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Abstract
γ-Aminobutyric acid (GABA) is synthesized in brain by two isoforms of glutamic acid
decarboxylase (Gad), Gad1 and Gad2. Gad1 provides most of the GABA in brain, but Gad2 can
be rapidly activated in times of high GABA demand. Mice lacking Gad2 are viable whereas
deletion of Gad1 is lethal. We produced null mutant mice for Gad2 on three different genetic
backgrounds: predominantly C57BL/6J and one or two generations of backcrossing to 129S1/
SvimJ (129N1, 129N2).We used these mice to determine if actions of alcohol are regulated by
synthesis of GABA from this isoform. We also studied behavioral responses to a benzodiazepine
(flurazepam) and a GABAA receptor agonist (gabaxadol). Deletion of Gad2 increased ethanol
palatability and intake and slightly reduced the severity of ethanol-induced withdrawal, but these
effects depended strongly on genetic background. Mutant mice on the 129N2 background showed
the above three ethanol behavioral phenotypes, but the C57BL/6J inbred background did not show
any of these phenotypes. Effects on ethanol consumption also depended on the test as the mutation
did not alter consumption in limited access models. Deletion of Gad2 reduced the effect of
flurazepam on motor incoordination and increased the effect of extrasynaptic GABAA receptor
agonist gabaxadol without changing the duration of loss of righting reflex produced by these
drugs. These results are consistent with earlier proposals that deletion of Gad2 (on 129N2
background) reduces synaptic GABA but also suggest changes in extrasynaptic receptor function.
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INTRODUCTION
γ-Aminobutyric acid (GABA), the major inhibitory neurotransmitter of the mammalian
brain, is involved in diverse neural functions ranging from development and neural plasticity
to the control of motor behavior and emotions (Obata 1977; Olsen & Sieghart 2009).
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Specificity of GABA functions in the brain is achieved, in part, through structural and
neurochemical heterogeneity of GABA neurons and a variety of GABA receptors (for
review see Olsen & Sieghart 2009). GABA is synthesized by two isoforms of glutamic acid
decarboxylase, Gad2 (Gad65) and Gad1 (Gad67) (Erlander et al. 1991). The two isoforms,
which are co-expressed in GABAergic neurons, differ with respect to cofactor association
and subcellular distribution (for review see Soghomonian & Martin 1998; Sheikh, Martin &
Martin 1999). Gad1 is found mainly in the cell body, tightly associated with the cofactor
pyridoxal 5′-phosphate, whereas Gad2 is associated mainly with nerve termini, reversibly
anchored to the membranes of synaptic vesicles (Christgau et al. 1991 1992; Reetz et al.
1991). Thus, it has been suggested that Gad1 is responsible for the maintenance of basal
GABA levels, whereas Gad2 can be rapidly activated in times of high GABA demand
(Martin et al. 1991).

Distinct roles for the two isoforms are further suggested by the comparison of behavioral
phenotypes of Gad2-deficient and Gad1-deficient mice. Two groups independently
constructed Gad2 knockout mice, and both lines of mutants appeared healthy and exhibited
no obvious morphological abnormalities (Asada et al. 1996; Kash et al. 1997). Brains of
Gad2 null mice exhibited a 50% decrease in cofactor-inducible Gad enzymatic activity
(Kash et al. 1997). The levels of GABA were first reported to be normal in several brain
regions (Asada et al. 1996; Kash et al. 1997), but later work reported decreased GABA
content in the amygdala and hypothalamus (Obata et al. 1999; Stork et al. 2000). This
phenotype is in sharp contrast to Gad1-deficient mice, which exhibit perinatal lethality
(Asada et al. 1997; Condie et al. 1997). Brains of newborn Gad1 null mice have only 7% of
wild-type levels of GABA at birth, consistent with an inability of the Gad2 protein alone to
produce sufficient GABA for survival. In addition to the expected hypoGABAergic
phenotype, Gad2-deficient mice exhibited increased anxiety-like behavior in open field and
elevated zero maze tests (Kash et al. 1999). Gad2 knockout mice demonstrated an increase
in spontaneous seizures (Kash et al. 1997) and were more sensitive to picrotoxin- and
pentylenetetrazol-induced seizures (Asada et al. 1996). Mice lacking Gad2 displayed normal
specific freezing response to the conditioned cue but showed lower levels of freezing and
higher motor activity during conditioned fear retrieval than their wild-type littermates (Stork
et al. 2003). Kash et al. (1999) suggested that many of the phenotypes are caused by an
impairment of stress-induced GABA release in the mutant mice. Although Gad2 knockout
mice displayed normal baseline and habituated startle responses, they showed dramatic
deficits in prepulse inhibition (Heldt, Green & Ressler 2004).

A number of behavioral effects of ethanol have been attributed to actions at the GABAA
receptor (for reviews see Mehta & Ticku 1999; Chester & Cunningham 2002; Enoch 2008).
Numerous studies with mice lacking different subunits of GABAA receptors support a role
for the GABA receptor system in multiple effects of ethanol (for review see Boehm et al.,
2004b, 2006). However, it is not clear which GABAergic effects of alcohol are due to pre-or
postsynaptic changes as ethanol can increase the release of GABA at some synapses (for
review see Weiner & Valenzuela 2006; Mameli et al. 2008). To assess the importance of
GABA release in the behavioral actions of alcohol, we tested a range of ethanol-related
behaviors in mice lacking Gad2, the isoform associated with synaptic vesicles in nerve
terminals. Because it was suggested that these mice may show deficits in stress-induced
GABA release (Kash et al. 1999), we asked if they might show reduced response to alcohol.
To answer this question, we studied several different ethanol-related behaviors in mice
lacking the Gad2 isoform. The effect of a null mutation on behavioral phenotypes such as
alcohol consumption often depends on the genetic background of the mutant mouse (Crabbe
et al. 2006). To determine if effects of Gad2 deletion were influenced by background, we
tested the mutation in three different lines of mice with varying amounts of C57BL/6J and
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129S1/SvimJ background. One of the most prominent alcohol phenotypes was increased
preference, but all phenotypes were dependent upon the genetic background.

