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�4-Containing GABAA Receptors in the Nucleus Accumbens
Mediate Moderate Intake of Alcohol
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Alcohol has subjective and behavioral effects at the pharmacological levels typically reached during the consumption of one or two
alcoholic drinks. Here we provide evidence that an �4-subunit-containing GABAA receptor contributes to the consumption of low-to-
moderate levels of alcohol. Using viral-mediated RNA interference (RNAi), we found that reduced expression of the �4 subunit in the
nucleus accumbens (NAc) shell of rats decreased their free consumption of and preference for alcohol. The time course for the reduced
alcohol intake paralleled the time course of �4 mRNA reductions achieved after viral-mediated RNAi for �4. Furthermore, the reduction
in drinking was region- and alcohol-specific: there was no effect of reductions in �4 expression in the NAc core on alcohol intake, and
reductions in �4 expression in the NAc shell did not alter sucrose or water intake. These results indicate that the GABAA receptor �4
subunit in the NAc shell mediates alcohol intake.
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Introduction
The molecular site(s) of action that support the voluntary con-
sumption of alcohol are not known, but a major contribution of
GABAergic systems, especially the GABAA receptor (GABAAR),
has long been postulated (Grobin et al., 1998; Chester and Cun-
ningham, 2002; Koob, 2004; Lobo and Harris, 2008). Recently,
there has been great interest in whether GABAARs might mediate
the pharmacological effects of low-to-moderate (�30 mM) alco-
hol brain concentrations attained following the consumption of
one or a few alcoholic drinks (cf. Lovinger and Homanics, 2007).
GABAARs are pentamers assembled from a variety of subunits to
form multiple isoforms that are likely to differ in their alcohol
sensitivity. Notably, pharmacological actions of low-to-
moderate concentrations of alcohol (1–30 mM) have been re-
ported at the �4�� GABAAR isoform (Sundstrom-Poromaa et
al., 2002; Wallner et al., 2003; Wei et al., 2004), and, hence, this
receptor is a potential candidate for the mediation of the reinforc-
ing effects of oral alcohol. These findings, obtained in heterolo-
gous expression systems or brain slices, are highly controversial
(Borghese et al., 2006; Yamashita et al., 2006; Borghese and Har-
ris, 2007; Lovinger and Homanics, 2007). Therefore, to assess the
relevance of the potentially alcohol-sensitive �4�� GABAAR to
alcohol’s actions, we used viral-mediated RNAi, which allows for
region-specific reductions of target gene mRNA levels in adult

animals (Hommel et al., 2003; Lasek et al., 2007), to determine
the effect of reductions in �4 expression on oral alcohol intake in
vivo. If the �4�� GABAAR is required for the pharmacological
actions of alcohol that support alcohol intake, then reduction of
the expression of the �4 subunit should reduce alcohol intake.

The nucleus accumbens (NAc) contributes to the rewarding
and reinforcing effects of drugs including alcohol (Koob et al.,
1998; McBride et al., 1999; Weiss and Porrino, 2002; Everitt and
Robbins, 2005). Studies suggest that the GABAergic system in the
NAc is an important mediator of alcohol self-administration. For
example the GABA antagonists, SR-95531 (Hyytiä and Koob,
1995) and bicuculline (Hodge et al., 1995), reduce operant alco-
hol self-administration following NAc microinfusion. Notably,
both the mRNA and protein for the �4�� GABAAR subunits are
detected in the NAc (Pirker et al., 2000; Schwarzer et al., 2001).
Therefore we determined the effects of �4 subunit reductions in
the NAc on alcohol intake. Because the subregions of the NAc, the
core and the shell, have somewhat distinct afferent and efferent
projections and correspondingly distinct behavioral functions
(Robbins and Everitt, 2002), their role in alcohol intake was ex-
amined separately.

