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ABSTRACT
GABAA receptors (GABAARs) have long been a focus as targets
for alcohol actions. Recent work suggests that tonic GABAergic
inhibition mediated by extrasynaptic � subunit-containing
GABAARs is uniquely sensitive to ethanol and enhanced at
concentrations relevant for human alcohol consumption. Etha-
nol enhancement of recombinant �4�3� receptors is blocked
by the behavioral alcohol antagonist 8-azido-5,6-dihydro-5-
methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylic
acid ethyl ester (Ro15-4513), suggesting that EtOH/Ro15-
4513-sensitive receptors mediate important behavioral alcohol
actions. Here we confirm alcohol/alcohol antagonist sensitivity
of �4�3� receptors using human clones expressed in a human
cell line and test the hypothesis that discrepant findings con-
cerning the high alcohol sensitivity of these receptors are due to
difficulties incorporating � subunits into functional receptors. To
track � subunit incorporation, we used a functional tag, a single

amino acid change (H68A) in a benzodiazepine binding residue
in which a histidine in the � subunit is replaced by an alanine
residue found at the homologous position in � subunits. We
demonstrate that the �H68A substitution confers diazepam
sensitivity to otherwise diazepam-insensitive �4�3� receptors.
The extent of enhancement of �4�3�H68A receptors by 1 �M
diazepam, 30 mM EtOH, and 1 �M �-carboline-3-carboxy ethyl
ester (but not 1 �M Zn2� block) is correlated in individual
recordings, suggesting that � subunit incorporation into recom-
binant GABAARs varies from cell to cell and that this variation
accounts for the variable pharmacological profile. These data
are consistent with the notion that � subunit-incorporation is
often incomplete in recombinant systems yet is necessary for
high ethanol sensitivity, one of the features of native � subunit-
containing GABAARs.

Introduction

Classic synaptic GABAergic inhibition is characterized by
the pulsatile release of the neurotransmitter GABA onto a
molecularly distinct subset of GABAARs that contain �2 sub-
units. In addition, there is a fundamentally different form of
sustained (tonic) GABAergic inhibition mediated by circulat-
ing low levels of GABA that exerts a powerful depressant
effect on neuronal excitability. Tonic inhibition is produced
by extrasynaptic GABAAR subtypes that exhibit high affinity
for GABA and slow desensitization, with much of this tonic

inhibition mediated by � subunit-containing GABAARs (Far-
rant and Nusser, 2005).

Although GABAARs have for decades been implicated in
EtOH actions (Liljequist and Engel, 1982; Suzdak et al.,
1986), direct actions of relevant EtOH concentrations—de-
fined as concentrations up to 30 mM, or slightly less than
twice the legal driving limit—on classic synaptic GABAARs
have been elusive (Wallner et al., 2006a). A possible solution
for this conundrum was provided by findings that extrasyn-
aptic � subunit-containing GABAARs are enhanced by rele-
vant low EtOH concentrations (Sundstrom-Poromaa et al.,
2002; Wallner et al., 2003; Hanchar et al., 2004). Support for
this hypothesis comes from the observation that a single
nucleotide polymorphism in the �6 gene (�6R100Q), initially
identified in rats with increased alcohol-induced motor im-
pairment (also known as alcohol nontolerant rats) (Uusi-
Oukari and Korpi, 1989), further increases the EtOH sensitiv-
ity of �6�3� receptors in vivo and in vitro (Hanchar et al., 2005).
In addition, ethanol enhancement of � subunit-containing re-
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ceptors is competitively antagonized by the rat behavioral
alcohol antagonist 8-azido-5,6-dihydro-5-methyl-6-oxo-4H-
imidazo[1,5-a][1,4]benzodiazepine-3-carboxylic acid ethyl es-
ter (Ro15-4513) (Hanchar et al., 2006; Wallner et al., 2006b).
These results provided evidence that EtOH/Ro15-4513-
sensitive GABAAR subtypes mediate behaviorally relevant
alcohol effects in mammals and provide a detailed molec-
ular explanation for the efficacy of the imidiazobenzodiaz-
epine Ro15-4513 as an alcohol antagonist (Suzdak et al.,
1986; Wallner et al., 2006b; Wallner and Olsen, 2008). It is
noteworthy that the extrasynaptic GABAAR hypothesis
has been extensively corroborated by recordings from �
subunit-containing native neurons (Wei et al., 2004; Han-
char et al., 2005; Fleming et al., 2007; Glykys et al., 2007;
Liang et al., 2007; Santhakumar et al., 2007; Jia et al.,
2008). Yet despite the abundant evidence that native extra-
synaptic GABAARs are ethanol-sensitive, the hypothesis has
been challenged by groups unable to replicate the high eth-
anol sensitivity of � subunit-containing GABAARs reconsti-
tuted using recombinant receptor cDNAs in Xenopus laevis
oocytes (Borghese et al., 2006; Baur et al., 2009) or in mam-
malian cells (Yamashita et al., 2006).

