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Abstract

Idiopathic generalized epilepsy represents about 30–35% of all epilepsies in humans. The

bromodomain BRD2 gene has been repeatedly associated with the subsyndrome of juvenile

myoclonic epilepsy. Our previous work determined that mice haploinsufficient in Brd2 (Brd2+/−)

have increased susceptibility to provoked seizures, develop spontaneous seizures and have

significantly decreased GABA markers in the direct basal ganglia pathway as well as in the

neocortex and superior colliculus. Here we tested male and female Brd2+/− and wild type

littermate mice in a battery of behavioral tests (open field, tube dominance test, elevated plus

maze, Morris water maze and Barnes maze) to identify whether Brd2 haploinsufficiency is

associated with the human behavioral patterns, so-called juvenile myoclonic epilepsy personality.

Brd2+/− females but not males consistently displayed decreased anxiety. Further, we found a

highly significant dominance trait (aggression) in the Brd2+/− mice compared to the wild type,
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more pronounced in females. Brd2+/− mice of either sex did not differ from wild type mice in

spatial learning and memory tests. Compared to wild type littermates, we found decreased

numbers GABA neurons in the basolateral amygdala, which is consistent with the increase in

aggressive behavior. Our results indicate that Brd2+/− haploinsufficient mice show no cognitive

impairment but have behavioral traits similar to those found in patients with juvenile myoclonic

epilepsy (recklessness, aggression). This suggests that either the BRD2 gene is directly responsible

for influencing many traits of juvenile myoclonic epilepsy or it controls upstream regulators of

individual phenotypes.
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Introduction

Idiopathic generalized epilepsy (IGE) represents about 30–35% of all epilepsies (Annegers,

1994). Previous and current research indicates that the patients with juvenile myoclonic

epilepsy (JME; a subform of IGE) have personality disorders that include impulsive

personality traits and higher novelty seeking behavior (Moschetta et al., 2011,

Wandschneider et al., 2013) that are not associated with other forms of epilepsy. Patients

with JME also show less self-control than matched healthy subjects (Plattner et al., 2007).

Magnetic resonance spectroscopy and imaging studies suggest the involvement of prefrontal

cortex in these epilepsy patients, and impairments in the prefrontal cortex may also be

involved in associated behavioral traits (De Araujo Filho et al., 2009a, De Araujo Filho et

al., 2009b, Koepp et al., 2013, Piazzini et al., 2008). On the other hand, JME patients

usually do not have serious cognitive deficits (Moschetta & Valente, 2013) although, JME

has been reported to be associated with verbal and visual memory deficits (Sonmez et al.,

2004) related to the frontal lobe (Koepp, 2005, Piazzini et al., 2008). Although IGE is

mostly genetic in origin (Greenberg et al., 1992), few IGE genes have been identified.

Among those genes, BRD2 has been repeatedly both linked and associated with JME

(Cavalleri et al., 2007, Durner et al., 1991, Greenberg et al., 1988a, Greenberg et al., 1988b,

Greenberg et al., 2000, Pal et al., 2003, Sander et al., 1995, Weissbecker et al., 1991),

specifically in Caucasian populations (Greenberg et al., 2000, Sander et al., 1997).

We generated a mouse model with the null mutation of the murine Brd2 gene (Shang et al.,

2009). The homozygous mutation (Brd2−/−) is incompatible with life but Brd2+/−

heterozygotes are viable. The heterozygotes have increased susceptibility to provoked

seizures, develop unprovoked spontaneous seizures, and have significantly decreased GABA

markers (such as GAD67 and/or parvalbumin) along the direct basal ganglia pathway,

including in the neocortex and superior colliculus, indicating a GABA deficiency within the

endogenous seizure-controlling pathway (Deransart & Depaulis, 2002). However, the

hippocampus shows no such decrease in GABA markers (Velíšek et al., 2011).

In this study we investigated behavioral differences between Brd2+/− mice and wild type

(wt) littermates with an emphasis on anxiety, cognition and aggression. We also determined
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the numbers of GAD67 and parvalbumin immunopositive cells in the basolateral amygdala,

a structure strongly related to the control of aggression and fear (Mchugh et al., 2004,

Schumann et al., 2011, Wang et al., 2011). In our mouse studies, we looked at the sexes

separately because JME patients are predominantly female (Camfield et al., 2013, Kleveland

& Engelsen, 1998, Pedersen & Petersen, 1998), an observation that is echoed in the mouse

seizure susceptibility experiments (Velíšek et al., 2011).