Materials and Methods
Design and cloning of short hairpin RNA constructs. Two 21 nt small in-
terfering RNA (siRNA) sequences of the rat �4 subunit (GenBank acces-
sion NM080587) were designed using the GenScript web-based pro-
gram. Specificity of the siRNA sequences was verified by a BLAST search.
The two siRNA sequence are as follows: siRNA1 (�4-1), 5�-AUAACAU-
GACAGCUCCAAAUA; siRNA2 (�4-2), 5�-UGAGUUUGCU-
GCUGUCAACUA. A nonrelated 19 nt sequence (5�-AUGAACGUGAA-
UUGCUCAA) was used as a negative siRNA control. To employ viral
delivery of double-stranded siRNA, the adenoviral shuttle vector
pRNAT-H1.1 (GenScript Corporation) and the adenoviral vector
Adeno-X (Clontech) were used. pRNAT-H1.1 is a vector for vector-
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based siRNA cloning with an H1 promoter to express short hairpin RNA
(shRNA), and contains GFP under control of the CMV promoter. For
each siRNA sequence, two complementary DNA oligos, containing sense
and antisense siRNA sequences with a stem-loop structure, were synthe-
sized, annealed, and ligated into BamHI and HindIII sites of pRNAT-
H1.1 vector following the vector cloning protocol. The pRNAT-shRNA
recombinants were confirmed by sequencing before subcloning into the
cloning sites of I-CeuI and PI-SceI of Adeno-X vector.

Adenovirus production. Preparation of adenoviruses, Ad-sh�4-1, Ad-
sh�4-2, and Ad-NSS, was initiated by transfection of recombinant ad-
enoviral constructs into HEK293 cells using Lipofectamine 2000 (In-
vitrogen). Recombinant viruses were amplified in HEK293 cells,
followed by purification using Adeno-X Virus Purification Kit (Clon-
tech). Viruses with shRNA-recombinants were used to infect SHSY5Y
neuroblastoma cells with 20 viruses per cell, which produced almost
100% infection (data not shown).

Subjects. Male Long–Evans rats (Harlan) weighing �350 g were singly
housed with ad libitum access to food and water. All procedures were
approved by the Institutional Animal Care and Use Committee of the
Ernest Gallo Clinic and Research Center.

Stereotaxic surgery. Rats anesthetized with isoflurane were stereotaxi-
cally infused with Ad-NSS or Ad-sh�4 bilaterally in the NAc shell (AP:
�1.6 mm, ML: �0.78 mm, DV: �6.5 mm) or core (AP: �1.2 mm, ML:
�1.9 mm, DV: �6.8 mm; coordinates relative to bregma). A stainless-
steel infuser (30 gauge) connected via polyvinyl chloride tubing to a 10 �l
Hamilton Gastight syringe was used to infuse 1 �l of virus (1 � 10 10 to
3 � 10 10 TU/ml) at a rate of 0.1 �l/min for 10 min. After an additional 10
min, the infuser was removed and the scalp closed with sutures. Rats were
allowed to recover for 5 d.

Two-bottle preference test (continuous access paradigm). Two bottles,
one filled with tap water and the other 10% alcohol (ethanol; v/v), were
placed on subjects’ cages for 2 weeks before viral infusion. Intake of
alcohol and water, as well as body weights, were measured daily, and the
left–right position of the bottles was alternated daily to avoid side bias.
Five days after viral infusion, rats were again allowed access to 10%
alcohol and water for 30 d. To determine whether the alterations in
drinking were alcohol specific, a two-bottle preference test comparing
2% sucrose (w/v) and water was conducted in separate rats, as described
for alcohol.

Two-bottle preference test (limited access paradigm). To test the role of
the �4�� GABAAR under conditions likely to induce high intakes, along
with corresponding higher blood alcohol levels, a separate group of rats
was given limited alchol access for 1 h/d for 21 d following 2 weeks of 24 h

ad libitum access (as described above). Intake of alcohol and water, as
well as body weights, were measured before and after 1 h access every day,
and the left–right position of the bottles was alternated daily to avoid side
bias. Five days after viral infusion, rats were again allowed access to 10%
alcohol (1 h) and water for 30 d.

Immunohistochemistry. Vibratome cut sections (50 �m) of fixed tissue
were subjected to immunohistochemistry as described (Kharazia et al.,
2003). Primary antibodies used were rabbit anti-GFP polyclonal anti-
body (1:10,000, Abcam) and anti-GFAP (1:1000, Promega). Secondary
antibodies for immunofluorescence were donkey anti-rabbit or anti-
mouse antibodies (1:300, Jackson ImmunoResearch). Images were ac-
quired using a Zeiss confocal microscope and visualized using LSM
software.

