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Brain a2-containing GABA, receptors play a critical role in the modulation of anxiety- and fear-like behavior. However, it is unknown
whether these receptors also play a role in modulating resilience to chronic stress, and in which brain areas and cell types such an
effect would be mediated. We evaluated the role of a2-containing GABA, receptors following chronic social defeat stress using

male mice deficient in the a2 subunit globally or conditionally in dopamine D1- or D2-receptor-expressing neurons, e.g., within the
nucleus accumbens (NAc). In addition, we examined the effect of the lack of the a2 subunit on intermediates of the glutathione
synthesis pathway. We found that a2-containing GABA, receptors on D2-receptor-positive but not on D1-receptor-positive neurons
promote resiliency to chronic social defeat stress, as reflected in social interaction tests. The pro-resiliency effects of a2-containing
GABA, receptors on D2-receptor-positive neurons do not appear to be directly related to alterations in anxiety-like behavior, as
reflected in the elevated plus-maze, light-dark box, and novel open field tests. Increases in indices of oxidative stress—reflected by
increases in cystathionine levels and reductions in GSH/GSSG ratios—were found in the NAc and prefrontal cortex but not in the
hippocampus of mice lacking a2-containing GABA, receptors. We conclude that a2-containing GABA, receptors within specific

brain areas and cell populations promote stress resiliency independently of direct effects on anxiety-like behaviors. A potential

mechanism contributing to this increased resiliency is the protection that a2-containing GABA, receptors provide against oxidative

stress in NAc and the prefrontal cortex.

Neuropsychopharmacology (2021) 46:2197-2206; https://doi.org/10.1038/s41386-021-01144-w

INTRODUCTION

Stress is an important factor in the development of neuropsychia-
tric disorders such as major depressive disorder, generalized
anxiety disorder, and post-traumatic stress disorder (PTSD). While
most individuals display high resilience to stress and do not
develop stress-related disorders, clinical studies have demon-
strated that both exposures to stress earlier in life and genetic
factors correlate with a heightened vulnerability to developing
mood and anxiety disorders [1-5]. A stress sensitization hypoth-
esis has been proposed whereby these genetic and environmental
factors lower the threshold for the onset of depression following
exposure to stressful episodes [6, 7]. Stress sensitization has also
been observed in preclinical studies, where pre-exposure to stress
enhances susceptibility to subsequent stressors, leading to
depressive- and anxiety-like behaviors as well as cellular and
molecular changes such as enhanced oxidative stress, which are
particularly prevalent in depression [3, 8-10]. Understanding how
gene X environment interactions enhance susceptibility to devel-
oping depression is critical to understanding the etiology of the
disease.

Accumulating evidence suggests a role for the inhibitory
neurotransmitter y-aminobutyric acid (GABA) and its type-A
receptor (GABAAR) in stress and depression. Clinical studies have
identified decreased GABA levels in the cortex of patients with
depression, while increases in GABA levels have been implicated
in the therapeutic effects of standard antidepressants (ADs) [11-
14]. GABAAR properties are defined by the assembly of five
subunits, divided into subclasses based on sequence homology;
al-6, B1-3, y1-3, §, € 6, m, and p1-3 [15]. Alterations in GABAAR
subunit expression are also observed in the cortex of depressed
patients following a suicide, as well as in mice exposed to stress
[16]. In particular, decreases in y2 subunit levels are observed in
brain regions including the cortex and amygdala in mice exposed
to maternal separation [17], and a2 subunit levels are decreased in
the cortex and hippocampus of rats that show anxiety-like
phenotypes following chronic exposure to restraint stress [18].

The role of individual GABAAR subunits in depression has been
examined using genetically modified mice. Global heterozygous
knockdown of the GABAAR y2 subunit leads to hyperactivation of
the HPA axis as well as depressive- and anxiety-like behaviors
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[19, 20]. Furthermore, we previously demonstrated that global
knockdown of the GABAAR a2 subunit also leads to depressive-like
(despair) and anxiety-like behavior [21, 22]. Surprisingly, we
observed that chronic fluoxetine treatment has prodepressant-
and anxiogenic-like effects in mice lacking a2-containing GABAARs
[23]. Similar prodepressant-like effects of fluoxetine treatment
have been observed in mice raised in stressful conditions [24]. We
hypothesize that the knockdown of a2-containing GABAARs
contributes to an enhanced reaction to the acute stress associated
with the behavioral tasks utilized and to the prodepressant-like
effects of fluoxetine. Clinical studies also support this hypothesis,
as patients that expressed polymorphisms in the a2 subunit gene
(GABRA2) and reported experiencing childhood trauma were at a
greater risk for developing stress-related illness in adulthood [25].
The current studies were designed to further examine the
potential impact of a2-containing GABAsRs on susceptibility to
partial social isolation, moderate or severe chronic stress, with
“partial social isolation” referring to the housing conditions of
control mice in the chronic social defeat paradigm, “moderate
stress” referring to 5 days of chronic social defeat and “severe
stress” referring to 10 days of chronic social defeat. Utilizing this
spectrum of chronic stress, we examined the influence of a2-
containing GABAARs on stress-induced changes in sociability and
on a bias for threat cues in an ambiguous cue discrimination
paradigm. To begin to identify specific subregions involved,
baseline differences in markers of oxidative stress were measured
in regions of the brain that have been implicated in depression
and also have high Gabra2 expression (nucleus accumbens [NAc],
medial prefrontal cortex [mPFC], and hippocampus). Furthermore,
a conditional knockdown approach was utilized to identify a
molecularly defined subpopulation of NAc neurons suppressing
stress susceptibility via a2-containing GABAARs.

