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Abstract

Growing evidence suggests that altered function of the GABAergic system can contribute to the
pathophysiology of depression. Many GABAergic effects are mediated via ionotropic GABAA
receptors, which are functionally defined by their o subunit (a.1-a6). Although it remains
unknown which specific GABA, receptor population mediates depressive-like effects, we posit
that a2-containing GABA receptors, which are highly expressed in limbic regions, may underlie
these behaviors. We hypothesized that genetic inactivation of a2-containing GABA, receptors
would generate a depressive-like phenotype in mice. Male and female wild type, a2 heterozygous,
and a2 homozygous knockout mice generated on the 129x1/SvJ background were examined in the
novelty-suppressed feeding (NSF) test, the forced swim test (FST) and the tail suspension test
(TST). Male a2 knockout mice took longer to eat in the NSF test and became immobile faster and
remained immobile longer when challenged in the FST and the TST compared to wild types. In
females significant genotypic differences were only observed in the FST. We conclude that
GABAergic inhibition acting via a2-containing GABA receptors has an antidepressant-like
effect in vivo and that these receptors represent a specific molecular substrate that can regulate
depressive-like states. a2-containing GABA receptors may therefore represent a novel target for
the development of more effective antidepressants.
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1. Introduction

Evidence from clinical and preclinical studies suggests a relationship between -
aminobutyric acid (GABA) and depression (Brambilla et al., 2003). GABA levels in the
plasma and the corticospinal fluid are reduced in patients with major depressive disorder
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(Sanacora and Saricicek, 2007) and corticospinal fluid GABA levels increased after
administration of selective serotonin reuptake inhibitors (Bhagwagar, 2004). Administration
of the benzodiazepines alprazolam and adinazolam elicits antidepressant responses similar
to widely prescribed antidepressants in patients with major depressive disorder (Amsterdam
et al., 1986; Petty et al., 1995). Even though clinically used benzodiazepines are non-
subunit-selective allosteric modulators of GABAA receptors and are most commonly
prescribed as anxiolytics, these findings suggest that GABA receptors may also have a role
in the treatment of depression.

Many GABAergic effects are mediated via ionotropic GABA, receptors, whose subunit
composition determines the receptor's physiological and pharmacological characteristics.
Preclinical work has shown that GABAA, receptor y2 heterozygous knockout mice exhibit a
depressive-like phenotype compared to wild type mice (Earnheart et al., 2007; Shen et al.,
2010) providing evidence for the involvement of GABA receptors in depression. However,
since the y2 subunit is contained in about 90% of all GABAA receptors, it still remains
unknown which GABA receptor subtype, as defined by its a subunit, mediates these
effects.

Here, we focus on a2-containing GABA receptors since these receptors are highly
expressed in limbic regions (Fritschy and Mohler, 1995) that are involved in emotional
stimulus processing and are also implicated in the pathophysiology of depression (Kaplan et
al., 1994). GABRAZ2, the gene encoding the GABAA receptor a2 subunit, has also been
linked to other mental health disorders including post-traumatic stress disorder (Nelson et
al., 2009), conduct disorder (Dick et al., 2006), alcohol and illicit drug dependence (Agrawal
et al., 2006; Edenberg et al., 2004). a2-containing GABAA receptors have also been linked
to the improvement of cognitive deficits in schizophrenia (Lewis et al., 2008). Additionally,
this GABA receptor subtype mediates the anxiolytic-like action of the benzodiazepine
diazepam in mice (Low et al., 2000). Given the high comorbidity between anxiety disorders
and depression (Rapaport, 2001), it is likely that these two diseases share common neural
structures and circuits. While strong evidence suggests that a2-containing GABAA receptors
mediate anxiety-like behaviors (L6w et al., 2000), we posit that they may also regulate
mood. Mice globally lacking the a2 subunit of the GABAA receptor were examined in
preclinical tests modeling aspects of depressive-like symptomatology. We hypothesized that
the genetic inactivation of this receptor would generate a depressive-like phenotype.

2. Materials and methods

2.1. Animals

Male and female wild type, a2 heterozygous (¢:2*/7), and a2 homozygous (a2 ~/~) knockout
mice (Gabra2tM2-2Uru) were generated on the 129x1/SvJ background (origin: RCC
Fuellinsdorf, Switzerland; the global 02 knockout was generated by excision of exon 5; the
mutant allele was backcrossed for 12 generations before heterozygous breedings were
established) (n=12-16/genotype). Subjects were group housed (3—4 mice/cage) in Super
Mouse 750™ cages containing a LifeSpan™ Rodent Enrichment insert (Lab Products Inc.,
Seaford, DE, USA); these cages are covered by micro-isolator non-wire bar lids and can be
maintained either on or off individual ventilation. Subjects were maintained on a reverse
12:12 h light-dark cycle (lights off 0900 h) with food (Purina Lab Diet 5P76, PMI Nutrition
International, Brentwood, MO, USA) and water available ad libitum unless stated otherwise.
Mice were ear tagged and genotyped by PCR analysis of tail biopsies at 4 weeks of age.
Female estrous cycle was not assessed with vaginal smears. Experiments were approved by
the McLean Hospital Institutional Animal Care and Use Committee and in accordance with
the NIH Guide for the Care and Use of Laboratory Animals (National Research Council,
1996).
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2.2. Behavioral tests

Subjects were tested sequentially in the novelty-suppressed feeding (NSF) test, the forced
swim test (FST), and the tail suspension test (TST) during the dark phase of the daily cycle
with one week separating each test. Locomotor activity in a familiar open field (OF) was
assessed with separate groups of male wild type and a2/~ mice only (n=6/genotype).