Material and Methods

All experiments were carried out in strict accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The

respective protocols were approved by the IACUC of the Columbia University (New York,

NY), New York Medical College (Valhalla, NY), and Nationwide Children’s Hospital

(Columbus, OH). Brd2+/− mice and Brd2+/+ littermates (controls; referred here to as wt)

were generated most frequently by mating wt Brd2+/+ females to heterozygous Brd2+/−

males. All mice used in this study were 6–9 months old, both males and females, and at least

the 7th generation of backcrossing onto a C57BL/6J background strain, so that their genetic

background would be considered on average 99% C57BL/6J (Mouse Nomenclature,

jaxmice.jax.org). The genotypes of the mice were determined by PCR using primers that

spanned the gene-trap vector junction inserted into the Brd2 gene (Shang et al., 2009). The

mice were kept in groups of three in a cage (same sex) on regular light:dark cycle (lights on

at 07:00) with free access to food and water. All experiments were performed during the

light phase of the cycle preferable between 10:00–14:00. Two separate cohorts of animals

were used for behavioral testing (open field, elevated plus maze, Morris Water maze OR

Barnes maze) with at least three day between individual tests. Tube dominance was tested in

an additional cohort of mice. Immunohistochemistry was performed on brains of animals not

subjected to any behavioral testing.

Behavioral testing

Initially, we investigated the mice in the open field to determine if there were any

differences in normal behavioral patterns, in the velocity of walking, trajectory traveled,

grooming, etc. (Goldstein et al., 2012, Velíšek, 2006). During this test, the mouse is placed

in the center of an arena (42 × 42 cm) with translucent walls and 3D infrared diode arrays.

The mouse is left to explore the environment freely for 5 minutes; all movements are

recorded. Average speed, distance traveled, central zone entries and time spent in the central

zone (centrally positioned 20 × 20 cm square) were calculated by means of software

(Activities; Med-Associates, St. Albans, VT). In addition to motor performance, the open

field test also provides information about anxiety level: Mice prefer to spend more time in

the safety of the walls (thigmotaxis) than in the center of the arena. Relative increases in

time spent close to the walls of the arena are consistent with increased anxiety, while more

time spent in the center is consistent with decreased anxiety (Choleris et al., 2001).

As a corollary test for anxiety, we used the elevated “plus” maze (Pellow & File, 1986,

Velíšek, 2006). During this test, the mouse is placed at the crossing of the two open and two

closed arms of the device, facing the open arm. Number of entries into either arm and the
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time spent in the arms is recorded (videotracking using Stoelting’s ANY-Maze software;

Wood Dale, IL) for total 3 minutes. Mice typically prefer the subjectively safer closed arms,

although they tend to explore new areas.

Observations during routine handling of the mice had suggested that +/− mice were more

aggressive than wt. Therefore, we used the dominance tube test to test and quantify

aggressive behaviors, i.e., whether the heterozygotes are more aggressive compared to wt.

The enclosed space of the tube represents a desired environment for the mice and the tube

test is a non-fighting social dominance test. The tube diameter is chosen to allow the mouse

to move either forward or backward without any obstacles, but not to be able to turn around

(Kovacsics & Gould, 2010). Social dominance is determined by allowing a heterozygote and

a wt of the same sex to enter the clear acrylic tube (diameter 2.5 cm; length 30 cm) from

opposite ends (Korade et al., 2013). Both mice usually proceed in walking the tube until

they meet in the middle followed by a non-aggressive exchange of olfactory information.

Then, the more dominant mouse starts pushing back the less dominant mouse. This is

considered to reflect the aggressive tendency controlled by the prefrontal cortex (Molina &

O'donnell, 2008, Wang et al., 2011). We have tested each mouse three times (three sessions)

allowing one hour between the sessions, always with a different sex-matched partner mouse

of the opposite genotype and always from a different cage. We recorded which mouse

pushed the less dominant one out of the tube (Harrison et al., 2009). The trial concluded

when one mouse had its forepaws out of the tube (Semple et al., 2012). The tube test is a

reliable method for hierarchical rating of mice as well as an indicator of significant

prefrontal cortex involvement (Wang et al., 2011). All testing was done blind to genotype.