MATERIALS AND METHODS

Mice

All experiments were performed with male mice and were approved by the
McLean Hospital Institutional Animal Care and Use Committee and in
accordance with the National Research Council of the National Academies
Guide for the Care and Use of Laboratory Animals (Eighth edition, 2011). Mice
were bred on the C57BL/6J background (origin: Jackson Laboratory, Bar
Harbor, ME). Male global a2 knockout (Gabra2™%2Y") (wild type: a2-+/+ and
homozygous knockout: a2—/—, mice), as well as conditional D1- (a2FF and
a2FF/D1-Cre) and D2-a2 knockout mice (a2FF and a2FF/D2-Cre), were
biopsied for genotyping and ear-tagged at 3 weeks of age. The D1-Cre and
D2-Cre mice were generated by the GENSAT project [26] and obtained from
Dr. Nathaniel Heintz, and generation of the a2 floxed mice (Gabra2™>V")
has been reported previously [27]. Separate a2FF control groups were
generated for the two conditional knockout strains. Food and water were
provided ad libitum throughout the course of the experiments. Subjects were
6-12 weeks of age at the time of behavioral testing. Since stronger despair-
like behavior was previously reported in a2—/— as compared to a2+/— and
a2+/+ mice [21] and there were multiple variables being considered (defeat
and genotype), only a2—/— and a2+/4 were examined in studies utilizing
global a2 knockout mice. Mice were group-housed before experiments
unless described otherwise. Lights were on from 0700 to 1900. Experiments
were performed during the light period of the light cycle.

Behavioral experiments

Social defeat. The 10-day chronic social defeat stress (CSDS) paradigm
was adapted from published work [28-30]. Male CD-1 retired breeders
(obtained from Charles River Laboratories) were screened for aggressive
behavior prior to the start of defeats. In the 5-day sub-CSDS studies,
aggressive CD-1 mice were selected that had not been used in other
experiments within 2 weeks. Target (Defeat) mice were introduced to the
home cage of an aggressive CD-1 mouse, physically defeated for 10 min,
and then separated by a perforated divider allowing for sensory contact
over the next 24 h. The CD-1 and target mice had access to food and water
within their respective cage side over the 24-h period. The defeat stress
was repeated for 10 (CSDS) or 5 (sub-CSDS) days, with the defeated mouse
being exposed to a novel aggressive CD-1 mouse each day. Control mice
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were handled daily and housed in a similarly sized cage with a conspecific
on the opposite side of a perforated divider.

Following CSDS or subCSDS, all control and defeat mice were single
housed for 24 h prior to the assessment of stress-induced social avoidance
behavior using the social interaction test (SIT). The SIT chamber is a white
polycarbonate box with a clear bottom, measuring 42cmx42cm. An
interaction zone (IZ) measuring 14 cm x 24 cm is defined on one of the
sides of the chamber, while 9cm x 9 cm squares are defined in the two
opposite corners. A chrome cylindrical wire cage (11 cm tall with a bottom
diameter of 10.5 cm and bars spaced 1 cm apart) is placed at the center of
the 1Z. Experimental mice were habituated to the testing chamber with an
empty wire cage under red light conditions for 15 minutes for 2 days. On
the day of the SIT, experimental mice were habituated to the testing room
under the same lighting conditions for 1h prior to testing, and then
exposed to the SIT chamber for two 2.5-min trials; in Trial 1 an empty wire
cage was placed in the 1Z, in Trial 2 a novel aggressive CD-1 was placed
under a different wire cage in the same location. Time spent in the I1Z, the
average distance from the IZ, time spent in the opposite corners, and
average distance traveled during the two trials were tracked using
Ethovision (Ethovision XT, Noldus Information Technology, Netherlands).

Open field. The open field chamber consists of a 42cm L x42cm W x 31
cm H clear plexiglass arena. For the novel open field, the chamber was
evenly lit to 100 lux. To assess anxiety-like behavior and locomotor activity
in the novel open field, mice were placed into one corner of the testing
chamber and allowed to explore freely for 30 minutes. Percentage time
spent in the center (20 cm x 20 cm) and total distance traveled (cm) were
analyzed using Ethovision. For the familiar open field, mice were retested
in the same arena 1 day later under red light conditions. Locomotor
activity over the course of the 30-min trial was assessed using the
Ethovision XT system and analyzed as total distance traveled (cm).

Three-chamber SIT. The testing apparatus is a rectangular polycarbonate
box that is separated into three chambers, each measuring 20 cm L x 40.5
cmWx225cm H. The two center chamber walls have removable
partitions in the middle, which when removed allows mice to move freely
between the three chambers. Two chrome cylindrical wire cages (11 cm H,
bottom diameter 10.5 cm, with bars spaced 1 cm apart) were placed in the
back-outer corners of the two side chambers. A weighted cup was placed
on the top of the cages to prevent the experimental mice from climbing
on the top of the wire cages. Mice were habituated to the 40-lux testing
room for 30 min before testing. Following room habituation, mice were
habituated to the testing chamber for 10 min. For the habituation trial,
experimental mice were introduced to the center chamber with both
partitions raised and time spent in the three chambers (with empty wire
cages placed in the two back corners of the side chambers) was recorded
using Ethovision. Following the chamber habituation trial, the experi-
mental mouse was confined to the center chamber while a novel C57BL/6J
control mouse was placed under one wire cage and a similar-sized novel
object (black paperclip) was placed under the other wire cage. The side
chamber location of the object and control mouse was varied per
experimental trial. When clear side chamber preferences were observed
during the habituation trial, the novel mouse location was counter-
balanced and placed under the cage in the non-preferred side chamber.
For the experimental trial, the partitions were raised again, and the
experimental mouse explored the three chambers for an additional 10 min.
Time spent in the three chambers and average distance from the two cups
was recorded using Ethovision.