Functional GABAARs are pentamers; prototypical synaptic
GABAARs in vertebrate brains are generally believed to be
formed by two �, two �, and one � subunit, and it is assumed
that a single � subunit in these pentameric receptors can be
replaced by the � or � subunit (Olsen and Sieghart, 2008) to
yield GABAARs with distinctive pharmacological properties
(Davies et al., 1997; Wallner et al., 2003). GABAARs recon-
stituted only from � and � subunits (i.e., lacking �, �, or �
subunits) readily form functional receptors in recombinant
expression systems, and such receptors are generally char-
acterized by high sensitivity to blockade by Zn2� (Smart et
al., 1991; Thompson et al., 2002).

Expression of � and � subunits in recombinant systems
leads to the formation of functional benzodiazepine-insensi-
tive GABAARs, and benzodiazepine sensitivity is conferred
by �2 subunit coexpression (Pritchett et al., 1989). It has
been shown that the formation of “binary” �� receptors leads
to pharmacologically heterogeneous receptor populations
when “synaptic,” � subunit-containing GABAARs are ex-
pressed in recombinant systems (Boileau et al., 2002; Ba-
burin et al., 2008). To mitigate such problems with heteroge-
neous populations of �� and ��� GABAARs in recombinant
expression systems, � subunit cRNA or cDNAs are generally
supplied in excess over � and � subunits in recombinant
expression.

In this report we tested the hypothesis that, similar to
what has been described with the �2 subunit, transfection of
HEK 239 T cells with human and rat �4, �3, and the �
subunit results in the formation of heterogeneous, pharma-
cologically distinct populations of functional �4�3 and �4�3�
receptors. We show here that � subunit coexpression led to
functional rat and human GABAARs that were enhanced by
30 mM EtOH, and that this EtOH enhancement was blocked
by the behavioral BZ alcohol antagonist Ro15-4513. How-
ever, we found substantial variability in the amount of EtOH
enhancement among individual recordings, a small fraction
of cells showing no detectable enhancement by 30 mM EtOH.
To determine whether this variability resulted from differ-
ences in the amount of � subunit-incorporation, we exploited
a “functional tag,” a mutation in the � subunit (�H68A) that

conferred diazepam sensitivity to �4�3�H68A receptors with
no changes in EtOH or GABA sensitivity.

Using the �H68A mutation, we found that the magnitudes
of EtOH, �-CCE [another allosteric modulator at the EtOH/
Ro15-4513 site in �4�3� receptors (Hanchar et al., 2006;
Wallner et al., 2006b)], and DZ enhancement covary in indi-
vidual recordings. This is consistent with our hypothesis that
incomplete � subunit incorporation causes variability in
EtOH responses in recombinant systems. It is noteworthy
that we found that the extent of inhibition by 1 �M Zn2� was
not well correlated with DZ and EtOH enhancement, which
suggests that loss of Zn2� sensitivity is disconnected from
allosteric modulation by alcohol.

Experimental data shown here confirm the unique alcohol
sensitivity of human and rat � subunit-containing receptors
and the reversal of EtOH enhancement by the behavioral
alcohol antagonist Ro15-4513 when these receptors are ex-
pressed in a human immortalized cell line, and are consistent
with the notion that � subunit incorporation, although diffi-
cult to achieve, is necessary to confer EtOH/Ro15-4513-sen-
sitivity in rodent and human GABAARs.

Materials and Methods
Diazepam and �-CCE were gifts from Hoffman-La Roche (Nutley,

NJ) and Ferrosan (Soeborg, Denmark), respectively. Most other
standard chemicals, including EtOH, were obtained from Sigma (St.
Louis, MO). Human �4, �3, and � cDNAs were either cloned by
RT-PCR using human total brain mRNA (Invitrogen, Carlsbad, CA)
as described previously (Wallner et al., 2003) or were from cDNA
repositories. Clones were sequenced to ensure that the protein se-
quences conform to consensus human protein sequences found in the
RefSeq public database (http://www.ncbi.nlm.nih.gov/RefSeq/). For
functional expression in mammalian cells, human GABAAR cDNAs
were subcloned into a eukaryotic expression vector containing a
cytomegalovirus promoter as well as a T7 RNA polymerase pro-
moter. Oocyte expression methods and the rat clones used are as
described previously (Wallner et al., 2003). HEK-293 T cells (Amer-
ican Type Culture Collection, Manassas, VA) were transfected using
a dextran transfection method as described previously (Meera et al.,
1997). Cotransfections with � subunit contained a 5-fold excess of �
and �H68A mutant over �4 and �3 subunits, and a limiting amount
of EGFP cDNA to identify successfully transfected cells by green
fluorescent protein epifluorescence. Total amounts of plasmid DNA
were 4 �g of �4, 4 �g of �3, and 20 �g of � or �H68A (� cDNA omitted
for �� receptors) together with 0.4 �g of enhanced green fluorescent
protein-plasmid DNA for each 10-cm diameter plate. Whole-cell elec-
trophysiological recordings were performed between 70 and 150 h
after transfection. Recordings were made from individual cells plated
on poly-D-lysine–coated cover slips at room temperature. Voltage
was clamped using an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA) at a holding potential of �60 mV. The external
solution was 142 mM NaCl, 1 mM CaCl2, 6 mM MgCl2, 8 mM KCl, 10
mM glucose, and 10 mM HEPES, pH 7.4 (327–330 mOsM). The
pipette internal solution consisted of 140 mM CsCl, 4 mM NaCl, 0.5
mM CaCl2, 10 mM HEPES, 5 mM EGTA, 2 mM Mg2� ATP, and 0.2
mM GTP. Drug solutions were applied using a multibarrel pipette
driven by a stepper motor (SF-77B; Warner Instruments, Hamden,
CT) with an onset exchange time of around 10 ms. Recording pipettes
had a bath resistance of �4 M�.