Additionally, we investigated whether the Brd2+/− genotype affects hippocampal learning

and spatial memory using the Morris Water Maze (MWM) (Schenk & Morris, 1985). In

this test, the mouse is released from the side of a circular water tank and will seek and swim

to the rescue platform (hidden about ½ cm under the water level in fixed position in the

tank). The mouse has constant visual cues to orientation in the tank because the platform

itself is invisible. We did four training trials per day (with a one hour inter-trial interval) for

four days; the starting quadrants were pseudo-randomly varied. At 24 hours after the last

training trial, a retrieval test was performed: We placed the mouse in the tank but without

the platform, and we recorded the time the mouse spent in the quadrant where the platform

had been located during the training trials. A similar test was performed 7 days after the

training phase. The swimming trajectory was always followed by videotracking (ANY-

maze).

To confirm the spatial learning and memory results obtained in the MWM (Patil et al.,

2009), we tested different groups of mice in the Barnes maze (Barnes, 1979, Goldstein et

al., 2012), which does not involve the significant stressor of swimming. In the Barnes maze,

the mouse is released from the starting box in the center of the circular platform around

which 20 holes are spaced evenly in the periphery. One of the holes contains the escape box,

the other 19 are blanks. The mouse needs to find the escape box. A fluorescent (not heat

producing) light source provided 800 lx of illumination directed on the platform as an

aversive stimulus. There were 4 days of training with four training trials per day with a one

hour inter-trial interval (Goldstein et al., 2012). Similar to the MWM protocol, there was a
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24 hour and a 7 day retrieval test in which the escape box is replaced with a blank for the

test. During the retrieval test, we recorded the length of time the mouse sniffs around the

former location of the escape box (±1 box).

Immunohistochemistry

We evaluated the expression of GABA markers (GAD67 and parvalbumin) in the amygdala

and in the prefrontal cortex of mice not subjected to behavioral tests. The amygdala is

involved in the control of anxiety and aggressive behaviors (Hale et al., 2010) and GABA

has a key role in the control of anxiety (Smith & Rudolph, 2012). For free-floating

immunohistochemical staining, 40 µm thick coronal hemi-sections were cut using a cryostat.

To identify markers of GABAergic neurons, alternating sections were collected for separate

parvalbumin (PVA) and GAD67 immunostaining. GAD67 is an isozyme of the GABA

synthesizing enzyme glutamic acid decarboxylase that tags almost the entire population of

GABAergic neurons. We used anti-parvalbumin (1:5000, Sigma, St. Louis, MO) and anti-

GAD67 (1:4000; Millipore, Temecula, CA) antibodies. The immunostaining was visualized

using the avidin-biotin horseradish peroxidase method (Vectastain AB kit, Vector

Laboratories, Burlingame, CA) (Velíšek et al., 2011, Velíšková & Velíšek, 2007).

Counting of immunopositive cells

Section images were digitally captured. Counts centered on the basolateral nucleus of

amygdala (defined as the cross-section of the nucleus) or the prefrontal cortex (defined as a

rectangle in the area of prelimbic cortex and area 1 of the cingulate cortex). For counting, a

minimum of three position-matched sections for each structure were selected from the brain

of each of Brd2+/− and Brd2+/+ mice. There were four mice in each subgroup (genotype/

sex) for the amygdala counts and three mice per each subgroup for the prefrontal cortex

counts. All immunopositive neurons in the area of interest were counted (Ravizza et al.,

2003, Rieux et al., 2002). Counts from three sections were averaged for each subject

(mouse) and the average used for statistical evaluation. Our goal was to compare the relative

number of immunopositive cells in the Brd2+/− mice to the number in wt mice (Velíšek et

al., 2011).

Statistical Analysis

Initially, data were evaluated for distribution and variance. Data following a Gaussian

distribution and with similar variance were analyzed using parametric tests (Student’s t-test

for two groups, ANOVA for multiple groups). Proportions in two groups were evaluated

using Fisher’s Exact Test. Data collected over time in spatial learning tests were analyzed

using two-way ANOVA with repeated measures as one factor. Level of significance was

preset to p<0.05.