Ambiguous cue discrimination. The ambiguous cue discrimination proto-
col was adapted from published work [31]. The experiment was composed
of 5 sessions each lasting 1600 s and separated by 24 h: pre-exposure (PE),
3 training days (T1-T3), and fear memory recall (FMR). Each day, mice were
placed into fear conditioning chambers (Med Associates Inc., St. Albans, VT,
USA) with an olfactory cue (peppermint extract on PE, T1-3 and 0.05%
benzaldehyde on FMR) in the waste tray. After an initial 300 s habituation
period, mice were exposed to 10 auditory cues of either 7000 Hz
intermittent tone (72dB, 5s on and 5s off for a total of 30s) or white
noise (65 dB, 30s). During the training days, each cue was paired with a
mild foot shock (0.3 mA, 0.5 s) on either 100% (CS+) or 20% (CS20) of total
cue presentations. Mice received a total of 6 shocks per day on T1-T3, with
no shocks given on PE or FMR days. On FMR, mice were placed into a
different fear conditioning chamber with an insert covering the floor and a
new olfactory cue. Auditory cue-CS type pairing was counterbalanced
across groups and the position of the CS20 shock was randomized.
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Between each group, the chambers and waste trays were cleaned with
water. For subCSDS-Ambiguous Cue, mice were defeated for 5 days as
described above, single housed, and then tested in the ambiguous cue
discrimination paradigm. Context-evoked freezing was measured by
calculating the percentage of time spent freezing during the initial 300 s
of the PE and FMR trials (% Fz). Cue-evoked freezing responses were
measured by calculating the difference between the percentage of time
spent freezing during and before the 30 s of tone presentation on FMR (%
Fz diff).

Forced swim test (FST). The FST was performed as previously described
[23]. Despair-like behavior was manually scored by an observer blinded to
genotype using JWatcher [32], and latency to first immobility and time
spent immobile over the course of the entire 6-minute trial were assessed.
Immobility was defined as lack of movement, or only those motions
necessary to remain afloat.

Light-dark box (LDB). The LDB test was carried out as described
previously [33], with some minor modifications. The LDB testing apparatus
is composed of one open brightly lit (250 lux) chamber (28 cm L x 28 cm
W X 31 cm H) and one covered dark chamber (14cm Lx 14cm W X 31 cm
H) connected by an opening (5 cm x 5 cm). The testing room was lit to 70
lux, and D1- and D2-a2KO mice, as well as their respective a2FF cage
mates, were habituated to the test room 1 h before testing. At the start of
the 6-min trial, the experimental mouse was placed within the dark
chamber and allowed to freely explore the two chambers. Time spent in
the open chamber was recorded using Ethovision XT, and percent time in
light ((time in the clear chamber)/ 6 minx 100) was calculated as a
measure of anxiety-like behavior.

RNA extraction, reverse transcription, and quantitative polymerase chain
reaction (PCR). Following rapid decapitation and removal of the brain,
bilateral T mm punches of the NAc were taken from 1 mm thick coronal
sections and then immediately flash frozen on dry ice. RNA was isolated
using the Qiagen miRNeasy micro kit (Qiagen, Germany). RNA was reverse
transcribed using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, California). Quantitative PCR was
performed using Tagman gene expression assays (Applied Biosystems,
Foster City, CA) for Gabra2 (MmO00433435_m1) and [-actin
(Mm00607939_s1). All samples were run in triplicate and normalized to a
calibrator sample (from the hippocampus) across RT-PCR plates. Relative
changes in gene expression were quantified using the AACt method and
expressed as percent change for a2FF/D1-Cre and a2FF/D2-Cre mice
compared to their respective littermate control a2FF.

High-performance liquid chromatography (HPLC). NAc, mPFC, and hippo-
campus were dissected in ice-cold PBS (pH 5) following rapid decapitation
from global a2+/+ and a2—/— mice at 7-10 weeks of age. Tissue samples
were immediately placed in microcentrifuge tubes and flash frozen with
ice-cold isopentane. Frozen tissue was weighed and sonicated (approxi-
mately 1:10 w-v) in ice-cold 0.03 N perchloric acid solution. Protein and
cellular debris were cleared by centrifugation at 20,000 x g at 4 °C for 45
min. Pellets were resuspended in 100 pl 0.1 N NaOH and protein content
was measured for normalization using a Micro BCA™ Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA). Tissue homogenates, cleared of
protein and debris (10 pl) were injected onto an Eclipse XDB-C8 (3 x 150
mm, 3.5 um) reverse-phase C8 column (Agilent, Santa Clara, CA) using a
refrigerated autosampler (System Gold 508, Beckman Coulter Brea, CA) and
measured with a CouloChem Il running a BDD analytical cell model 5040
(ThermoFisher) electrochemical detector at an operating potential of 1500
mV. A dual mobile phase gradient elution was used to resolve analytes,
consisting of mobile phase containing sodium phosphate (Sigma) 25 mM
and 1-octanesulfonic acid (Sigma) 2.1 mM, adjusted to pH 2.65 with
phosphoric acid (Sigma), with the second mobile phase (B) containing 50%
acetonitrile (Sigma). The system was run at a flow rate of 1 mL/min at
ambient temperature with the following gradients: 0 to 8 min 0% B, 8-20
min, gradient to 30% B. The system equilibrated at 0% B from 25 to 36 min.
Peak area analysis (Beckman Coulter 32-Karat software v.8.0) was based on
standard curves generated for each compound. Samples were normalized
against protein content.

Statistical analyses
Statistical analysis was performed using SigmaPlot versions 11 and 14
(Systat Inc.,, San Jose, CA) and with GraphPad Prism (San Diego, CA).

Neuropsychopharmacology (2021) 46:2197 - 2206

R.S. Benham et al.