Western blot analysis. Samples were separated by 4 –12% SDS-PAGE
(Bis-Tris Gel system; Invitrogen) and transferred onto a nitrocellulose
membrane (Millipore). The membrane was blocked in milk solution
(5% milk in PBS containing 0.05% Tween 20), and incubated with spe-
cific primary antibodies and then with horseradish peroxidase-
conjugated secondary antibodies. The primary antibodies used were
anti-�4 antibody (1:500, Novus), anti-�1 antibody (1:500, Phosphoso-
lutions), anti-�2/3 antibody (1:500, Millipore), anti-�2 antibody (1:500,
Alpha Diagnostics), anti-� antibody (Santa-Cruz Biotechnology), and
anti-actin antibodies (1:1000, Santa Cruz Biotechnology). Actin immu-
noreactivity was used as an internal control. Immunoreactivity was de-
tected by enhanced chemiluminescent reaction and processed using the
Typhoon PhosphorImager (Amersham Biosciences). Results were quan-
tified with ImageQuant 5.0 (Amersham Biosciences).

TaqMan quantitative reverse transcriptase PCR. Rats infused with Ad-
NSS or Ad-sh�4-1 were killed at 5, 10, 18, or 25 d after viral infusion (n �
2–3 per treatment, per time point). Tissue punches from the NAc were
collected and processed for measuring GABAAR �4, �1, �2, �2, or �
mRNA levels by TaqMan quantitative PCR using primer/probe kits (Ap-
plied Biosystems) with GAPDH as an internal control.

Blood alcohol level measurement. Blood alcohol concentration was de-
termined by gas chromatographic (GC) procedures as described previ-
ously (Bowers et al., 2008) with a 0.01 mM limit of detection. Briefly, rats
were anesthetized with isoflurane and �300 –500 �l of blood was col-
lected from the lateral, rostral tail vein by venous puncture. Blood was
vigorously mixed with inversion and centrifuged at 5000 � g at 4°C for 20
min. Serum was decanted, vortexed, and 10 �l of serum was sealed in a
GC autosampler vial (National Scientific) with 10 �l of 0.05%
n-propanol as an external pipetting standard. Samples, in triplicate, were
heated to 65°C for 20 min, agitated for 30 s, and allowed to settle for 1 min

Figure 1. Infection of NAc shell with Ad-NSS and Ad-sh�4-1. a, Presence of GFP in NAc 10 d after microinjection of virus, as revealed by anti-GFP antibodies (green). Infection is limited to medial
shell region targeted by our infusions. 60 �m slices, neutral red stain. b, c, Section of NAc shell taken 18 d after microinfusion of Ad-sh�4-1 (b) or Ad-NSS (c) stained with anti-GFP (green) and
anti-GFAP (red) antibodies. Note minimal overlap (yellow) of staining for GFP and the astrocytic marker, GFAP.
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before pressurizing for headspace extraction into a 2 ml, depolarized loop
(Tekmar Control Systems). Samples were immediately passed through a
220° deactivated, glass-lined inlet (Hewlett-Packard) and subjected to
gas chromatography (He, 5 kPa) on a megabore 30 m, 1 �m film Inno-
wax column (Agilent Technologies) at a 45°C isotherm and quantified
via flame ionization at 310°C (HP5890, Hewlett-Packard). The column
was purged after each sample by holding at 210°C for 1.5 min before
cooling to 45°C over 5 min. The alcohol area under the curve (AUC) was
divided by the external n-propanol standard AUC and compared with
known standards from 300 to 0.003 mM.

Data analysis. Gene expression data calculated as a percentage of
control were analyzed by one-sample t test, which infers variation for
a control population based on variability in the sample set. Protein
expression data were tested using a two-sample t test. Behavioral data
were analyzed using one- or two-way ANOVA, followed by Bonfer-
roni’s post hoc test when indicated by significant (� � 0.05) main
effects or interactions. Blood alcohol data were analyzed using linear
regression.

Results
Reductions in GABAAR �4 subunit mRNA and protein in
NAc by Ad-sh�4-1 microinfusion
To test the role of the �4 subunit in alcohol intake, the technique
of viral-mediated RNA interference was applied (Hommel et al.,
2003; Lasek et al., 2007). We designed two 21 nt siRNA sequences
of the rat �4 subunit. These siRNAs were effective in suppressing
�4 mRNA expression in HEK293 cells following transfection of
the siRNA constructs recombined in a pRNAT-H1.1 vector,
which express the shRNA (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), as well as in striatal neu-
ronal cultures by infection of the siRNA-recombinant adenovirus
(Ad-sh�4-1) in comparison with the control siRNA-
recombinant adenovirus (Ad-shNSS) (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material).