Results

Open Field (Figure 1)

In female mice, the average traveling speed was independent of the genotype. Both Brd2+/−

(n=14) and wt (n=12) mice had average speeds around 22 cm/s (Student’s t-test;

t(24)=0.251; p=0.804). This indicates that movement of the Brd2+/− mice is not impaired.
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There was no difference between the two groups of mice in total distance traveled (Student’s

t-test; t(24)=1.090; p=0.287; not shown). However, when we compared the distance traveled

in the periphery and in the central zone of the open field, we found that Brd2+/− females

traveled significantly longer distance in the central area compared to wt females (Student’s t-

test; t(24)=2.498; p=0.048). This finding could be associated either with significantly more

entries of Brd2+/− females into the central zone and/or more time spent in the central zone.

Statistics revealed that female Brd2+/− mice entered the central zone more frequently

(Student’s t-test; t(24)=2.314; p=0.030) and stayed there longer (Student’s t-test;

t(24)=2.403; p=0.024) compared to wt female mice. These observations of Brd2+/− females

indicate significantly decreased preference for the peripheral parts of the open field

(decreased thigmotaxis) compared to wt, a conclusion supported by 1) the longer time spent

in the central area of the open field, 2) the longer distance traveled there, and 3) the

increased number of entries. Decreased thigmotaxis is a sign of decreased anxiety (Simon et

al., 1994). In male mice we did not find differences in open field behaviors between Brd2+/

− (n=17) and wt (n=11) except for the time spent in the central zone. Brd2+/− males spent

less time in the central zone than wt (Student’s t-test; t(26)=2.229; p=0.044), which might be

suggestive of increased anxiety.

Elevated Plus Maze (Figure 2)

The findings in the elevated plus maze, confirmed the findings of decreased anxiety in

Brd2+/− female mice compared to wt females. Overall, female Brd2+/−mice (n=15) spent

significantly less time in the closed arms of the maze (Student’s t-test; t(27)=2.374;

p=0.025) but spent significantly more time on the open arms compared to female wt mice

(n=14; Student’s t-test; t(27)=2.112; DF=27; p=0.044). The remaining time (up to the 3 min

session limit) was spent on the central square. However, we did not find any differences for

elevated plus-maze behaviors between male Brd2+/− vs. wt mice. Thus, this test does not

confirm the indication of increased anxiety in males that was seen in the previous test.

Tube dominance test (Figure 3)

We had noted enhanced aggression in Brd2+/− mice in normal handling. We used tube

dominance test to confirm and quantify this observation. We tested the mice in three trials.

For each trial a different male-male or female-female pair was chosen. A total of 10 Brd2+/

−/wt male pairs and 10 female pairs were tested (40 mice total). Figure 3A shows number of

“winners” (dominant mice) in each category, i.e. male Brd2+/−, female Brd2+/−, male wt

and female wt. The results unambiguously show that Brd2+/− females were consistently

dominant over wt in this test across the trials. On the other hand, Brd2+/− males required

repeated encounters with wt opponents to develop clear dominance. Figure 3B summarizes

data from trials 1–3. Out of 60 encounters, Brd2+/− mice prevailed in 41, while wt prevailed

in 19 (Fisher’s Exact test; *p=0.0001).

Morris Water Maze (MWM; Figure 4)

We asked whether the GABAergic neuron marker deficits in Brd2+/− mice that are seen

along a) the direct basal ganglia pathway, b) in the neocortex, and c) in the superior

colliculus, would impair spatial learning and memory. In the water maze (MWM), we found
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no difference in learning the platform location between Brd2+/− female mice (n=16) and wt

females [n=12; repeated measures ANOVA, between factor F(1,26)=0.167; p=0.687]. Indeed,

learning (i.e., the gradual decrease in time needed to find the platform over the days of

training; i.e., an eventual non-zero slope of the learning curve) was present and similar in

both groups [repeated measures ANOVA within factor F(3,78)=21.384; p<0.0001; no

significant interaction between the factors]. Similarly, there was no difference between

Brd2+/− and wt female mice in the memory retrieval test at 24 hours or 7 days after

completion of training. The results for males were similar to females. We did not find any

differences in spatial learning in the MWM between Brd2+/− males (n=12) and wt males

(n=11; repeated measures ANOVA between factor F(1,21)=0.001; p=0.980) while, again,

male mice were capable of significant learning (a gradual decrease in the time to entry into

the rescue box over the days of training; repeated measures ANOVA within factor

F(3,63)=16.004; p<0.001). There were no differences between Brd2+/− and wt males in

memory retrieval tests at 24 hours or 7 days after training.