Statistical significance was evaluated using a 95% confidence interval. The
overall variance was tested using a two-way analysis of variance (ANOVA)
(CSDS, sub-CSDS, open field tests following CSDS, three-chamber SIT, and
ambiguous cue context-evoked freezing following sub-CSDS, one-way
ANOVA (forced swim test, LDB, novel open field), mixed-design three-way
ANOVA (ambiguous cue discrimination) and Kruskal-Wallis one-way
ANOVA based on ranks (familiar open field). When significant interactions
or main effects were detected, differences between groups were resolved
using the Holm-Sidak post hoc test. HPLC experiments were analyzed with
a two-way ANOVA followed by Tukey’s multiple comparison test. Student’s
t test (QRT-PCR experiments) and Mann Whitney U test (baseline
ambiguous cue discrimination) were used to assessing variance. Outliers
were identified using Grubb's test. Data are graphically expressed as
means * the standard error of the mean.

RESULTS

Mice globally lacking a2-containing GABA, receptors exhibit
enhanced social avoidance to sub-CSDS but not to CSDS

To examine the influence of a2-containing GABAARs in chronic
stress, we assessed stress-induced changes in sociability after
“severe stress”, i.e, following 10 days of CSDS using the one-
chamber SIT. Sociability was reduced in defeated a2+/+ and a2—/—
mice. Defeated a2+/+ mice spent less time in the I1Z (Fig. S1A) and
had a greater average distance to the IZ (Fig. S1C) in the presence of
a novel aggressive CD-1 (Trial 2) as compared to control a2+/+
mice. Surprisingly, control a2—/— mice appeared to spend less time
in the IZ and averaged a greater distance to the IZ in Trial 2 although
neither measure was statistically significant (p =0.06 and 0 =0.061
in Fig. STA and S1C). When time in the opposite corners was
assessed, only defeated 02—/— mice spent more time in the
opposite corners in Trial 2 as compared to controls (Fig. S1D). No
differences were detected in any measurement in Trial 1 (Fig. STA, C,
D). When time in the IZs and corners were compared between the
two trials as ratios (Trial 2/Trial 1), both defeated a2+/+ and a2—/—
mice had lower IZ ratios (Fig. S1B) and higher corner ratios (Fig. S1E)
as compared to control mice. Control and defeated a2—/— mice
moved less during the SIT as compared to control and defeated
a2+/+ mice (Fig. STF).

To examine stress-induced changes in mobility and anxiety,
mice were tested in the novel and familiar open field following
CSDS. In the novel open field test, which quantifies locomotor
activity and anxiety-like behavior, both control and defeated
a2—/— mice spent significantly less time in the center (Fig. S2A)
and moved less (Fig. S2B) as compared to a2+/+ mice. These
findings are not surprising, given that a2-containing GABARs
have been implicated in the modulation of anxiety [22, 34-36]. In
the familiar open field, which quantifies locomotor activity but not
anxiety-like behavior, no differences in mobility were detected
(Fig. S2C) suggesting that the changes in mobility observed in the
SIT can likely be attributed to anxiety-related to the stress rather
than a change in general locomotor behavior. While these findings
do not negate the results reported in the other measurements of
the SIT, they are important to consider when interpreting
differences between genotypes.

While no differences in CSDS-induced sociability were detected
between a2+/+ and a2—/— defeat mice, enhanced despair-like
behavior had previously been reported in a2—/— compared to
a2+/+ mice [21]. It is possible that CSDS may have produced a
ceiling effect, masking genotype differences in stress-induced
sociability. The observed trend towards reduced sociability in
control a2—/— mice (Fig. S1A, C), where 10 days of the control
condition which involved partial social isolation with no physical
contact with the cage-mate mouse suggested that a more
moderate form of social stress might allow for the detection of
genotype differences. Accordingly, we developed a “moderate
stress” protocol with only five days of social defeat (sub-CSDS),
and changes in sociability were assessed through the SIT.
Following moderate stress, sociability was reduced in a2—/— but
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Fig. 1 Global knockdown of a2-GABA,Rs increases susceptibility to 5 days of social defeat stress (“moderate stress”). A Five days of

defeat stress reduces time spent in the interaction zone in a2—/— mice in Trial 2 (Two-way ANOVA, main effect of defeat F; ¢; = 4.89, p < 0.05;
main effect of genotype F; g1 = 5.843, p < 0.05, defeat x genotype interaction F; ¢; =0.633, p > 0.05) but not in Trial 1 (two-way ANOVA, the
main effect of defeat F; o = 0.00581, p > 0.05, main effect of genotype F; ¢o = 3.561, p > 0.05, defeat x genotype interaction F; g = 0.692, p >
0.05). B Ratios of time in the interaction zone (Trial 2/Trial 1) are reduced in ®2—/— mice (trend p = 0.058) following defeats (two-way ANOVA,
main effect of defeat F; g0 =4.274, p = 0.043, main effect of genotype F; ¢ = 1.234, p > 0.05, defeat x genotype interaction F; go = 0.344, p >
0.05). Line denotes the ratio of 1, animals with interaction zone ratios > 1 are considered sociable. C Five days of defeat stress increases the
average distance from the interaction zone in Trial 2, although no group differences were detected through post hoc analysis (two-way
ANOVA, the main effect of defeat F; 4 =4.515, p <0.05, the main effect of genotype F; ¢4 =0.259, p >0.05, defeat x genotype interaction
F164=0.0163, p > 0.05). The average distance from the interaction zone did not vary in Trial 1 (two-way ANOVA, the main effect of defeat
F163 =0.0429, p > 0.05, the main effect of genotype F; 63 = 0.00106, p > 0.05, defeat x genotype interaction F; g3 = 0.318, p > 0.05). D Five days
of defeat stress does not alter time spent in the opposite corners in Trial 2 (two-way ANOVA, main effect of defeat F; g; = 3.564, p > 0.05, main
effect of genotype F; ¢; = 0.853, p > 0.05, defeat X genotype interaction F; 5o = 0.00628, p > 0.05) but defeat a2—/— mice spent more time in
the opposite corner in Trial 1 (two-way ANOVA, main effect of defeat F; 5o = 0.747, p > 0.05, main effect of genotype F; 5o = 12.473, p < 0.001,
defeat x genotype interaction F; 5o = 0.00628, p > 0.05). E No differences in corner ratios were detected following 5 days of defeat stress (two-
way ANOVA, main effect of defeat F; sg = 3.219, p > 0.05, main effect of genotype F; sg = 0.795, p > 0.05, defeat x genotype interaction F; sg =
0.168 p > 0.05). Line denotes the ratio of 1, animals with corner ratios < 1 are considered sociable. F Total distance traveled during the SIT is
decreased with a2-GABA,R deletion (two-way ANOVA, main effect of genotype F; 1 = 25.957, p < 0.001, main effect of defeat F; 51 =2.714,p >
0.05, defeat x genotype interaction F; g; = 0.0368, p > 0.05). Control a2+/+4 n = 12, defeat a2+/+ n = 18, control a2—/— n =15, defeat a2—/—
n=21.*Ap<0.05, *p < 0.01, ***p < 0.001.