Next, we tested the in vivo efficacy of the Ad-sh�4-1 virus,
targeting the �4 subunit, and of the Ad-NSS control virus that
expresses an RNA sequence that shares no known homology with
any sequence in the rat genome. After infusion into the NAc shell,
examination of GFP immunohistochemistry revealed that infec-
tion of cells within this region was obtained (Fig. 1). We deter-
mined the time course of �4 mRNA alterations following dissec-
tion of the NAc at multiple time points after Ad-sh�4-1 infusion.
We found a transient decrease in GABAAR �4 subunit mRNA
levels at 10 and 18 d after infusion ( p � 0.01) but not 5 or 25 d
(Fig. 2a). Ad-sh�4-1 also downregulated �4 protein levels in NAc
at day 18 ( p � 0.01) (Fig. 2b). To test whether the effect of
Ad-sh�4-1 was localized to the area of microinfusion within the
NAc, we measured �4 subunit mRNA levels in frontal cortex and
dorsal striatum and found that �4 subunit mRNA levels were
reduced only within the NAc ( p � 0.01) 18 d after NAc shell
infusion of Ad-sh�4-1 (Fig. 2c). To test for compensatory
changes in other related GABAAR subunits due to downregula-
tion of the �4 subunit, we measured mRNA and protein levels of
the �1, �2, �2, and � subunits in NAc and detected no change in
the levels of these subunits’ mRNA (Fig. 2d) or protein (Fig. 2e) in
the NAc 18 d after viral infusion.

Viral-mediated GABAAR �4 subunit knockdown in NAc shell,
but not core, reduces alcohol intake and preference in a
continuous access paradigm
To test the effects of NAc knockdown of the �4 GABAAR subunit
on alcohol intake, Ad-sh�4-1 or Ad-NSS was infused into the
NAc shell of alcohol-experienced rats. Five days later, subjects
were allowed continuous access to 10% alcohol and water. Infu-
sion of the Ad-sh�4-1 virus reduced alcohol intake (Fig. 3a)
(F(3,44) � 17.98, p � 0.0001) and preference (Fig. 3b) (main effect
of treatment, F(1,22) � 3.12, p � 0.09; main effect of day, F(3,66) �
5.24, p � 0.002; treatment � day interaction, F(3,66) � 16.30, p �
0.001) on the 18th day after infusion ( p � 0.001, for both intake
and preference), a time at which �4 mRNA is significantly re-
duced (Fig. 2a). Examination of the time course (Fig. 3c) of Ad-
sh�4-1 effects on alcohol intake revealed a main effect of day
(F(26,572) � 7.10, p � 0.0001) and a significant treatment � day
interaction (F(26,572) � 44.94, p � 0.0001) with no main effect of
treatment (F(1,22) � 2.60, p � 0.12). The time course of the onset
and offset of the reduction in alcohol intake after Ad-sh�4-1
infusion (Fig. 3c) paralleled the change in �4 mRNA expression
(Fig. 2a). Water consumption was not significantly altered (Fig.
3d) (F(3,44) � 1.36, p � 0.54).

Although we did not take blood alcohol measurements from
these particular subjects, we took blood samples 3 h after the start
of the dark cycle in a separate group of rats maintained on an

Figure 2. Ad-sh�4-1 infection in the NAc shell decreases GABAAR �4 mRNA and protein
levels in vivo. GABAAR �4, �1, �2, �2, and � subunits’ mRNA or protein levels were measured
in tissue punches from rat brains after in vivo infusion of Ad-NSS or Ad-sh�4-1. a, Time course
of �4 mRNA levels in dissected NAc. GABAAR �4 subunit mRNA levels were decreased 10 and
18 d after infusion. Data presented as mean ratio values (�SEM) expressed as a percentage of
the Ad-NSS-treated group (100%). *p � 0.01. n � 3/group. b, Ad-sh�4-1 decreased �4
protein levels in NAc 18 d after infusion *p � 0.01, compared with Ad-NSS. n � 2 for untreated
and n � 5 for Ad-NSS and Ad-sh�4-1 groups. c, �4 subunit mRNA levels are reduced in NAc
(n � 5), but not cortex (n � 2) or dorsal striatum (n � 2), 18 d after Ad-sh�4-1 NAc shell
infusion. Data presented as mean ratio values (�SEM) expressed as a percentage of untreated
animals (100%). *p � 0.01. d, e, No changes in �1, �2, �2, and � subunits’ mRNA (d) or
protein (e) levels are observed in NAc 18 d after infusion with Ad-NSS or Ad-sh�4-1. n �
3/group. Data presented as mean ratio values (�SEM) expressed as a percentage of the control
ratio (100%).
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identical two-bottle 24 h access protocol
and found measurable alcohol levels
(range, 2.3– 46.5 mg/dl, n � 10).