MATERIALS AND METHODS
Animals

Null Gad2 (−/−) allele mice were created using homologous recombination (Kash et al.
1997) and were backcrossed on C57BL/6J for four generations. Breeding pairs of Gad2 (−/
−) mice on a predominantly C57BL/6J genetic background were purchased from The
Jackson Laboratories (Bar Harbor, ME, USA). They were backcrossed two times to 129/SvJ
inbred mice, because 129S1/SvimJ embryonic stem cells were used for generation of these
knockout mice and heterozygous mice from generations N1 and N2 were used to establish
three experimental colonies. All behavioral analyses were performed on homozygous
knockout (−/−) and wild-type (+/+) littermates generated from crosses between
heterozygous animals from three colonies with different genetic backgrounds: C57BL/6J
(B6); C57BL/6J × 129S1/SvimJ (129N1); and C57BL/6J × 129S1/SvimJ (129N2). Note that
the ‘B6’ background is not completely inbred and only represent four generations of
backcrossing. Mice were group-housed three-five per cage based on sex. Food and water
were available ad libitum. The vivarium was maintained on a 12 : 12 hour light/dark cycle
with lights on at 7.00 a.m. The temperature and humidity of the room were kept constant.
All experiments were performed during the light phase of the light/dark cycle. Male mice
were used for all studies and were 10–16 weeks of age at the time of analysis; within each
experiment all mice were of similar age. All experiments were conducted in the isolated
behavioral testing rooms in the animal facility to avoid external distractions. All experiments
were approved by the Institutional Animal Care and Use Committee.

Alcohol preference drinking, 24-hour access
The two-bottle choice protocol was carried out as previously described (Blednov et al.
2006). Briefly, mice were allowed to acclimate for 1 week to individual housing. Two
drinking tubes were continuously available to each mouse, and tubes were weighed daily.
One tube always contained water. Food was available ad libitum, and mice were weighed
every 4 days. After 4 days of water consumption (both tubes), mice were offered 3% ethanol
(v/v) versus water for 4 days. Tube positions were changed daily to control for position
preferences. Quantity of ethanol consumed (g/kg body weight/24 hours) was calculated for
each mouse, and these values were averaged for every concentration of ethanol.
Immediately following 3% ethanol, a choice between 6% (v/v) ethanol and water was
offered for 4 days, then 9% (v/v) ethanol for 4 days, then 12% (v/v) ethanol for 4 days and
finally, 15% (v/v) ethanol for 4 days. Throughout the experiment, evaporation/spillage
estimates were calculated daily from two bottles placed in an empty cage, one containing
water and the other containing the appropriate ethanol solution.

Preference for non-alcohol tastants, 24-hour access
Wild-type or knockout mice were also tested for saccharin and quinine consumption. One
tube always contained water, and the other contained the tastant solution. Mice were serially
offered saccharin (0.033% and 0.066%) and quinine hemisulfate (0.03 mM and 0.06 mM),
and intakes were calculated. Each concentration was offered for 4 days, with bottle position
changed daily. For each tastant, the low concentration was always presented first, followed
by the higher concentration. Between tastant testing, mice had access to two bottles with
water for 2 weeks.
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Ethanol drinking—Scheduled High Alcohol Consumption model with limited fluid access
An ethanol (5% solution) acceptance method using scheduled, restricted fluid access was
recently found to produce high and stable ethanol intake in B6 and genetically
heterogeneous mice (Finn et al. 2005). Briefly, individually-housed mice were given one
bottle with tap water ad libitum for 2 days to accustom them to the sipper tube. At 5 p.m. on
the second day of individual housing, the water tube was removed, which began the period
of fluid restriction. On each subsequent day, mice had access to the water tube for a
designated period. Initially, mice had access to fluid for 4 hours per day for 6 days.
Beginning on day 7, the period of fluid access was increased by 2 hours, and then further
increased by 2 hours after day 14 (i.e. 4 hours fluid/day for days 1–6, 6 hours fluid/day for
days 7–14 and 8 hours fluid/day for days 15–22). Every third day, mice had access to a 5%
ethanol solution in tap water for 30 minutes, followed by their designated access to water to
complete the access period. Thus, mice received 8 sessions with the ethanol solution.
Experiments were started at 9.00 a.m. (2 hours after lights on).

Ethanol drinking—limited access in the dark phase (drinking in the dark with one bottle)
Another approach for consumption of ethanol (15% solution) under conditions of limited
access was recently described that achieves pharmacologically significant levels of ethanol
drinking (Rhodes et al. 2005). Briefly, starting at 3 hours after lights off, the water bottles
were replaced with a bottle containing a 15% ethanol solution. The ethanol bottle remained
in place for either 2 (first 3 days) or 4 hours (day 4) and then was replaced with the water
bottles. Other than this short period of time of ethanol drinking, mice had unlimited access
to water. This procedure was repeated for four consecutive days. The ethanol bottles were
weighed before placing and after removal of the bottles from each experimental cage.

Ethanol drinking—limited access in the dark phase (drinking in the dark with two bottles)
This was similar to the one-bottle drinking in the dark test described earlier except that two
bottles containing 15% ethanol or water were placed in the cage (Blednov & Harris 2008).
The ethanol and water bottles remained in place for 3 hours. After their removal, mice had
unlimited access to one bottle of water. The positions of bottles during 3 hours access were
changed daily to avoid potential side preference. The ethanol and water bottles were
weighed before placing and after removal of the bottles from each experimental cage.

Saccharin and sucrose consumption—limited access
In our experiments, mice were acclimated for 1 week to individual housing with free access
to food and water. To initiate the first approach to the drinking tube after acclimation, water
was removed from the cage daily at 8:00 a.m. (1 hours after lights on), and water intake was
measured for 4 hours (from 11:00 a.m. until 3:00 p.m.). From 3:00 p.m. until 8:00 a.m. the
following day, mice had free access to water. Every bottle was weighed before and after
each drinking session. The initial measurement of water intake was repeated for 4 days, and
the mean of 4 hours water intake was taken as 100% of basal fluid intake. The same
procedure was repeated followed by presentation of one bottle of saccharin (0.033% and
0.066%) or sucrose (2.5, 5.0 and 7.5%). Each concentration of tastant was presented for 3
days, and means from 3 days of intake were calculated from percent of basal water intake.
Saccharin was used to distinguish between response to sweet taste and caloric consumption
of sucrose.