not a2-+/+ mice. Defeated a2—/— mice spent less time in the IZ as
compared to control 02—/— and defeated a2+/+ mice in Trial 2
(Fig. 1). Thus, a2—/— mice seem to be vulnerable to a moderate
stressor that does not affect a2+/+4 mice. This moderate stress did
elicit an increase in the time in corners in trial 1 in a2—/— mice
(Fig. 1D), although the distance to the IZ which also takes into
account time spent in the corners was unaltered (Fig. 1C).
However, the moderate stressor did not elicit other behavioral
changes in Trial 2 in either a2+/+ or a2—/— mice (Fig. 1B-E), in
contrast to the severe stress (Fig. S1). As previously observed
under the severe stress condition, a2—/— mice subjected to
moderate stress exhibited less locomotor activity over the course
of the SIT as compared to a2+/+ mice (Fig. 1F). The behavior of
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the a2—/— mice after moderate stress is unlikely to be due to a
general impairment, as both a2+/+ and a2—/— mice exhibited
strong sociability in a three-chamber SIT (Fig. S3).

Mice globally lacking a2-containing GABA, receptors exhibit
an enhanced bias for threat cues

The impact of stress and a2-GABAsRs on depression-related
behaviors was further characterized by examining bias for threat
cues (negativity bias is a cognitive symptom of depression in
humans) through an ambiguous cue discrimination protocol. At
baseline (no defeat), both a2+/4+ and a2—/— mice froze
significantly more in response to the CS+ than the CS20 tone
(Fig. 2A), indicating their ability to discriminate between the two
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defeat a2—/— n = 8. *p <0.05, **p < 0.01, ***p < 0.001.

conditions. In addition, no differences in context-evoked freezing
were detected between a2+/+ and a2—/— mice (Fig. S4A). After
moderate stress (sub-CSDS), both control and defeat a2-4/+ mice
as well as defeat a2—/— mice could discriminate between the CS+
and the CS20 tones (Fig. 2B). Surprisingly, a2—/— mice that have
undergone five days of the control condition of the chronic social
defeat protocol which involved partial social isolation with no
physical contact with the cage-mate mouse (“mild stress”)
demonstrated heightened freezing behavior to the €S20, freezing
for a similar percentage of time to the CS20 and CS+ conditions
(Fig. 2B). Differences in context-evoked freezing were detected
before and after ambiguous cue training. On the pre-exposure
training day, defeat a2—/— mice froze significantly more.
Exposure to moderate stress and global knockdown of Gabra2
enhanced context-evoked freezing on the FMR day, although
group differences could not be resolved (Fig. S4B).

Markers of oxidative stress are elevated at baseline in mice
globally lacking a2-containing GABA, receptors
Accumulating evidence implicates heightened inflammatory
processes in the development of neuropsychiatric disorders such
as anxiety, depression, bipolar disorder, and schizophrenia [37].
Imbalances between reactive oxygen species and protective
antioxidants contribute to a state of oxidative stress, contributing
to cellular damage and ultimately cell death [38]. Decreases in
antioxidant levels, in particular glutathione, are reported in the
cortex of depressed patients as well as rodents exposed to stress
[38-40]. Furthermore, rodent studies demonstrated that oxidative
stress may enhance susceptibility to stress-induced depression-
like behavior as mice lacking the redox-sensitive transcription
factor Nrf2 exhibit high levels of oxidative stress and depressive-
like behavior following exposure to mild forms of stress, which is
prevented with antioxidant treatment [8]. In addition, knockdown
of Nrf2 was sufficient to induce elevated oxidative stress and a
vulnerability to stress-induced depressive-like behavior [8]. These
studies provide evidence that alterations in redox-related genes
can enhance susceptibility to environmental stress. As we
observed that global knockdown of a2-GABAARs enhances
susceptibility to environmental stress, we examined the possibility
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that reductions in a2-GABAAR function might be sufficient to
induce oxidative stress. Utilizing changes in components of the
glutathione synthesis pathway as readout, levels of oxidative stress
were measured in the NAc, mPFC, and hippocampus of a2+/+ and
a2—/— mice. When in its reduced state (GSH), glutathione can
donate an electron to help neutralize free radicals, in turn
becoming reactive and forming glutathione disulfide (GSSG) [41].
When the oxidant/antioxidant balance is tipped in times of
oxidative stress, there is a greater demand for glutathione, GSH
is depleted, and levels of GSSG are elevated. Region-specific
increases in oxidative stress were detected in a2—/— mice (Fig. 3).
Levels of GSH were decreased in the NAc and the ratio of GSH/
GSSG was decreased in the NAc and mPFC, while cystathionine (a
precursor for glutathione) was increased in the NAc and mPFC in
a2—/— mice as compared to a2+/4 mice. GSSG levels were also
increased in the NAc of a2—/— mice as compared to a2+/+ mice.
No differences were detected in the hippocampus.