Barnes Maze (Figure 5)

Swimming may represent a confounder in the MWM because mice are not fond of

swimming. Thus, stress effects of swimming might have overridden any possible (subtle)

differences between +/− and wt mice of both sexes. Therefore, using a different sets of

animals than in the MWM test, we validated our MWM data in the Barnes Maze, the dry

version of the spatial learning and memory test. For female mice, there was again no

difference in spatial learning between Brd2+/− (n=16) and wt (n=14; repeated measures

ANOVA between factor F(1,28)=0.206; p=0.653); both groups displayed significant

acquisition of the task (repeated measures ANOVA within factor F(3,84)=33.912; p<0.0001).

There was no difference between Brd2+/− female mice and wt controls in memory retrieval

at 24 hours and 7 days after learning. In male mice, we also did not see any difference

between the groups of Brd2+/− (n=17) and wt mice (n=12; repeated measures ANOVA

between factor F(1,27)=0.439; p=0.573). Similar to the female results, and similar to results

collected in MWM, there was significant learning in both groups over 4 days of training

(repeated measures ANOVA within factor F(3,81)=21.079; p<0.0001). There was no

difference in memory retrieval after 24 hours or 7 days between male Brd2+/− and wt mice.

These results indicate that the spatial learning and memory are affected neither as a result of

Brd2 haploinsuffiiency nor as a result of the earlier-reported GABA marker decrease in the

basal ganglia and neocortex. It is noteworthy that there were no differences in GABAergic

neuron markers in the hippocampus (Velíšek et al., 2011). Thus, the finding that genotype

did not affect spatial learning and memory supports the observation that Brd2

haploinsufficiency does not affect hippocampal function.

Expression of markers for GABAergic neurons in the basolateral amygdala and prefrontal
cortex (Figure 6)

We determined expression of GAD67 and PVA (GABA markers) in amygdala since

amygdala function is associated with fear and with aggressive behaviors (Mchugh et al.,

2004, Schumann et al., 2011, Treit et al., 1993). We found that both markers we examined,

GAD67 and PVA, were significantly decreased in Brd2+/− mice, irrespective of sex. In
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GAD67 expression, there was a significant effect of genotype (ANOVA F(1,12)=24.735;

p=0.0003), however there was no effect of sex (ANOVA F(1,12)=0.685; p=0.424) or

interaction between the factors (ANOVA F(1,12)=1.330; p=0.271). Similar to GAD67, in

PVA expression, there was a significant effect of genotype (ANOVA F(1,12)=10.946;

p=0.0062), but there was no main effect of sex (ANOVA F(1,12)=0.030; p=0.866) or

interaction between the effects (ANOVA F(1,12)=0.009; p=0.930).

We also investigated expression of GABA markers in prefrontal cortex because of the role

prefrontal cortex plays in dominance and aggression (Wang et al., 2011). We determined the

number of GAD67 and PVA immunopositive neurons in the perilimbic and cingulate

portions of the prefrontal cortex. First, we found that the numbers of GAD67 and PVA

immunopositive cells are virtually the same in this area (paired t-test; t(11)=0.834; p=0.422),

indicating that most, if not all, GABAergic cells express PVA in this particular part of the

prefrontal cortex. Second, in counts of GAD67 immunopositive cells, we found no main

effect of genotype (ANOVA F(1,9)=1.170; p=0.310) or sex (ANOVA F(1,9)=0.065;

p=0.805). There was no main effect of genotype in counts of PVA-immunopositive cells

(ANOVA F(1,10)=0.0034; p=0.990) or main effect of sex (ANOVA F(1,10)=0.079; p=0.784).

No interactions between the main effects were found in either cell type.