Ethanol-induced acute withdrawal
Mice were scored for handling-induced convulsion (HIC) severity 30 minutes before and
immediately before intraperitoneal (i.p.) ethanol administration. The two pre-drug baseline
scores were averaged. A dose of 4 g/kg of ethanol in saline was injected i.p., and the HIC
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score was tested every hour until the HIC level reached baseline. Acute withdrawal was
quantified as the area under the curve but above the pre-drug level (Crabbe, Merrill &
Belknap 1991). Briefly, each mouse is picked up gently by the tail and, if necessary, gently
rotated 180°, and the HIC is scored as follows: 5, tonic-clonic convulsion when lifted; 4,
tonic convulsion when lifted; 3, tonic-clonic convulsion after a gentle spin; 2, no convulsion
when lifted, but tonic convulsion elicited by a gentle spin; 1, facial grimace only after a
gentle spin; and 0, no convulsion when lifted and after a gentle spin.

Conditioned taste aversion
Subjects were adapted to a water-restriction schedule (2 hours of water per day) over a 7-day
period. At 48-hour intervals over the next 10 days (days 1, 3, 5, 7, 9 and 11), all mice
received 1-hour access to a solution of saccharin (0.15% w/v sodium saccharin in tap water).
Immediately after 1-hour access to saccharin, mice received injections of saline or ethanol
(2.5 g/kg) (days 1, 3, 5, 7 and 9). All mice also received 30-minute access to tap water 5
hours after each saccharin access period to prevent dehydration (days 1, 3, 5, 7 and 9). On
intervening days, mice had 2 hours of continuous access to water at standard times in the
morning (days 2, 4, 6, 8 and 10).

Loss of Righting Reflex (LORR)
Sensitivity to ethanol was determined using the standard duration of LORR (sleep time)
assay. Ethanol was diluted in 0.9% saline (20 % v/v) and administered in doses adjusted by
injected volumes. Mice were injected with ethanol and when they became ataxic, they were
placed in the supine position in V-shaped plastic troughs until they were able to right
themselves three times within 30 seconds. Sleep time was defined as the time from being
placed in the supine position until they regained their righting reflex. During all sleep time
assays, room temperature was 22°C. Mice that failed to lose the righting reflex (misplaced
injections) or had a sleep time greater than two standard deviations from the group mean
were excluded from the analysis.

Rotarod
Mice were trained on a fixed speed rotarod (Economex; Columbus Instruments, Columbus,
OH, USA); speed of rod, 5.0 rpm), and training was complete when mice were able to
remain on the rotarod for 60 seconds. Every 15 minutes after injection of ethanol (2 g/kg
i.p.), flurazepam (15 mg/kg and 35 mg/kg, i.p.) or gabaxadol (5 mg/kg and 10 mg/kg, i.p.)
each mouse was placed back on the rotarod; and latency to fall was measured until the
mouse was able to stay on the rotarod for 60 seconds.

Immunoblot analysis
Protein levels in various brain regions of Gad2 (−/−) knockout and wild-type mice (9–16
weeks of age) were compared using semi-quantitative Western blot analysis. Briefly,
cerebellum, hippocampus and thalamus were dissected from frozen brains, and P2
membrane fractions were isolated (25 ug of each sample was analyzed). Cerebellar protein
fractions were probed with a GABAA receptor anti-δ subunit antibody (Gad41-A; Alpha
Diagnostic, San Antonio, TX, USA), hippocampal protein fractions were probed with a
GABAA receptor anti-α5 subunit antibody (NB300-195; Novus Biologicals, Littleton, CO)
and thalamic protein fractions were probed with a GABAA receptor anti-α4 subunit
antibody NB300-194; Novus Biologicals, Littleton, CO, USA). All blots were re-probed
with an anti-δ actin polyclonal antibody (ab8227-50; Abcam, Cambridge, MA, USA). The
actin signal was used to normalize for loading differences. HRP-conjugated goat anti-rabbit
antibody was used to detect the primary antibodies and was visualized by
chemiluminescence (Western Lightning; Perkin Elmer Life and Analytical Sciences, Boston,
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MA, USA). Immunoreactive protein levels were compared by densitometric measurements
of band intensities and analyzed using one-tailed unpaired Student’s t-test.

Drug injection
All injectable alcohol (Aaper Alcohol and Chemical, Shelbyville, KY, USA) solutions were
made in saline (20%, v/v) and injected i.p. with a volume of 0.2 ml/10 g of body weight.
Flurazepam hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) and 4,5,6,7-
tetrahydroisoxazolo(5,4-c)pyridin-3-ol (THIP hydrochloride or gabaxadol, Sigma-Aldrich)
was dissolved in 0.9% saline and injected i.p. at a volume of 0.1 ml/10 g body weight.

Ethanol metabolism
Animals were given a single dose of ethanol (3.8 g/kg i.p.), and blood samples were taken
from the retro-orbital sinus 30, 60, 120, 180 and 240 minutes after injection. Blood alcohol
concentration values, expressed as mg ethanol per milliliter of blood, were determined
spectrophotometrically by an enzyme assay (Lundquist 1959). Method is based on oxidation
of ethanol by alcohol dehydrogenase with NAD and spectrophotometric measurement of
production of NADH at 340 nM. Blood samples were precipitated with perchloric acid and
centrifuged at 2000 rpm.

Statistical analysis
Data were reported as the mean ± standard error of the mean. The statistics software
program GraphPad Prizm (Jandel Scientific, Costa Madre, CA, USA) was used throughout.
Statistics for the analyses of data obtained in CTA experiments was performed using
Statistica version 6 (StatSoft, Tulsa, OK, USA). To evaluate differences between groups,
analysis of variance (two-way analysis of variance with Bonferroni post hoc analysis) and
Student’s t-test were carried out. A chi-square test was used for comparison of frequencies
of genotypes in our breeding colonies.