2.2.1. Novelty-suppressed feeding test—Percent weight loss was determined by
weighing subjects before and after a 24-hour food (but not water) deprivation period.
Subjects were placed in a clean cage 1 h before being tested in a clear Plexiglas box (42 x 42
x 31 cm; 20 lux) lined with clean bedding and a food pellet placed in the center on an
inverted petri dish. Latencies to bite and eat the food were recorded. Subjects were removed
from the apparatus after they began eating, or a maximum latency of 6 min, and returned to
their home cage where consumption of a pre-weighed food pellet was determined after 5
min.

2.2.2. Forced swim test—A clear Plexiglas cylinder (diameter, 20 cm) was filled with
water (24-25°C) and illuminated by overhead room lighting (~100 lux). After a 6 min test
session, mice were placed in a clean cage containing paper towels under a heat lamp until
dry. Subject behavior was videotaped (Sony Handycam DCR-DVD108, Sony Electronics
Inc., San Diego, CA, USA) and the latency to first immobility and time spent immobile in
the first 2 and last 4 minutes of the test were scored manually. Immobility was defined as
floating motionless or using movements only necessary to keep the head above water
(Porsolt et al., 1978).

2.2.3. Tail suspension test—Mice were suspended for a 6 min test session by taping the
tail to the edge of a table (height, 70 cm). Subjects were videotaped and the latency to first
immobility and total time spent immobile were manually scored. Immobility was defined as
the complete cessation of movement while suspended.

2.2.4. Familiar open field—Subjects were habituated to the testing arena (clear Plexiglas
box, 42 x 42 x 31 cm) for 30 min and then, 24 hours later, were placed in the same arena
(now familiar) for another 30 min. Total distance traveled (cm) was measured using the
EthoVision XT (Noldus Information Technology, Netherlands) tracking system.

2.3. Statistical analysis

NSF, TST, and FST data were analyzed by one-way analysis of variance (ANOVA)
followed by a Dunnett's post hoc t-test comparing a2*/~ and a2/~ mice to wild types.
Overall mean locomotor activity in the OF was analyzed by an independent t-test; the time
course of activity in 5 min intervals across the 30 min test session was analyzed by a two-
way ANOVA (genotype x time interval) with time as a within-subjects factor. Data are
expressed as mean = SEM. The significance level for all tests was set at p<0.05. Males and
females were analyzed separately using the SPSS statistical software version 18 (SPSS Inc.,
Chicago, IL, USA).

3. Results

The most salient behavioral differences in the NSF test were observed in male a2*/~ mice
which took significantly longer to bite (F(2,38)=10.96, p=0.0001; Dunnett's post hoc,
p<0.01) (Figure 1A) and to eat (F(2,38)=5.65, p=0.007; post hoc, p<0.01) (Figure 1B) the
food pellet compared to wild type mice. While 027/~ mice ate the most food in the home
cage (F(2,38)=6.60, p=0.03), total food consumption by 02*/~ and a2/~ mice was not
significantly different from wild types (p=0.108 and p=0.134, respectively) (Figure 1C).
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There were no significant genotypic differences in percent body weight loss after the 24-
hour food deprivation (F(2,38)=0.66, p=0.53) (Figure 1D).

Male a2/~ mice most rapidly attained immobility in the FST (Figure 2A) and remained
immobile twice as long as wild types in the first 2 min of the test session (F(2,35)=4.78,
p=0.015; post hoc, p<0.01) (Figure 2B). No genotypic differences were detected for time
spent immobile in the last 4 min of the test (data not shown). In the TST, both a2*/~ and
027~ males became immobile significantly faster than wild types (F(2,36)=6.83, p=0.003;
post hoc, p<0.01 and p<0.05, respectively) (Figure 3A). While these same groups remained
immobile longest during test (F(2,36)=3.52, p=0.04), only 02/~ mice were significantly
different from wild types (post hoc p<0.01) (Figure 3B).

Female mice were also examined in the same tests. While no genotypic differences were
observed in females in the NSF test and the TST (Table 1) significant differences were
observed in the FST (Table 2). Here a main effect of genotype was found for the latency to
become immobile (F(2,38)=5.52, p=0.008) (Table 2); both the u2*/~ (p<0.05) and the 02/~
(p<0.01) mice became immobile sooner than wild types. a2/~ also remained immobile
longer in the first 2 minutes of the test (F(2,38)=7.332, p=0.02; post hoc p<0.001) (Table 2).

