxiety behaviors (Neumann et al., 2010). Altogether, altered GABA signalling in the ACC can possibly
cause weak or poor error detection and affective decision
making in the BALB/cJ mice resulting in increased aggressive behaviour.
In addition to decreased GABA concentrations, the observed increased Kcc2 expression in the same brain area
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may result in neuronal hyperpolarization by activating
GABAA receptor responses (Rivera et al., 1999). We predicted that Ngln2 would be the main regulator that would
inﬂuence this cascade. Ngln2 has been linked to aggression
before, i.e. decreased levels of Ngln2 in the hippocampus
were found in aggressive mice and rats (Kohl et al., 2013,
2015; van der Kooij et al., 2014). Moreover, overexpression
of Ngln2 by viral hippocampal injection decreased the level
of aggressive behaviour signiﬁcantly (Kohl et al., 2013). We
found a trend towards an inverse correlation between Nlgn2
mRNA expression in the dACC with the number of attacks by
the BALB/cJ mice, which may add to a role of Nlgn2 in aggression modulation. Although we were able to construct a
molecular landscape based on the mRNAs that are differentially expressed between BALB/cJ and BALB/cByJ mice, not
all mRNA expression changes could be conﬁrmed through
qPCR. In this respect, it needs to be considered that these
data were obtained from a public database containing mRNA
expression of whole brain tissue. Therefore, it may well be
that other brain areas that are known to express high levels
of Gad2 (e.g. the olfactory bulb, hypothalamus – Allen brain
atlas: brain-map.org) would better reﬂect these expression
changes than the areas tested in our experiments. Another
explanation could be that the animals used for the microarray RNA expression analysis were naïve whereas our animals
were subjected to the behavioural tasks, which may have altered gene expression as well. Both ABAT and KCC2 were not
previously identiﬁed as signiﬁcantly associated candidate
genes in two independent human genome wide association
studies (GWASs) of aggression (or related disorders) (Dick
et al., 2011; Tiihonen et al., 2015). One reason may be that
these GWASs used biological material obtained from blood
or saliva while our ﬁndings may be brain (area)-speciﬁc. Interestingly, a preliminary re-evaluation of the GWAS data
(Dick et al., (2011)) by our group showed that, rs16831128, a
SNP located approximately 30 kb upstream of GPR39 yielded
a p-value of 5.46E-06 for association with conduct disorder,
which is considered signiﬁcant in this context. Activity dependent zinc receptor signalling by the G-protein coupled
receptor GPR39 is shown to directly enhance KCC2 activity
(Chorin et al., 2011; Gilad et al., 2015), suggesting that the
mechanisms we found in the BALB/cJ mouse may be implicated in the aetiology of human aggression as well.
In this study, we investigated the involvement of areas
responsible for the control of emotional processing in aggression. We generated and found supporting evidence for a
novel GABA signalling-centred molecular landscape underlying aggression in animals. Follow-up experiments should be
performed to extend this exploration to other areas. New
experiments may also be undertaken in order to explain the
observed large increases in Kcc2 and Abat expression. In
addition, new pharmacological treatments targeting either
KCC2 or ABAT could be developed and tested, since both
proteins represent excellent novel drug targets for aggression. For example, inhibition of Abat by gamma-vinyl GABA
(GVG) and valproate acid has been shown to reduce aggression in isolation-housed rats after injection in the olfactory
bulb (Molina et al., 1986). Further, it would be worthwhile
to examine the expression of Abat and Kcc2 in the ACC in
other animal models of aggression in which GABA signalling
is altered, such as the escalated alcohol-heightened aggression model (Takahashi et al., 2010).
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In this study, we have used a multidisciplinary approach
utilizing diverse experimental techniques (e.g. MRS, microarray expression data, molecular landscape building, behavioural analyses and qPCR) to provide evidence that the
top-down regulation of aggression in BALB/cJ mice may involve losses of inhibitory GABAergic control, in part mediated by increased GABA catabolism. Future studies should
investigate if inhibition of Abat exerts anti-aggressive actions.
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