RESULTS
Comparison of ethanol-induced behaviors in Gad2 knockout mice on three different
genetic backgrounds

Mouse production—Mice were produced by heterozygous breeding, allowing us to
assess the number of wild-type and mutant mice in each litter. On the predominantly B6
background, the number of wild-type mice was 2.4 times higher than null mutants, and the
ratios between the three genotypes were statistically different from expected (1:2:1),
indicating impaired viability of the mutant mice (Table 1). Backcrossing for one (129N1) or
two (129N2) generations with the 129 strain resulted in ratios of wild-type and null mice
that were approximately 1:1, indicating normal viability of the mutant mice with these
backgrounds (Table 1). However, on the 129N2 background the ratios between the
genotypes were marginally different from 1:2:1 because of the ratio between wild-type and
heterozygous mice, indicating better viability for heterozygous mutants on this particular
background.

The litter size was recorded at the time of weaning. Some offspring died after weaning,
primarily from the ‘B6’ colony. These results show that survival rate of (−/−) mice on B6
background is reduced.

Ethanol consumption—In a two-bottle free-choice paradigm in which mice could drink
either water or an increasing series of ethanol concentrations, the amount of ethanol
consumed by mutant male mice lacking Gad2 was larger than for wild type on the 129N2
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genetic background only [F(1,90) = 30.35, P < 0.001, main effect of genotype; F(4,90) =
3.01, P < 0.05, genotype × concentration interaction] (Fig. 1c). The amount of ethanol
consumed depended on ethanol concentration for mice on all three genetic backgrounds
[F(3,86) = 3.93, P < 0.05, for B6 background; F(3,72) = 4.36; P < 0.01, for 129N1
background and F(4,90) = 6.49; P < 0.001, for 129N2 background] (Fig. 1a–c). Preference
for ethanol was significantly increased in mutant mice on two genetic backgrounds—129N1
[F(1,72) = 4.55, P < 0.05, main effect of genotype] and 129N2 [F(1,90) = 27.61, P < 0.001,
main effect of genotype; F(4,90) = 2.76, P < 0.05, genotype × concentration interaction]
(Fig. 1e, f). Preference for ethanol depended on ethanol concentration for mice on all three
genetic backgrounds and decreased at higher ethanol concentrations [F(3,86) = 5.26, P <
0.01, for B6 background; F(3,72) = 12.55; P < 0.001, for 129N1 background and F(3,90) =
18.51; P < 0.001, for 129N2 background] (Fig. 1d–f). Total fluid intake was significantly
increased for null mice on the 129N2 genetic background only [F(1,90) = 29.44; P < 0.001,
main effect of genotype] (Fig. 1i). Total fluid intake did not depend on concentration of
ethanol for any of the three genetic backgrounds (Fig. 1g–i).

Preference for non-alcohol tastants—There was no difference between null and wild-
type mice on any of the three genetic backgrounds in preference for saccharin in the 24
hours two-bottle choice test (Fig. 2a–c). Preference for saccharin depended on concentration
for all three genetic backgrounds [F(1,16) = 6.28, P < 0.05, for B6 background; F(1,34) =
8.37; P < 0.01, for 129N1 background and F(1,34) = 5.98; P < 0.05, for 129N2
background].

Neither main effects of genotype nor effects of concentration were seen for preference of
quinine solutions in the three mouse colonies (Fig. 2d–f).

Saccharin and sucrose consumption in limited access procedure—
Consumption of water during a 4-hour access period varied slightly among the inbred B6
wild-type and mutant mice (B6 background: 10 ± 1 g/kg body weight and 17 ± 2 g/kg body
weight for wild-type and null mice, respectively, P < 0.05 Student’s t-test; 129N1
background: 5.5 ± 1.8 g/kg body weight and 5.7 ± 1.6 g/kg body weight for wild-type and
null mice, respectively; 129N2 background: 5.7 ± 1.1 g/kg body weight and 7.5 ± 1.1 g/kg
body weight for wild-type and null mice, respectively). To correct for these differences in
basal intake, intake of saccharin and sucrose was calculated as a percentage of the mean
consumption of tastants by dividing the amount of saccharin and sucrose solution consumed
on subsequent 4-hour sessions by the amount of water consumed during four basal 4-hour
sessions. Sucrose produced a huge (20-fold) increase in fluid consumption, whereas
saccharin produced only about a twofold increase (Fig. 3).

Null mice on B6 genetic background consumed slightly smaller amounts of sucrose than
wild-type littermates [F(1,72) = 4.79; P < 0.05, main effect of genotype; F(3,72) = 65.68; P
< 0.001, main effect of concentration] (Fig. 3a). In contrast, null mice on 129N1 and 129N2
genetic backgrounds consumed significantly higher amounts of sucrose than their wild-type
littermates [129N1 background: F(1,40) = 11.75; P < 0.01, main effect of genotype; F(3,40)
= 20.51; P < 0.001, main effect of concentration; 129N2 background: F(1,52) = 11.31; P <
0.01, main effect of genotype; F(3,52) = 14.13; P < 0.001, main effect of concentration;
F(3,52) = 3.99; P < 0.05, genotype × concentration interaction) (Fig. 3b, c).

There were no differences in saccharin intake between null and wild-type male mice for any
of three genetic backgrounds (Fig. 3d–f). Saccharin intake depended on concentration for
two of three genetic backgrounds [F(2,54) = 5.84, P < 0.01 for B6; F(2,30) = 4.78, P < 0.05
for 129N1].
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Acute ethanol withdrawal severity—A single 4 g/kg ethanol dose suppressed basal
HIC in both the knockout and wild-type mice of all genetic backgrounds for about 5 hours,
followed by a small increase in HIC (Fig. 4a–c). There were no genotype differences in the
area under the curves for HIC during withdrawal for male mice on B6 and 129N1 genetic
backgrounds (P > 0.05, Student’s t-test) (Fig. 4d, e) but Gad2-deficient mice on 129N2
background showed a somewhat weaker withdrawal (P < 0.05, Student’s t-test) compared
with their wild-type littermates (Fig. 4f).