Discussion

Our data show that Brd2+/− mice have sex-specific alterations in anxiety as compared to wt

mice. We found decreased anxiety traits in Brd2+/− female mice but these traits were not

observed in Brd2+/− males. Further, both Brd2+/− female and male mice displayed

increased aggression compared to wt, aggression that was more pronounced in females. In

either sex, Brd2 haploinsuficiency was not associated with any problems in spatial learning

and memory. Finally, we also found a significant decrease in GABA neuronal markers

(GAD67 and PVA) in basolateral amygdala in Brd2+/− mice compared to wt, yet no

difference was found in the prefrontal cortex. These findings correspond to our previously

published study in Brd2+/− mice that showed sex-specific increases in susceptibility to

provoked seizures, the occurrence of spontaneous seizures in females, and decreased

numbers of GAD67 immunopositive neurons along the basal ganglia pathways compared to

wt mice (Velíšek et al., 2011).

Our behavioral findings show decreases in anxiety in female Brd2+/− mice and increases in

aggression in all Brd2+/− mice compared to wt. There are studies indicating that patients

with JME (repeatedly linked to, and associated with, the BRD2 gene (Greenberg et al., 2000,

Sander et al., 1997)) also show certain behavioral problems. These behavioral problems

include increased risk-taking behaviors (Wandschneider et al., 2013) and impulsive

personality traits (Moschetta et al., 2011). Indeed, in our mouse experiments, the enhanced

exploration of the central area (the risk zone) of the open field and the increase in time spent

on the open arms of the elevated plus maze, are indicators of increased risk-taking behaviors

in the mice (Olsen et al., 2013). Interestingly, a study investigating deficits of a gene

controlling circadian rhythms (Clock) (Easton et al., 2003) also found more robust increases

in risk-taking behavior specifically in females. The findings suggest that some genes such as
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Clock (or Brd2 in this study) may interact with gonadal steroid hormones or sex to produce

behavioral changes.

We did not find any cognitive deficits (determined in the Barnes maze or Morris Water

Maze) in Brd2+/− mice compared to controls. Similarly, clinical data do not show

significant cognitive deficiencies in patients with JME (Moschetta & Valente, 2013). The

cognitive tasks used in our study in the mice depend on intact hippocampal function

(Stewart et al., 2011) and, in fact, we did not find any changes in GABA markers in the

hippocampus of Brd2+/− mice compared to wt in our previous work (Velíšek et al., 2011).

This is also in accordance with neuropsychological studies, which generally report normal

IQ in JME patients; the functions of the temporal lobes specifically (verbal and nonverbal

episodic memory) seem to be unaffected (Delgado-Escueta et al., 2013, Roebling et al.,

2009, Wandschneider et al., 2010). These parallel findings in patients with JME and in

Brd2+/− mice indicate that hippocampal structure and function are unaffected in both JME

patients and in our mouse JME model.

On the other hand, in the Brd2+/− mice we did find increased social dominance in the tube

test, which tests dominance as well as aggression (Johns et al., 2010). The main structures

responsible for these behaviors involve circuitry among prefrontal and orbital cortices,

striatum and amygdala (Cho et al., 2013, Molina & O'donnell, 2008, Nelson & Trainor,

2007, Wang et al., 2011). Previously, we found impairment in the striatal number of GAD67

and parvalbumin immunopositive neurons in Brd2+/− mice (suggesting a deficit in GABA

neurons (Velíšek et al., 2011)). In the current study, we expanded those findings and we

show, in addition, that there are decreased GABA markers in the amygdala of the Brd2+/−

mice as well. In patients with JME, changes in fronto-striatal circuitry have been

demonstrated, with abnormalities in the dorsolateral prefrontal cortex, premotor cortex,

basal frontal cortex, thalamus, and putamen (Koepp et al., 2013, Woermann et al., 1999)

associated with decreased cognitive flexibility (Mcdonald et al., 2006, Van Schouwenburg

et al., 2014, Wandschneider et al., 2012). Although JME’s major pathology is a form of

generalized epilepsy, EEG recordings and current imaging techniques provide evidence of

the major involvement of the frontal lobes (Koepp et al., 2013, Wandschneider et al., 2013),

all in accordance with the findings of behavioral and neuropsychological studies (De Araujo

Filho et al., 2013, Schmitz et al., 2013). Another study of JME patients investigated risk-

taking behaviors and determined that JME patients with ongoing seizures display increased

risk-taking traits as well as activation of the prefrontal cortex compared to controls without

JME or JME patients without ongoing seizures (Wandschneider et al., 2013). While we did

not find any modifications of GABA markers directly in the prefrontal cortex of the Brd2+/−

mice, we found that, in addition to increased aggression, these mice have decreases in

anxiety traits, which can be related to risk-taking behaviors (Easton et al., 2003, Keers et al.,

2012). These behaviors also involve prefrontal cortex, but we hypothesize that a

neurotransmitter system other than the GABA system is involved (Vialou et al., 2014).