It is possible that observed effects of
short interfering RNA sequences result
from a disruption of cellular function, and
subsequently, behavior, because the se-
quence interferes with one or more gene
products instead of, or in addition to, the
targeted gene. We therefore tested the ef-
fects of a second viral vector, Adsh�4-2,
that expresses a different shRNA sequence
that is effective in downregulating the ex-
pression of �4 mRNA and �4 protein lev-
els (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
We again observed a decrease in alcohol in-
take and preference (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material), supporting the conclusion
that the decrease in alcohol self-
administration is due to a decrease in the ex-
pression of the GABAAR �4 subunit in the
NAc shell and not to off-target effects.

The NAc shell is proposed to mediate
the primary reinforcing effects of drugs of
abuse, whereas the NAc core may contrib-
ute to conditioned stimulus-supported
drug-seeking behavior (Everitt and Rob-
bins, 2005). In line with this view, we
found no effect of Ad-sh�4-1 infusion into
the NAc core on alcohol intake (F(3,44) �
2.27, p � 0.10) (Fig. 4a).

Viral-mediated GABAAR �4 subunit knockdown in NAc shell
does not alter sucrose intake
GABAAR activation within the NAc shell is implicated in the
control of food preference (Baldo and Kelley, 2007); therefore, we
tested whether the �4 subunit contributes to intake of the pre-
ferred substance, sucrose. Ad-sh�4-1 microinfusion into the
NAc shell did not affect intake of a 2% sucrose solution (F(3,44) �
1.30, p � 0.28) (Fig. 4b), suggesting that the effects of GABAAR
�4 subunit reduction are specific to alcohol.

Viral-mediated GABAAR �4 subunit knockdown in NAc shell
reduces alcohol intake in a limited access paradigm
The effects of NAc knockdown of the �4 GABAAR subunit on
limited access alcohol intake was tested following virus microin-
fusion into the NAc shell. Ad-sh�4-1 infusion reduced alcohol
intake (Fig. 5a) (F(3,44) � 5.34, p � 0.01) on the 18th day after
infusion. Examination of the time course of the effect of the Ad-
sh�4-1 virus (Fig. 5b) revealed a main effect of day (F(26,546) �
3.36, p � 0.0001) and a significant treatment � day interaction
(F(26,546) � 2.5, p � 0.0001) with no main effect of treatment
(F(1,21) � 4.03, p � 0.058). There was no change in water intake
( p � 0.534), although the amounts of water consumed in the 1 h
measurement period are so low as to approach the limits of our
measurement reliability.

The limited access paradigm results in higher blood alcohol
levels than we observed within the continuous access paradigm.
Blood alcohol levels were measured immediately after 1 h ethanol
access from a subset of 10 rats from the above study 1 week before
the viral infusions. The blood alcohol levels significantly corre-

lated with oral alcohol intake (alcohol intake: 0.55–1.59 g/kg;
blood alcohol levels: 25– 83 mg/dl; *p � 0.05, R 2 � 0.413) (sup-
plemental Fig. 4, available at www.jneurosci.org as supplemental
material).

Discussion
We found that alcohol intake and preference were decreased by
reductions in GABAAR �4 subunit expression in the NAc shell,
but not NAc core. In addition, sucrose intake was not altered by
decreases in GABAAR �4 subunit expression in the shell. To-
gether, these results support a role for �4-containing GABAARs
in voluntary intake of alcohol at the moderate levels experienced
after one or a few drinks.