Conditioned taste aversion—Consumption of saccharin during the 1-hour period varied
slightly with genetic background in wild-type and mutant mice (B6 background: 50 ± 2 g/kg
and 44 ± 6 g/kg body weight for wild-type and null mice, respectively; 129N1 background:
56 ± 3 g/kg and 58 ± 4 g/kg body weight for wild-type and null mice, respectively; 129N2
background: 58 ± 3 g/kg and 53 ± 2 g/kg body weight for wild-type and null mice,
respectively). To correct for these initial differences in tastant intake, intake was calculated
as a percentage of the trial 0 consumption for each subject by dividing the amount of
saccharin solution consumed on subsequent conditioning trials by the amount of saccharin
solution consumed on trial 0 (before conditioning). Figure 5 depicts saccharin intake (as a
percentage of trial 0) for each genotype over the course of the five saccharin access periods.
Ethanol produced trial-dependent reductions in saccharin intake over trials, indicating the
development of conditioned taste aversion. Null mutant and wild-type mice on all three
genetic backgrounds showed similar levels of conditioned aversion. Genotype × ethanol
dose × trial analysis showed significant effects of ethanol dose [F(1,18) = 56.61; P < 0.001
for B6 background; F(1,22) = 74.23; P <0.001 for 129N1 background; F(1,25) = 59.63; P <
0.001 for 129N2 background], trial [F(4,72) = 9.92; P < 0.001 for B6 background; F(4,88) =
8.94; P < 0.001 for 129N1 background; F(4,100) = 8.61; P < 0.001 for 129N2 background]
and ethanol dose × trial F(4,88) = 9.27; P < 0.001 for 129N1 background; F(4,100) = 8.35;
P < 0.001 for 129N2 background]. Effects of genotype, genotype × ethanol dose, genotype ×
trial, and genotype × ethanol dose × trial were not significant for mice of the three genetic
backgrounds. Only mice on the B6 background showed a significant effect of Gad2 deletion
[F(1,18) = 11.52; P < 0.01].

Depressant effects of ethanol—Ethanol-induced LORR demonstrated an effect of
ethanol dose in all three genetic backgrounds [F(1,42) = 21.32; P < 0.001 for B6 genetic
background; F(1,37) = 27.03; P < 0.001 for 129N1 genetic background; F(1,59) = 31.86; P
< 0.001 for 129N2 genetic background] (Fig. 6). A marginally significant dependence on
genotype was found for mice on 129N1 genetic background only [F(1,37) = 4.17; P < 0.05]
(Fig. 6b). However, post hoc analyses did not support any difference between wild-type and
knockout mice for the two doses of ethanol.

Additional ethanol behaviors: studies of Gad2-deficient mice on 129N2 background
Because the strongest ethanol behavioral phenotypes were obtained in Gad2-deficient mice
on the 129N2 genetic background, we selected these mice for study of additional ethanol-
induced behaviors.

Ethanol consumption in other tests for ethanol intake—Neither genotype nor time
dependence was a factor in the amount of alcohol consumed in the two-bottle drinking in the
dark model (15% ethanol versus water) (Fig. 7a). Gad2-deficient mice consumed ethanol
with slightly lower preference than wild-type littermates [F(1,162) = 4.73; P < 0.05] (Fig.
7b).

Limited access to a low concentration of ethanol (5%) with fluid deprivation (Scheduled
High Alcohol Consumption model) showed no difference between knockout and wild-type
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mice in amount of ethanol consumed. However, Gad2-deficient mice consumed more water
than their wild-type littermates [F(1,39) = 5.64, P < 0.05—effect of genotype; F(2,39) =
11.29, P < 0.001—effect of session] (data not shown).

Limited access to a high concentration of ethanol (15%) with no fluid deprivation (one-
bottle drinking in the dark model) also did not show differences in ethanol consumption
during 2- or 4-hour daily access on the last day of experiments (data not shown).

Motor-incoordination effect of ethanol—Acute administration of ethanol (2 g/kg)
produces incoordination as measured by the rotarod test in wild-type as well as in Gad2
knockout mice (Fig. 8a). There were no differences between wild-type and Gad2-deficient
mice in recovery from this motor incoordination [F(1,80) = 2.02; P > 0.05—dependence on
genotype; F(7,80) = 115.31; P < 0.001 dependence on time].

Ethanol metabolism—There were no differences in metabolism of ethanol (3.8 g/kg i.p.)
between wild and knockout mice (Fig. 8b). The slopes of the regression lines were −0.55 ±
0.09 and −0.55 ± 0.08 for wild-type and knockout mice, respectively.

Sensitivity of Gad2-deficient mice to pharmacological effects of flurazepam and gabaxadol
Some of the alcohol behaviors studied in null mutant mice were also tested using flurazepam
and gabaxadol in mutant mice on the 129(N2) background. Flurazepam (225 mg/kg) or
gabaxadol (55 mg/kg) induced prolonged LORR in wild-type as well as mutant mice.
However, there were no differences between wild-type and mice lacking Gad2 in either
duration of LORR (Fig. 9a, b) or latency for LORR (Fig. 9c, d).

Administration of low doses of gabaxadol (10 mg/kg, Fig. 10a) or flurazepam (35 mg/kg,
Fig. 10c) produced incoordination in wild-type as well as in knockout mice. Gad2-deficient
mice demonstrated a markedly slower recovery from the effect of gabaxadol [F(1,196) =
14.32, P < 0.001—effect of genotype; F(13,196) = 28.15, P < 0.001—effect of time;
F(13,196) = 1.79, P < 0.05—genotype × time interaction] and much faster recovery from the
effect of flurazepam [F(1,117) = 56.68, P < 0.001—effect of genotype; F(12,117) = 17.87,
P < 0.001—effect of time]. Administration of the drugs at lower doses (15 mg/kg
flurazepam, Fig. 10d and 5 mg/kg gabaxadol, Fig. 10b) showed similar differences between
wild-type and knockout mice [F(1,112) = 38.83, P < 0.001—effect of genotype; F(12,112) =
21.51, P < 0.001—effect of time; F(12,112) = 4.24, P < 0.001—genotype × time interaction
for gabaxadol and F(1,104) = 25.26, P < 0.001—effect of genotype; F(7,104) = 9.78, P <
0.001—effect of time for flurazepam] (Fig. 10b, d). Post hoc analyses showed that knockout
mice were more sensitive to the motor incoordination effect of gabaxadol (5 mg/kg) at 15
minutes after drug injection (P < 0.01).In contrast, knockout mice were less sensitive to this
effect of flurazepam (15 mg/kg) at 15 minutes after drug injection (P < 0.05).