Wild type and 02/~ mice explored a familiar open field equally; there were no genotypic
differences in the overall mean total distance traveled (t(10)=1.28, p=0.22) (Figure 4A) or in
the pattern of activity across the 30 min test session (no significant main effect of genotype:
F(1,10)=1.64, p=0.23) (Figure 4B). Activity was highest in the first 5 min of the test and
decreased to a stable level by 15 min (significant main effect of time interval:
F(5,50)=55.65, p<0.0001) (Figure 4B).

4. Discussion

GABAergic dysregulation has been linked to depression in preclinical and clinical studies
(Brambilla et al., 2003; Earnheart et al., 2007; Shen et al., 2010; Petty, 1995; Sanacora and
Saricicek, 2007; Sanacora et al., 2000). Using genetically-modified mice as a preclinical tool
to examine components of depressive-like behavior, we show that a2-containing GABAA
receptors represent a specific molecular substrate that can regulate depressive-like states.
Our findings suggest that GABAergic inhibition acting via a2-containing GABA, receptors
has an antidepressant-like effect in vivo and are important for emotional regulation.

a2/~ mice took longer to eat in a novel environment and exhibited greater immobility when
challenged in inescapable situations (FST and TST) compared to wild types. These results
suggest a profile of increased sensitivity to novelty and elevated behavioral despair in 012KO
mice that was not confounded by baseline differences in locomotor activity. a2~/~ mice also
exhibited a profound pro-depressant profile in the TST and FST whereas a2*/~ mice
surprisingly had a more pronounced phenotype in the NSF test. Compensatory adaptations
in the a2/~ mice combined with the specific characteristics of the NSF test may explain
why heterozygous mice exhibited behavioral differences compared to wild types.

While a depressive-like phenotype was observed in genetically modified males in all three
tests, this was not the case in females where a clear phenotype was only observed in the
FST; it is possible that the chosen experimental conditions more effectively revealed
genotypic differences in males than females. However, it is known that general food
consumption and TST-related behaviors in female rodents are sensitive to hormonal
fluctuations induced by the estrous cycle (Meziane et al., 2007; Parker et al., 2001).
Ovarian-cycle linked changes in GABA receptors are known to influence anxiety-related
behaviors (Maguire and Mody, 2009; Maguire et al., 2005) and it has also been shown that
steroids modulate the expression of a2 subunit mRNA in vitro (Pierson et al., 2005). Here,
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we posit that the female estrous state may potentially represent a confounding variable that
may have masked genotype-dependent effects in the TST and NSF test.

The results of this study are consistent with previously published preclinical work
demonstrating a role for GABA, receptors in depressive-like behavior (Earnheart et al.,
2007; Shen et al., 2010) but extend this finding by identifying a specific GABA receptor
subtype that mediates antidepressant-like effects generated from stressful situations (e.g.,
food deprivation) in vivo. The Gabra2 gene is expressed in distinct brain areas including the
amygdala, hippocampus and nucleus accumbens (Fritschy and Méhler, 1995), anatomical
structures considered to be key components in the pathophysiology of depression (Kaplan et
al., 1994). Inhibitory GABAergic circuits acting via a2-containing GABA receptors may
critically modulate the output of these brain regions and a dysregulation of these circuits
could lead to disturbances in emotional processing and mood regulation.

While o2-containing GABAA receptors are known to be involved in regulating anxiety-like
behaviors (Léw et al., 2000), our results further suggest that they may be a common neural
substrate linking comorbid anxiety disorders and depression in humans. Given that that the
behavioral tests used here to assess depressive-like states are derived from subjecting the
animal to a stressful state, and that the responses observed are also fundamentally related to
anxiety, a2-containing GABA receptors may play a particularly salient role for both
anxiety and depression. a2-containing GABA receptors may therefore represent a novel
target for the development of more effective, non-monoamine-based antidepressants that are
also effective anxiolytics.
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Figure 1.

Novelty-suppressed feeding test. (A) Latency to bite and (B) to sit and eat the food pellet.
(C) Amount of food eaten in the home cage in 5 min and (D) percent weight loss after 24-
hour food deprivation. 02*/~ = heterozygous o2 knockout mice; 02/~ = homozygous a2
knockout mice.
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Figure 2.

Forced swim test. (A) Latency to become immobile and (B) immobility in the first two
minutes of the test session. a2*/~ = heterozygous o2 knockout mice; a2/~ = homozygous
a2 knockout mice.
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Figure 3.

Tail suspension test. (A) Latency to first immobility and (B) total immobility. * p < 0.05; **
p < 0.01; a2** = wild type; a2*/~ = heterozygous o2 knockout mice; a2/~ = homozygous
a2 knockout mice.
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Figure 4.

Locomotor activity in a familiar open field. (A) Overall mean total distance traveled and (B)
the time course of activity in 5 min intervals across the 30 min test session. a2*/* = wild
type; a2/~ = homozygous a2 knockout mice.
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