Figure 3. Viral-mediated GABAAR �4 subunit knockdown in NAc shell in rats reduces alcohol intake and preference. Rats were
infused in the NAc shell with Ad-sh�4-1 (n � 12) or Ad-NSS (n � 12) bilaterally. a, Estimated alcohol intake (g/kg) for
Ad-sh�4-1-treated rats expressed as a percentage of Ad-NSS-treated rats. *p � 0.001, compared with B (baseline). b, Alcohol
preference for Ad-sh�4-1-treated and Ad-NSS-treated rats (*p � 0.001, compared with Ad-NSS). c, Time course of alcohol intake
after Ad-sh�4-1 or Ad-NSS treatment. d, Water intake for Ad-sh�4-1-treated rats expressed as a percentage of Ad-NSS-treated
rats. For all panels, “B” refers to baseline, the last day before virus infusion. Values depict mean � SEM.

Figure 4. Effect of viral-mediated GABAAR �4 subunit knockdown in NAc shell on alcohol
intake is brain region-specific and alcohol-specific. a, Alcohol intake after Ad-sh�4-1 infusion
into the NAc core. Ad-sh�4-1 (n � 12); Ad-NSS (n � 12). b, Two percent sucrose intake after
Ad-sh�4-1 infusion into the NAc shell. Ad-sh�4-1, n � 12; Ad-NSS, n � 12. For both panels,
“B” refers to baseline, the last day before virus infusion. Data are presented as mean ratio values
(�SEM) expressed as a percentage of Ad-NSS-treated rats (100%).
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GABAAR �4 subunits typically partner with � and � subunits
to form the �4�� GABAAR isoform. Thus, our findings together
with a previous study in which � knock-out mice consumed less
alcohol than wild-type mice (Mihalek et al., 2001) provide strong
evidence that �4�� GABAARs contribute to mechanisms medi-
ating alcohol intake. GABAAR �4 subunit knock-out mice have
no alteration in acute behavioral effects of alcohol in tests of
anxiety, motor behavior, analgesia, and sedation (Chandra et al.,
2008). It is interesting to speculate that the �4 subunit may con-
tribute to select behavioral effects of alcohol, including alcohol’s
reinforcing effects.

Because we altered �4 subunit expression in the NAc, it was
possible that decreases in alcohol intake could reflect a role of the
subunit in reward or reinforcement in general. Indeed, GABAer-
gic mechanisms in the medial shell have been implicated in the
intake of preferred substances; specifically, NAc medial shell mi-
croinjection of the direct GABA agonist, muscimol, increases in-
take of sucrose (Basso and Kelley, 1999). However, our finding of
no change in sucrose consumption after knocking down the
GABAAR �4 subunit in the NAc shell suggests that this result is
specific to pharmacological effects of alcohol and not related to
general decreases in reward processing, or in motivation for or
ingestion of preferred substances. Instead, this result in combi-
nation with the lack of effect of �4 knockdown in the NAc core, is
congruent with the proposed role of the NAc shell in the direct
reinforcing effect of drugs (Everitt and Robbins, 2005; Ikemoto,
2007). In support of this idea, rats will self-administer cocaine
(Rodd-Henricks et al., 2002), amphetamine (Ikemoto et al.,
2005), and dopamine agonists (McBride et al., 1999) directly into
the medial shell/medial olfactory tubercle, the same subregion
that we targeted for our infusions.

�4-containing GABAARs in some brain regions have been
found to be sensitive to low (1–30 mM) concentrations of alcohol
(Sundstrom-Poromaa et al., 2002; Wallner et al., 2003; Wei et al.,
2004). Alcohol concentrations in this range are attained after a
few drinks in humans and impair cognition, judgment and motor
abilities (Eckardt et al., 1998). We also obtained blood alcohol
levels in this range in rats consuming alcohol in both the contin-
uous and limited access paradigms (see Results).

The reduced alcohol intake we observed after knockdown of
the �4 subunit in the NAc shell can be explained by a decrease in
the expression of an �4-containing GABAAR population at which
alcohol exerts direct actions. However, our findings cannot ex-

clude the possibility that �4-containing
GABAARs mediate indirect effects of alco-
hol through an intermediary, such as en-
dogenous GABAergic neurosteroids,
which act potently at �4-containing
GABAARs, and are proposed to mediate
some GABAergic effects of alcohol (Mor-
row et al., 2001). In agreement with this
possibility, alcohol intake increases the
synthesis of the GABAergic neurosteroid,
allopregnanolone, in the nervous system
(Finn et al., 2004), and allopregnanolone
administration alters alcohol self-
administration in nondependent rodents
(Janak et al., 1998; Sinnott et al., 2002;
Janak and Gill, 2003; Ford et al., 2005). An
additional possibility is that �4-containing
GABAARs contribute to drinking via
alcohol-induced increases in presynaptic
GABA release. Concentrations of alcohol

as low as 20 mM may increase presynaptic GABA release in the
cerebellum (Carta et al., 2004), as well as in the basolateral nu-
cleus (Zhu and Lovinger, 2006) and, at 44 mM, in the central
nucleus (Roberto et al., 2003), of the amygdala. The presynaptic
effects of low concentrations of alcohol on GABA release in the
NAc shell are not known.