Molecular and behavioral characterization of conditional a2-
GABA4R knockdown in D1+ and D2+ cells

The NAc has been implicated in stress-induced decreases in
sociability [9, 28]. Signaling through two major cell types in the
region [dopamine 1 receptor-positive (D1+4) and dopamine 2
receptor-positive (D2+) medium spiny neurons (MSNs)] has been
shown to differentially alter stress susceptibility, with optogenetic
activation of D1+ MSNs promoting resilience to CSDS, while
repeated optogenetic activation of D24+ MSNs promotes suscept-
ibility to mild social stress [42]. a2-GABAARs are the main a
subtype found in the NAc [43], and we observed elevated markers
of oxidative stress specifically in the NAc in mice lacking a2-
GABA,Rs. Taken together, these findings highlight 02-GABAARs in
the NAc as potential mediators of stress sensitivity. However, it is
not known whether selective alterations in Gabra2 expression in
D1+ or D2+ neurons could influence susceptibility to stress and
depressive-like behavior. We hypothesized that selective
decreases in 0a2-GABAAR expression in D1+ or D2+ neurons
would disinhibit these cell types and mimic the effects of D1+ and
D2+ optogenetic activation in the NAc on stress-susceptibility.
Using qRT-PCR, significant decreases of the a2 subunit mRNA were
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noted in conditional D14 knockdown (a2FF/D1-Cre) mice and in
conditional D2+ knockdown mice (a2FF/D2-Cre) (Fig. 4A).

As global knockdown of a2-GABAARs produces despair- and
anxiety-like behavior [21, 22], similar behaviors were assessed in
a2FF/D1-Cre and a2FF/D2-Cre mice. No baseline differences in
despair-like behavior (FST, Fig. 4B), anxiety-like behavior (LDB,
Fig. 4C; novel open field, Fig. 4D, E), sociability (3-chamber SIT, Fig.
S5A-Q), or locomotor activity (familiar open field, Fig. 4F) were
detected between any of the genotypes.

Mice lacking a2-containing GABA, receptors in D2+ but not
D1+ cells exhibit enhanced susceptibility to moderate stress
The influence of conditional knockdown of a2-GABAARs in D1+
and D2+ cells on susceptibility to stress-induced social avoidance
was examined following moderate stress (sub-CSDS). Conditional
knockdown of a2 in D1+ cells did not alter sociability following
moderate stress. No effects of defeat or genotype were observed
in time spent in the IZ (Fig. S6A, B), distance to the IZ (Fig. S6C), or
corners (Fig. S6D, E). Control a2FF and control a2FF/D1-Cre mice
moved less during the SIT as compared to defeat a2FF mice (Fig.
S6F). However, as these changes in locomotor behavior are not
defeat- or genotype-specific, the changes in locomotion do not
confound the other behavioral measurements.

In contrast, conditional knockdown of a2 in D2+ cells reduced
sociability following sub-CSDS. Defeated a2FF/D2-Cre mice had a
greater average distance from the 1Z in trial 2 (Fig. 5C) as
compared to defeat a2FF mice. No differences were detected in
time spent in the corners in Trial 2 (Fig. 5D), or in any of the
measurements in Trial 1 (Fig. 5A, C, D). When IZ and corner ratios
were compared, both control and defeat a2FF/D2-Cre mice had
lower 1Z ratios (Fig. 5B) and defeat a2FF/D2-Cre mice also had
higher corner ratios (Fig. 5E). No defeat or genotype effects on
total distance traveled were detected in the SIT (Fig. 5F).

DISCUSSION

We investigated whether a reduction in the expression of a2-
containing GABA, receptors may increase stress vulnerability by
exposing the animals to three levels of stress: (1) mild stress: the
control animals in the social defeat tests, where the mice are
subjected to partial social isolation (i.e., two mice are housed in
the same cage with a perforated divider, allowing no physical
contact and co-nesting); (2) moderate stress: sub-CSDS, where
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defeat sessions are repeated for 5 days, (3) severe stress: full 10-
day version of the CSDS. We found that a2—/— mice showed
reduced social behavior following moderate stress, which did not
affect the social behavior of a2+/+ mice. In addition, mild stress
caused a putative bias for threat cues in a2—/—, but not a2+/+
control mice. Through control experiments, we ruled out the
possibility that the changes in the behavior of the a2—/— mice
were due to nonspecific changes in locomotion and an overall
reduction in sociability, strengthening the conclusion that a2—/—
mice are more susceptible to effects of mild and moderate stress
than controls. In the case of severe stress, a2—/— and a2+/+ mice
showed a similar reduction in social interaction, possibly suggest-
ing an overall ceiling effect in the reactivity to stress.

We next examined whether the increased stress vulnerability
observed in a2—/— mice may be due to changes in oxidative
stress, as a reduction in antioxidant levels has been observed in
depressed patients [3, 10, 44] and a relationship between stress
vulnerability and oxidative stress has been demonstrated in
animal models [8]. We found changes in oxidant/antioxidant
balance indicative of oxidative stress in the NAc and the mPFC
(but not the hippocampus) of a2—/— mice compared to a2+/+
controls. These findings are in line with a report that the
prefrontal cortex was more sensitive to oxidative stress than the
hippocampus following acute restraint or chronic isolation stress
in rats [45]. Others have reported increased oxidative stress in
the hippocampus in mice following chronic mild stress [8],
suggesting that the hippocampus may be involved in non-social
forms of stress.

Based on increased oxidative stress in the NAc of a2—/— mice,
the well-established role of the NAc in the reduction of sociability
induced by social stress [28, 46], and the abundant expression of
a2-containing GABA, receptors in the NAc [47], we decided to
focus on this brain region as a possible mediator of the behavioral
and stress-vulnerability changes observed in a2—/— mice.