Immunoblot analysis
Western blot analysis of levels of GABAA receptor α5 and δ subunit proteins (n = 7–8 per
genotype) from hippocampus and cerebellum, respectively, revealed no differences between
genotypes (Fig. 11b–d). The α4 subunit protein from thalamus (n = 9–11 per genotype) of
null mice revealed a slight, but nonsignificant (P = 0.12), increase compared with wild-type
controls (Fig. 11a, d).

DISCUSSION
Our results show that effects of deletion of the Gad2 gene produces modest, background-
dependent, changes in alcohol phenotypes despite marked changes in actions of the
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GABAergic drugs flurazepam and gabaxadol (as measured by ataxia). Three alcohol
phenotypes were changed by the mutation: increased palatability of ethanol; increased
ethanol intake; and reduction of severity of ethanol-induced withdrawal (summarized in
Table 2). Mutant mice on the predominantly B6 background did not show any ethanol-
related behavioral phenotypes, consistent with an earlier report that alcohol consumption is
not altered in these mice (Stork et al. 2000). However, these alcohol phenotypes were
present in the 129N1 and 129N2 genetic backgrounds and reduction of severity of ethanol-
induced acute withdrawal was seen only on the 129N2 background. This suggests that the
combination of less severe ethanol withdrawal with increased palatability of ethanol found
in 129N2 mice led to more pronounced increases in ethanol intake and preference compared
with 129N1 genetic background. A number of studies provide suggestive evidence that
genetic variation in or near the Gad2 gene might contribute to genetic variation in human
alcoholism or alcohol sensitivity (Loh et al., 2006;Lappalainen et al. 2007;Kuo et al. 2009)
but Gad2 does not appear to be a candidate gene for alcohol withdrawal severity in mice
(Fehr, Rademacher & Buck 2003). Thus far there is suggestive, but not compelling,
evidence for a genetic relationship. Perhaps it is not surprising that the influence of
variations in Gad2 promoter sequence or protein-coding regions on alcohol consumption
may be difficult to detect in a heterogeneous human population as even complete deletion of
Gad2 in mice does not change alcohol consumption with some genetic backgrounds. For
human populations, the relationship of DNA variation to phenotypic differences is a central
and unanswered question. One of the main obstacles is the extensive genetic heterogeneity
and heterozygosity in the human population (for review see Guryev & Cuppen 2009). From
this prospective, study of heterogenous backgrounds in mice may be useful because they
have some similarity to human backgrounds (despite the limited number of progenitor
inbred mouse strains) but are much easier to approach experimentally.

There are several possible explanations for the effects of genetic background in these
studies. One is that the mutants on the 129N1 or 129N2 background show a more severe
deficit of GABA than mice on the B6 background. This is the case for the null mutants
backcrossed onto the NOD/LtJ background, which show decreased GABA levels, even
though mice on the B6 background had normal GABA levels (Kash et al. 1997). However,
this is unlikely for our colonies as viability was improved by backcrossing to 129S1/SvimJ
strain, suggesting less severe GABA deficits. The increase of lethality and simultaneous
disappearance of behavioral phenotypes with backcrossing of mutant mice on B6
background was demonstrated earlier. Thus, y-PKC null mutants after introgression on B6
background did not survive at the 7th to 10th generations and at the 6th generation the ‘no
tolerance’ phenotype for sedative-hypnotic and hypothermic effects of ethanol was lost
(Bowers et al. 1999). Another possibility is that backcrossing results in compensatory
mechanisms that reduce the lethality of the mutation but also produce alcohol phenotypes, as
was suggested for deletion of the α1 subunit of the GABAA receptor (Ponomarev et al.
2006). Lastly, it is possible that behavioral strain differences influence the action of the null
mutation (for review see Crabbe et al. 2006). For example, B6 mice have very high levels of
alcohol intake and very low levels of acute alcohol withdrawal HIC, and these ‘ceiling/floor’
effects may make it difficult to show increases in alcohol consumption or HIC.

There are several possible behavioral mechanisms for increased ethanol intake in the two-
bottle choice paradigm. Mice can increase consumption of ethanol because of decreased
aversive properties of alcohol as well as increased ethanol reward (for review see Chester &
Cunningham 2002). However, our studies of conditioned taste aversion in these mutant mice
indicate that changes in these properties of ethanol do not account for the decreased alcohol
consumption. Alcohol withdrawal severity is inversely correlated with alcohol consumption
in mice (Metten et al. 1998), raising the possibility that reduced alcohol withdrawal shown
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in mice lacking Gad2 (129N2) might account for the increase in alcohol consumption
revealed in this mouse strain.

Some studies have shown a negative correlation between hypnotic (LORR) effects of
ethanol and voluntary ethanol consumption (Thiele et al. 1998, 2000; Hodge et al. 1999;
Spanagel et al. 2002), but this is not always the case (Blednov et al. 2003a,b; Boehm et al.,
2003, 2004a). Our results showed slight overall increase of duration of ethanol-induced
LORR only in mice on 129N1 genetic background without differences in effect of different
ethanol doses, and it’s unlikely that these differences can account for the observed increase
of ethanol preference and intake.