Whether the actions of alcohol at �4-containing GABAARs
are direct or indirect, the primary effect of activation of these
receptors is likely to be mediated by enhanced tonic inhibition.
Studies of subunit expression in the thalamus and hippocampus
indicate that �4-containing GABAARs are primarily extrasynap-
tic or perisynaptic (Chandra et al., 2006; Liang et al., 2006). These
receptors have high affinity for GABA, slowly desensitize, and
mediate a tonic inhibitory current that regulates neuronal excit-
ability (Farrant and Nusser, 2005; Chandra et al., 2006). The
GABAergic tonic currents mediated by �4-containing GABAARs
are reported to be alcohol sensitive (Glykys et al., 2007; Liang et
al., 2008), although those of the thalamus require higher alcohol
concentrations (Jia et al., 2008). Together, these results suggest
the compelling hypothesis that alcohol at moderate levels nor-
mally produces reinforcing/rewarding effects by enhancing
GABAergic tonic current. Consequently, by this hypothesis, re-
ductions in alcohol-induced GABAergic tonic currents via the
knockdown of NAc shell �4 levels would reduce drinking. In the
current study, it is possible that a decrease in tonic GABAergic
inhibition changed ethanol drinking behavior by inducing com-
pensatory changes in excitatory and/or inhibitory synaptic trans-
mission or in voltage-gated ion channel function. However, given
the demonstrated receptor specificity of alcohol’s enhancement
of tonic currents, we favor a direct modulation of �4-containing
GABAARs by alcohol, rather than a more general mechanism. Of
note, we found no evidence for compensatory changes in the
expression of the mRNA or protein for the �, �1, �2, and �2
subunits after in vivo injection of the Ad-sh�4-1 virus into the
NAc shell.

As the GABAAR �4 subunit partners with the � subunit at
extrasynaptic locations, it is likely that decreasing the expression
of � subunit in NAc shell also would alter alcohol drinking be-
havior, in line with the findings from ��/� knock-out mice
(Mihalek et al., 2001). Other GABAAR subunits have been impli-
cated in alcohol intake: GABAAR �1 and �5 subunit knock-out
mice each show decreased alcohol preference (Blednov et al.,
2003; Boehm et al., 2004), whereas GABAAR �2 (Blednov et al.,
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Figure 5. Viral-mediated GABAAR �4 subunit knockdown in NAc shell in rats reduces alcohol intake in a limited access
paradigm. Rats were infused in the NAc shell with Ad-sh�4-1 (n � 11) or Ad-NSS (n � 11) bilaterally. a, Estimated alcohol intake
(g/kg) for Ad-sh�4-1-treated rats expressed as a percentage of Ad-NSS-treated rats. *p � 0.01, compared with B (baseline). b,
Time course of alcohol intake after Ad-sh�4-1 or Ad-NSS treatment. For all panels, “B” refers to baseline, the last day before virus
infusion. Values depict mean � SEM.
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2003) and �2 (Boehm et al., 2004) subunit knock-out mice show
no change in their alcohol drinking behavior. The GABAAR �1
results are particularly interesting in light of recent reports of an
unexpected �1- and �-containing GABAAR identified in hip-
pocampal interneurons that mediates an extrasynaptic current
sensitive to low alcohol concentrations (Glykys et al., 2007). Un-
derstanding the contributions of the GABAAR subunits in the
NAc shell other than the �4 awaits future studies of shell-specific
reductions in their expression.

In conclusion, we have provided empirical evidence that �4-
containing GABAARs in the NAc shell play an important role in
alcohol drinking behavior, strengthening the hypothesis that the
�4�� GABAAR in the NAc shell is a key brain substrate for the
reinforcing properties of oral alcohol.
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