Previously, we found sex-specific phenotypic differences between Brd2+/− and wt mice in

both seizure susceptibility and in the expression of GABA markers (Velíšek et al., 2011),

and now we see such differences in behaviors as well. It is striking that many of these

observations in the mouse are similar to observations in humans (Craiu, 2013), [although, to
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our knowledge, no one has investigated sex-specific differences in human JME patients].

Sex-specific occurrence of traits may indicate: (a) A possible role of sex chromosome

differences and their interaction with the partial Brd2 deficit in heterozygotes. (b)

Interactions of Brd2 function with the effects of gonadal sex steroids, as shown previously

for the interaction of the Clock gene with sex in anxiety behaviors (Easton et al., 2003). (c)

The role of circulating sex steroids (specifically progesterone) during the ovarian cycle on

anxiety behaviors in females (Galeeva et al., 2003, Gangitano et al., 2009, Maguire et al.,

2005). Our ongoing experiments in animals during phases of postnatal development will

further elucidate the first two possibilities of genetically-based sex differences versus

interaction with early developmental organizational effects of steroid hormones (sexually

dimorphic effects) (Velíšková & Moshé, 2001). Testing both Brd2+/− and wt females at

random time points throughout the ovarian cycle speaks against the last option.

The finding that the decreased anxiety in female Brd2+/− mice is associated with decreased

expressions of GABA markers in the basolateral amygdala seems counterintuitive, as

anxiolytic effects are usually dependent on strengthening GABA-mediated inhibition (Smith

& Rudolph, 2012); for example, benzodiazepines, which strengthen such inhibition, have

significant anxiolytic properties (Griebel & Holmes, 2013). However, mice with high

anxiety traits have increased levels of GAD65 and GAD67 mRNAs and protein, as well as

increased levels of GABA in the amygdala (Tasan et al., 2011). Lesions of basolateral

amygdala, on the other hand, lead to decreased anxiety traits in rats (Treit et al., 1993).

Finally, one study directly and positively links the number of active PVA-containing

neurons in the amygdala to the level of anxiety (Hale et al., 2010). A very recent study in

patients with JME, using Magnetic Resonance Spectroscopy with ultra short echo time,

determined that there is a decrease in thalamic GABA neurotransmission with an increase in

N-acetyl-aspartate. These observations together suggest damage to thalamic GABAergic

neurons (Hattingen et al., 2014). Unfortunately, relatively low resolution of this technique

does not make possible to investigate relatively small brain structures such as dorsolateral

striatum, substantia nigra pars reticulata or amygdala.

Our data suggest that the Brd2 gene (in addition to governing seizure susceptibility) plays a

role in the expression of sex-specific behavioral traits. Since the Brd2 gene product is likely

a transcription factor controlling production of many different transcripts (Belkina et al.,

2013) (ergo regulating many different functions), these transcripts may participate in brain

development and control of seizure susceptibility, cell proliferation, and behavior, and also

may be responsible for differential outcomes in males and females. Since these control

functions, or interactions, of Brd2 with other transcripts may also occur at certain specific

developmental stages, the data indicate that JME is a developmental disorder (De Nijs et al.,