In addition to the pharmacological effects of alcohol, alcohol consumption depends on
caloric value, taste, olfaction and palatability (Belknap, Crabbe & Young 1993; Kiefer, Hill
& Kaczmarek 1998; McMillen & Williams 1998; Bachmanov et al. 2003). The potential
role of taste in increased ethanol intake in Gad2-deficient mice can be ruled out because our
data did not show differences in preference for sweet or bitter tastes between wild and
mutant mice, and this is consistent with another study of taste in Gad2-deficient mice
(Shimura et al. 2004). However, enhancement of GABAA receptor function by
benzodiazepines enhances food consumption, apparently as a result of increased palatability
or hedonic evaluation (for review see Cooper 2005). This seems inconsistent with our
observation of increased palatability in mice lacking Gad2. Separating ethanol palatability
from consumption is often difficult. One approach is the taste reactivity test, which assesses
oral-facial responses to intra-oral infusions of ethanol solutions. We used a different
approach. Nocturnal rodents, such as mice and rats, feed primarily during the dark hours
(Erickson, Clegg & Palmiter 1996) and characteristically eat their largest meal shortly after
‘lights off’ (Green, Wilkinson & Woods 1992). To distinguish between consumption and
response to a palatable stimulus, mice are provided with limited access to a highly palatable
stimulus at a time different than their normal consumption period—e.g. during ‘lights on’.
This approach has been used for comparison of palatable responses in wild-type and mutant
mice (Sindelar et al. 2005; Blednov et al. 2006). As discussed further, removal of Gad2 may
result in subunit specific changes in GABAA receptors. In this regard, it is important to note
that drugs with different subunit specificity have different effects on palatability. For
example, zolpidem, an α1-selective compound (Crestani et al. 2000), did not exhibit a
hyperphagic effect in a palatable food consumption test (Yerbury & Cooper 1989). In
contrast, CGS 17867A, with significant efficacy at α2- and α3-GABAA receptor subtypes
(Mitchinson et al. 2004), proved effective in promoting overconsumption of palatable food
in non-deprived rats (Yerbury & Cooper 1989).

There is no information about whether deletion of Gad2 will affect the molecular
organization of postsynaptic or extrasynaptic GABAA receptors, but our data raise this
possibility. First, the opposite effects of Gad2-deficiency on flurazepam- and gabaxadol-
induced motor incoordination suggest changes in populations of GABAA receptors. Low
doses of gabaxadol specifically target the extrasynaptic, δ-containing GABAA receptors
(Herd et al. 2009). The effect of gabaxadol on motor incoordination is abolished in mice
lacking δ- or α4 subunits of the GABAA receptor (Chandra et al. 2006; Herd et al. 2009).
The increased effect of gabaxadol on motor incoordination found in mice lacking Gad2
suggests increases in extrasynaptic receptors with α4 and δ subunits. We measured the levels
of α4 subunit protein in thalamus and the level of this subunit was slightly, but not
significantly, higher in knockout mice. However, it is possible that measurement of surface,
rather than total protein, or study of a different brain region might detect a subunit increase.
Other studies have found changes in GABA neurochemistry in these mice. For example,
vesicular GABA transporter is upregulated in Gad2 null mutant mice and the synaptic
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vesicles prepared from mutants transport cytosolic GABA more efficiently than the synaptic
vesicles prepared from the wild type (Wu et al. 2007).

A weaker effect of low doses of flurazepam on motor incoordination is consistent with
previously published results (Kash et al. 1999) and could be caused by the reduced levels of
GABA in the synapse or to changes in synaptic GABAA receptors. It is unlikely that
deletion of Gad2 changes the expression of the abundant α1 subunit because GABAA
receptor binding (using [3H]-muscimol) is not affected in these mice (Kash et al. 1999). In
addition, knock-in mice lacking the ethanol-sensitive site in the α1 subunit demonstrated
significantly faster recovery from motor incoordination induced by ethanol (Werner et al.
2006) whereas no change in this type of behavior was found in Gad2 null mice.