To explore the specific GABAergic circuitry mediating stress
susceptibility we employed a combination of molecular and
conditional knockdown strategies. Our studies suggest that a2-
containing GABA,R-preferring compounds could have antioxidant
effects. In support for this, pre-treatment with a single injection of
diazepam (a positive modulator of al-, a2-, a3-, and a5-containing
GABA,Rs) was shown to prevent acute stress-induced increases in
oxidative stress within the striatum [48]. Our findings suggest that
a2-containing GABA,Rs may be mediating this effect.

Neuropsychopharmacology (2021) 46:2197 - 2206
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Fig. 4 Molecular and behavioral characterization of D1+ and D2+ conditional knockdown of a2-GABA,Rs. A Decreases in Gabra2
expression are detected in the NAc of a2FF/D1-Cre (n =5) compared to littermate control a2FF mice (n =4) and a2FF/D2-Cre mice (n = 6)
compared to littermate control a2FF mice (n = 5) (t test, a2FF vs. a2FF/D1-Cre, ***p < 0.001; a2FF vs. a2FF/D2-Cre, **p < 0.01). B In the forced
swim test a2FF/D1-Cre, a2FF/D2-Cre, and their respective littermate a2FF controls spend little time immobile in the last 4 min of the test (one-
way ANOVA, F; sg = 1.824, p> 0.05; D1 a2FF n =14, a2FF/D1-Cre n = 14, D2 a2FF n =17, a2FF/D2-Cre n=17). C In the light-dark box test,
a2FF/D1-Cre, a2FF/D2-Cre, and their respective littermate a2FF controls spend a similar percentage of time in the lit chamber (one-way
ANOVA, F;ss=1.134, p>0.05; D1 a2FF n =14, a2FF/D1-Cre n= 14, D2 a2FF n =18, a2FF/D2-Cre n= 16). The dashed line represents the
percentage time in the light chamber that would be expected if the distribution of time between the light and dark chambers were random
(67%, chance level). D, E In the novel open field, a2FF/D1-Cre, a2FF/D2-Cre, and their respective littermate a2FF controls spend a similar
percentage of time in the center portion of the chamber (one-way ANOVA, F; 44 =2.204, p > 0.05) and move a similar distance (one-way
ANOVA, F; 44=1.535, p > 0.05). D1 a2FF n =11, a2FF/D1-Cre n = 13, D2 a2FF n = 10, a2FF/D2-Cre n = 14). F In the familiar open field, a2FF/D1-
Cre, a2FF/D2-Cre, and their respective littermate a2FF controls travel a similar total distance (Kruskal-Wallis one-way ANOVA on Ranks H=
1.504, p> 0.05; D1 a2FF n =14, a2FF/D1-Cre n =15, D2 «2FF n =15, a2FF/D2-Cre n=17).

Having identified the NAc as a potential stress-vulnerable MSNs has opposing effects on defeat stress susceptibility.
region following Gabra2 knockdown, we wanted to further Enhancing activity in D14+ MSNs resulted in resilient behavioral
characterize the potential role of a2-containing GABA,Rs within outcomes while inhibiting activity in these cells induced
the NAc in stress susceptibility, specifically the role of a2- depression-like outcomes after CSDS; activation or inhibition of
containing GABAARs in D1+ and D2+ MSNs. Knockdown of a2- D2+ MSNs had no effect [42]. Interestingly, however, while
containing GABAARs in a cell type-specific manner is predicted to repeated activation of D1+ MSNs in stress naive mice promoted
increase the activity of this cell type. Indeed, we observed that resilience to CSDS-induced social avoidance, repeated activation
conditional knockdown of a2-containing GABA4Rs in D2+, but not of D24+ MSNs in stress naive mice induced social avoidance

D1+ cells, promotes susceptibility to moderate stress. A potential following a single day of social defeat stress [42]. In contrast to
limitation to our approach is that D1+ and D2+ cells are also these previous studies, the experiments reported here provide
found outside of the NAc (e.g., in the dorsal striatum and cerebral evidence for a specific endogenous molecular target in a defined

cortex, see http://mouse.brain-map.org), although the NAc is neuronal cell type and a GABAergic signal as a molecular pathway
where dopamine receptor 1, dopamine receptor 2, and Gabra2 modulating the reaction to social defeat stress.