2013).
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Figure 1. Performance of Brd2+/− mice and wt littermates in the open field
Top – females (n+/−=14; nwt=12), bottom – males (n+/−=17; nwt=12). We determined

speed, distance traveled in the central versus peripheral zone of the open field, number of

entries in the central zone and the time spent in the central zone. Female Brd2+/− mice

traveled longer distance in the central field, made more entries to the central field and spent

more time there compare to wt female littermates (*p<0.05). None of these outcomes was

recorded in male Brd2+/− mice. In contrast, Brd2+/− male mice spent less time in the

central area of the open field compared to the wt male littermates.
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Figure 2. Activity of Brd2+/− mice and wt littermates in the elevated plus maze
Top – females (n+/−=15, nwt=14), bottom – males (n+/−=17, nwt=12). In this test Brd2+/−

females spent more time in the open arms and proportionally less time in the closed arms of

the open field compared to their wt female littermates (*p<0.05). This was not the case in

male Brd2+/− mice.
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Figure 3. Increased dominance in Brd2+/− mice compared to wt littermates tested in the tube
a. Overview of three sequential trials (1 hour apart), during which pairs (+/− male – wt male

or +/− female – wt female; n=10 per each subgroup) were placed in the opposite ends of

clear acrylic tube. A “winner” was assigned to the mouse who after the encounter in the mid

tube overpowered the other mouse having it back up out of the tube. Columns represent

number of wins for individual subgroups separated by sex. For each trial, the pairs were

built differently, so there was no repeated interaction with a former tube mate. Columns

clearly indicate prevailing dominance of Brd2+/− females over wt females from the

beginning, while +/− males developed their dominance over continuing trials 1–3.

b. Combined data from trials 1–3 indicating proportion of wins per in Brd2+/− and wt mice

split by sex. Brd2+/− mice were clearly dominant in this test (*p=0.0001).
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Figure 4. Learning and memory retrieval of Brd2+/− mice and wt littermates in the Morris water
maze
Left inset – a scheme of Morris Water maze with submerged platform location in the NW

quadrant (red circle). Red – females (n+/−=16 ; nwt=12); blue – males (n+/−=12; nwt=11).

Motivation to find a hidden platform is provided by water environment. While both males

and females were capable of learning location of the platform over four days of training,

there was no difference between +/− and wt littermates. Similarly, there was no difference

between +/− and wt littermates in memory retrieval at either 24 hours or 7 days after

learning has been completed (measured as time spent in the quadrant of former location of

the platform).
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Figure 5. Learning and memory retrieval of Brd2+/− mice and wt littermates in the Barnes maze
Left inset – a scheme of Barnes maze with 19 blank boxes (blue), one full escape box (red)

and area of the adjacent boxes (encircled black) to the escape box evaluated as positive

outcome during memory retrieval test. Red – females (n+/−=16 ; nwt=14); blue – males (n

+/−=17; nwt=12). In the Barnes maze, bright light (800 lx) serves as motivation to escape

from the open platform and seek a hiding place in the full escape box. While both males and

females were capable of learning of the position of escape box over four days of training,

there was no difference between +/− and wt littermates. Similarly, there was no difference

between +/− and wt littermates in memory retrieval at either 24 hours or 7 days after

learning has been completed.
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Figure 6. Decreased number of GAD67 and parvalbumin immunopositive neurons in the
basolateral amygdala of Brd2+/− mice compared to wt littermates
a. Plate 40 from (Paxinos & Franklin, 2004) showing the area of basolateral amygdala where

the counts were performed (red fill).

b. Numbers of both GAD67-immunopositive cells and parvalbumin immunopositive cells

were decreased in +/− mice irrespective of sex compared to wt littermates (two way

ANOVA; *p<0.05).
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c. Microphotograph of basolateral amygdala in a wt female mouse with immunostaining of

GAD67 cells. Scale bars always 100 µm.

d. Microphotograph of basolateral amygdala in a Brd2+/− female mouse with

immunostaining of GAD67 cells. Please note that number of dark stained cells is very low,

in contrast to wt female.

e. Microphotograph of basolateral amygdala in a wt female mouse with immunostaining of

parvalbumin cells.

f. Microphotograph of basolateral amygdala in a Brd2+/− female mouse with

immunostaining of parvalbumin cells. Please note that number of dark stained cells is very

low, in contrast to wt female.

g. Plate 18 from (Paxinos & Franklin, 2004) showing the area of prefrontal cortex (frame

dimension) where the counts were performed (red fill).

h. There was no difference in the expression of GAD67 immunopositive cells in the

prefrontal cortex area both between Brd2+/− and wt mice and between males and females.

i. There was no difference in the expression of PVA immunopositive cells in the prefrontal

cortex area both between Brd2+/− and wt mice and between males and females.
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