Taken together, these data show that impairment of GABA synthesis by deletion of Gad2
increased ethanol intake and preference for ethanol in mice, and this depends on the genetic
background. The changes in alcohol consumption may be caused by the modification of two
other behaviors also related to GABAergic function, severity of ethanol withdrawal and
palatability. These results were somewhat unexpected as reduction of synaptic GABAA
function (by receptor subunit deletion or mutation) often reduces alcohol consumption,
reduces duration of LORR from ethanol, and causes a quicker recovery from ataxia (Boehm
et al., 2006; Werner et al. 2006). None of these expected changes in ethanol actions were
obtained from deletion of Gad2, even though decreased actions of flurazepam were
observed, consistent with decreased synaptic GABA. A possible explanation for some of the
surprising findings is the increased action of gaboxadol, suggesting increased function of
extrasynaptic GABAA receptors. These receptors may be important for actions of low
concentrations of ethanol (see Olsen & Sieghart 2009) and increased modulation of
extrasynaptic receptors combined with decreased actions on synaptic receptors may be
responsible for the complex and unexpected phenotypes of these mutant mice.
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Figure 1.
Voluntary ethanol (EtOH) consumption in Gad2 (−/−) and wild-type mice on three genetic
backgrounds (24 hours two-bottle choice paradigm). Data represent consumption and
preference as a function of ethanol concentration. Ethanol consumption (g/kg/24 hours). (a)
B6; (b) 129N1; (c) 129N2. Preference for ethanol. (d) B6; (e) 129N1; (f) 129N2.Total fluid
intake (g/kg/24 hours). (g) B6; (h) 129N1; (i) 129N2 (B6: n = 8–16 per genotype. 129N1: n
= 10 per genotype. 129N2: n = 10 per genotype). *P < 0.05; ***P < 0.001—significant
difference relative to wild-type mice for same concentration of ethanol (Bonferroni post-
test).Values represent mean ± standard error of the mean for 4 days of consumption
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Figure 2.
Saccharin and quinine consumption are not affected by deletion of Gad2 in any of the three
genetic backgrounds. Data represent the relative preference for the different tastants with
continuous access, two bottle choice test. Preference for saccharin: (a) Mice on B6 inbred
background (n = 5 per genotype). (b) Mice on 129N1 genetic background (n = 9–10 per
genotype). (c) Mice on 129N2 background (n = 9–10 per genotype). Preference for quinine:
(d) Mice on B6 inbred background (n = 7–16 per genotype). (e) Mice on 129N1 background
(n = 9–10 per genotype). (f) Mice on 129N2 genetic background (n = 10 per genotype).
Values represent mean ± standard error of the mean
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Figure 3.
Consumption of saccharin or sucrose solutions in Gad2 (−/−) and wild-type mice on three
genetic backgrounds in a limited access test. Data represent intake of saccharin or sucrose as
a percentage of the initial intake of water. Sucrose intake: (a) Mice on B6 inbred background
(n = 7–13 per genotype). (b) Mice on 129N1 background (n = 5–7 per genotype). (c) Mice
on 129N2 background (n = 7–8 per genotype). Saccharin intake: (d) Mice on B6 background
(n = 7–13 per genotype). (e) Mice on 129N1 background (n = 5–7 per genotype). (f) Mice
on 129N2 background (n = 7–8 per genotype). *P < 0.05; ***P < 0.001—significant
difference relative to wild-type mice for same concentration of tastant (Bonferroni post-
test).Values represent mean ± standard error of the mean
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Figure 4.
Severity of acute ethanol withdrawal was reduced in Gad2 (−/−) mice with 129N2 genetic
background. Data represent the mean handling induced convulstion (HIC) score as a
function of time after injection of ethanol (a–c). (a) Mice on B6 inbred background (n = 7–
10 per genotype). (b) Mice on 129N1 background (n = 11 per genotype). (c) Mice on 129N2
background (n = 15–16 per genotype). (d–f) The integrated area of the HIC score over time
above the basal level: (d) Mice on B6 inbred background. (e) Mice on 129N1 background.
(f) Mice on 129N2 background. *P < 0.05—significant difference between wild-type and
knockout mice (Student’s t-test).Values represent mean ± standard error of the mean
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Figure 5.
Ethanol-induced conditioned taste aversion is not affected by deletion of Gad2 in mice. Data
represent the changes in saccharin consumption produced by injection of saline or ethanol.
(a) Mice on B6 inbred background (n = 5–7 for saline injection for all genotypes; n = 5–7
for groups with ethanol injection). (b) Mice on 129N1 background (n = 5 for saline injection
for all genotypes; n = 7–10 for groups with ethanol injection). (c) Mice on 129N2
background (n = 5 for saline injection for all genotypes; n = 9–10 for groups with ethanol
injection).Values represent mean ± standard error of the mean
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Figure 6.
Similar duration of ethanol-induced loss of righting reflex (LORR) in Gad2 (−/−) and wild-
type mice. Data represent the duration of LORR in minutes following injection of ethanol
(EtOH). (a) Mice on B6 inbred background (n = 7–16 per dose of ethanol and genotype). (b)
Mice on 129N1 background (n = 6–15 per dose of ethanol and genotype). (c) Mice on
129N2 background (n = 15–16 per dose of ethanol and genotype).Values represent mean ±
standard error of the mean
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Figure 7.
Ethanol intake in a limited access (drinking in the dark with two bottles) model in Gad2 (−/
−) and wild-type mice on the 129N2 background. (a) Amount of ethanol consumed given as
g/kg/3 hours. (b) Preference for ethanol as a percent of fluid intake. (n = 10 per genotype).
Values represent mean ± standard error of the mean
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Figure 8.
Motor incoordination (rotarod) and metabolism of ethanol are not altered by deletion of
Gad2 in mice with the 129N2 background. (a) Time on the rotarod in seconds before and
after motor incoordination induced by ethanol (2 g/kg) (n = 6 per genotype). (b) Metabolism
of ethanol after 3.8 g/kg i.p. injection (n = 4 per genotype).Values represent mean ± standard
error of the mean
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Figure 9.
The duration of loss of righting reflex (LORR) produced by flurazepam or gabaxadol is not
affected by deletion of Gad2 in mice with the 129N2 background. (a) Duration of LORR in
minutes following injection of Flurazepam (225 mg/kg) (n = 9 per genotype). (b) Duration
of LORR in minutes following injection of Gabaxadol (55 mg/kg) (n = 7–10 per genotype).
(c) Latency in minutes following injection of flurazepam (225 mg/kg) (n = 9 per genotype).
(d) Latency in minutes following injection of Gabaxadol (55 mg/kg) (n = 7–10 per
genotype). Values represent mean ± standard error of the mean
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Figure 10.
Effects of flurazepam and gabaxadol on motor incoordination in Gad2 (−/−) and wild-type
mice on the 129N2 background. (a, b) Recovery from motor incoordination measured by
time on rotarod before and after flurazepam at 35 g/kg (a) and 15 mg/kg (b) (n = 6–8 per
genotype). (c, d) Recovery from motor incoordination measured by time on rotarod before
and after gabaxadol at 10 g/kg (c) and 5 mg/kg (d). *P < 0.05; **P < 0.01; ***P < 0.001—
significant difference relative to wild-type mice for same concentration of drug (Bonferroni
post-test) (n = 8 per genotype).Values represent mean ± standard error of the mean
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Figure 11.
Representative Western blots and summary data for levels of GABAA receptor subunits in
different brain regions in Gad2 (−/−) and wild-type (+/+) mice (129N2 background). β-
Actin was used as loading control for each blot). (a) GABAA receptor α4 subunit from
thalamus (n = 9–11 per genotype). (b) GABAA receptor α5 subunit from hippocampus (n =
7–8 per genotype). (c) GABAA receptor δ subunit from cerebellum (n = 7–8 per genotype).
(d) Summary graph of Western blot analysis demonstrating no change in levels of GABAA
receptor α4,α5 and δ subunits. Data are expressed as mean ± standard error of the mean of %
change in band intensity relative to wild-type (+/+) controls following normalization to actin
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Table 2

Summary of the behavioral effects of ethanol in Gad2 (−/−) deficient mice on three different genetic
backgrounds.

Genetic background

Behavior B6 129(N1) 129(N2)

Ethanol intake (g/kg) 0 0 ↑↑

Ethanol preference 0 ↑ ↑↑

Palatability ↑ ↑ ↑

Ethanol acute withdrawal 0 0 ↓

Ethanol-induced conditioned taste aversion 0 0 0

Ethanol-induced LORR 0 ↑ 0

Flurazepam-induced LORR 0

Gabaxadol-induced LORR 0

Recovery from flurazepam-induced motor incoordination →

Recovery from flurazepam-induced motor incoordination ←

↓ = Decreased behavior in comparison with wild type. ↑ = Increased behavior in comparison with wild type. 0 = No change in comparison with
wild type. → = Shift to the right in time-response curve (longer recovery). ← = Shift to the left in time-response curve (faster recovery). LORR =
loss of righting reflex.
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