expression have the greatest overlap (see also https://mouse. When we used gRT-PCR to determine knockdown of the a2
brain-map.org/) [43]. Our findings are supported by a previous mRNA in the NAc in D1-Cre/a2FF mice and in D2-Cre/a2FF mice,
report showing that optogenetic activation of D1+ and D2+ we found that a2 mRNA levels were decreased in both mutant
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Fig. 5 Conditional knockdown of a2-GABA,Rs in D2+ cells enhances susceptibility to stress-induced social avoidance. A Mice lacking a2-
GABA4Rs in D2+ cells display a trend to less time in the interaction zone in Trial 2 (two-way ANOVA, the main effect of genotype F; 45 = 4.204,
p < 0.05; the main effect of defeat F; 45 =0.288, p > 0.05, genotype X defeat interaction F; 45 = 0.423, p > 0.05; defeat a2FF/D2-Cre vs. defeat
a2FF, p = 0.06) but not in Trial 1 (two-way ANOVA, the main effect of defeat F; 44 = 0.721, p > 0.05, the main effect of genotype F; 4, =1.04,p >
0.05, genotype x defeat interaction F; 44 = 0.0256, p > 0.05). B Interaction zone ratios are decreased in mice lacking a2-GABARs in D2+ cells
(two-way ANOVA, the main effect of genotype F;44=11.187, p<0.01, main effect of defeat F; 44 =0.527, p>0.05, interaction defeatx
genotype F; 44 = 0.00473, p > 0.05). Line denotes the ratio of 1, animals with interaction zone ratios > 1 are considered sociable. C Following
5 days of defeat stress, a2FF/D2-Cre average a greater distance from the interaction zone in Trial 2 (two-way ANOVA, main effect of defeat
F1.45=0.114, p> 0.05, main effect of genotype F; 45 =4.129, p < 0.05, defeat x genotype interaction F; 45 =2.220, p > 0.05) but not in Trial 1
(two-way ANOVA, main effect of defeat F; 45 =0.623, p > 0.05, main effect of genotype F; 45 =0.463, p > 0.05, defeat x genotype interaction
F145=0.111, p>0.05). D Time spent in corners does not differ between animals in either trial (Trial 1: two-way ANOVA, the main effect of
defeat F; 4o = 0.0439, p > 0.05, main effect of genotype F; 4, = 1.565, p > 0.05, defeat x genotype interaction F; 4, = 0.0744, p > 0.05; Trial 2: two-
way ANOVA, main effect of defeat F; 44 = 0.06, p > 0.05, main effect of genotype F; 44 = 1.152, p > 0.05, defeat X genotype interaction F; 44 =
0.712, p > 0.05). E Corner ratios are increased in defeated a2FF/D2-Cre mice (two-way ANOVA, main effect of genotype F; 43 =9.694, p < 0.01,
main effect of defeat F; 43 =0.394, p > 0.05, defeat x genotype interaction F; 43 =0.229, p > 0.05). Line denotes the ratio of 1, animals with
corner ratios < 1 are considered sociable. F No differences in total distance traveled were detected in the SIT (two-way ANOVA, main effect of
defeat F; 44 = 0.996, p > 0.05, main effect of genotype F; 44 = 0.220, p > 0.05, defeat x genotype interaction F; 44 = 2.526, p > 0.05). Control a2FF
n =12, defeat a2FF n =12, control a2FF/D2-Cre n = 12, defeat a2FF/D2-Cre n = 13. *p < 0.05.

lines. However, distinguishing a2-containing GABAARs on these
two cell types at the protein level would be inherently difficult due
to the diffuse expression of a2-containing GABAARs on processes.
Potentially, dynamic processes affecting surface/synaptic expres-
sion of the a2 subunit in each cell type may be different. While it
might be surprising that a relatively moderate decrease in Gabra2
expression in the NAc of D2-Cre/a2FF mice is able to influence
stress-induced social avoidance behavior, selective knockdown of
another GABA,R subtype (a5) in a single cell population within the
central amygdala (where Gabra5 expression is low) [43] was
shown to be sufficient to increase anxiety-like behavior [49]. The
previous reports, as well as our findings, support the idea that a
small population of GABA, receptors in a critical location in a
behavioral circuitry can have disproportionately large effects on
behavior [15].

SPRINGER NATURE

It is important to consider the potential confound that anxiety
has in studies utilizing stress. Comparisons of CSDS-induced
changes in sociability in two different strains of mice suggest that
Balb/c mice (an innately anxious mouse strain) are more
susceptible to social defeat stress than C57BL/6 mice [50]. a2-
containing GABA,Rs are necessary for the anxiolytic-like effects of
diazepam [34, 51]. Furthermore, previous research reported
anxiety-like behavior in global a2—/— mice [22]. In the current
studies, we also observed anxiety-like behavior in the novel open
field as well as decreased locomotor activity in the SIT in a2—/—
mice that we attributed to increased anxiety-like behavior in these
mice. In addition, the increased context-evoked freezing observed
in control and defeat a2—/— mice, as well as defeated a2+/+
mice in the ambiguous cue test, may be attributed to heightened
anxiety/fear-like behavior. In humans, depression and anxiety are
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frequently co-morbid, and it is likely that anxiety-like behavior
may contribute to the enhanced reactivity to stress we observe in
global a2 knockout mice. As we observed anxiety- and depressive-
like behavior in the global a2—/— mice it is possible that the
increased anxiety in these mice is responsible for the increased
sensitivity to moderate stress. However, our conditional D1+ and
D2+ knockdown studies suggest that the stress-induced changes
in sociability that we observe cannot be explained by changes in
anxiety-like behavior alone as conditional D2-a2 knockdown alone
does not alter baseline anxiety-like behavior but does increase
stress-induced social avoidance behavior. Our results demonstrate
that a2-containing GABAARs in D2+ neurons modulate suscept-
ibility to sub-CDSS in a manner independent of anxiety-like
behavior.

It is unknown at present whether the a2 knockdown in the D1+
and D2+ MSNs results in a simple loss of the corresponding
GABA, receptors and thus inhibitory synaptic inputs or whether
there is a compensatory upregulation of other GABA, receptors a
subunits which might then have different subcellular localizations.
It should also be noted that other GABA, receptor subtypes have
been reported to modulate the response to chronic stress. Both
positive and negative allosteric modulators of the a5-containing
GABA, receptors have been shown to promote resilience to
chronic stress [52-54]. Moreover, it has been shown that a
knockout of extrasynaptic 6-containing GABA, receptors results in
activation of the HPA axis [55]. It thus appears that resilience to
chronic stress is modulated by more than one GABA, receptor
subtype.

Our studies indicate that changes in a2-containing GABAAR
signaling reduce the threshold for behavioral and oxidative stress
susceptibility. In support of the kindling hypothesis of stress and
depression, our findings suggest that decreases in Gabra2
expression early in life may serve as a “first hit” or a genetic
predisposition to an enhanced reactivity to subsequent stressors
later in life. D2+ cells within the NAc may be particularly
vulnerable to changes in Gabra2 expression. Identifying the
precise a2-mediated circuitry involved in stress susceptibility and
resilience would help understand how an impairment in
GABAergic signaling contributes to the development of stress-
based disorders such as depression and PTSD. Furthermore, our
studies suggest that a2-containing GABAARs are promising targets
for the development of novel ADs and may potentially contribute
to the AD effects of the neurosteroid SAGE-217, a positive
allosteric GABA, receptor modulator, in major depression [56].
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