Data Analysis. Whole-cell currents were analyzed using Clamp-
fit 9 (Molecular Devices). The normalized concentration-response
data were least-squares-fitted [with the “Solver” function in Excel
(Microsoft Corp., Redmond, WA)] using the Hill equation: I/Imax �
(1/(1 � (EC50/[A])nH), where EC50 represents the concentration of the
agonist ([A]) inducing 50% of the maximal current evoked by a
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saturating concentration of the agonist and nH is the Hill coefficient.
I is the peak current evoked by a given concentration of GABA. Imax

is the maximal current at a saturating GABA concentration. Corre-
lation analysis was performed with Igor (Wavemetrics, Lake Os-
wego, OR).

Results
Given the importance of alcohol actions for human health and

the debate about whether � subunit-containing GABAARs are
EtOH- and Ro15-4513-sensitive (Lovinger and Homanics,
2007), we decided to test human and rat �4, �3, and � subunit
GABAAR clones coexpressed in a mammalian cell line (HEK
293T) for EtOH sensitivity and unique alcohol-related phar-
macology (Suzdak et al., 1986; Wallner et al., 2003, 2006b;
Hanchar et al., 2005). Human �4, �3, and � cDNAs were
subcloned into the same vectors that we previously used to
express rat subunits in HEK 293T cells (Hanchar et al.,
2006); in this process we replaced the original 5�-untrans-
lated regions with a 182 base-pair 5�-untranslated region
from the Shaker K� channel, a membrane protein with high
levels of expression in recombinant systems.

Characterization of �4�3 and �4�3� Receptors in
HEK Cells. Figure 1 compares GABA dose-response curves
of HEK cells transfected with human �4 and �3 subunit
alone with cells cotransfected with �4 and �3 subunits and a
5-fold excess of � subunit cDNA. GABA responses were
evoked by perfusion of GABA from a threshold concentration

of 100 nM to a saturating concentration of 30 �M. In both
�4�3- and �4�3�-transfected cells, currents are substantially
activated by a GABA concentration of 300 nM (300 nM GABA
is �EC15 for �4�3-transfected cells and �EC30 for �4�3�-
transfected cells). Responses from human and rat �4�3�-
transfected cells did not seem to be different in their GABA
sensitivity (p � 0.98; Fig. 1C) or in their sensitivity to other
modulators (discussed in the paragraphs below). On this
basis and considering the fact that rat and human sequences
show 90 to 97% amino acid identity, rat and human data
were pooled unless otherwise indicated. Analysis of the sum-
mary data from pooled rat and human GABAARs suggests that
� subunit coexpression leads to a small yet statistically signifi-
cant (p � 0.008) increase in GABA sensitivity of �4�3� recep-
tors (EC50 � 0.53 � 0.04 �M, n � 7) compared with binary �4�3
GABAARs (EC50 � 1.3 � 0.1 �M, n � 8).

Recombinant �4�3� GABAARs Are Enhanced by 30
mM EtOH, an Effect Blocked by 300 nM Ro15-4513, a
Behavioral Alcohol Antagonist. To study human and rat
recombinant receptors expressed in HEK cells, we decided to
use an alcohol concentration of 30 mM, which is close to the
mean blood alcohol concentration reported for authority-ap-
prehended intoxicated suspects (Khiabani et al., 2008) and
less than twice the legal driving limit for adult drivers in the
United States (17.4 mM).

GABA currents in human and rat �4�3�- and �4�3-trans-
fected cells were evoked by application of 300 nM GABA
(labeled G in Fig. 2A) and tested for modulation by 30 mM
EtOH alone (G�E), and for reversal of EtOH effects by ap-

Fig. 1. Coexpression of the � subunit increases GABA sensitivity. A and
B show representative GABA dose-response traces recorded from HEK
cells transfected with human �4�3 (A) and �4�3� (B) receptors using
GABA concentrations ranging from 0.1 to 30 �M (as indicated). The
GABA EC50 values � S.D. for human �4�3�- and �4�3-transfected cells
were 0.54 � 0.05 �M (n � 3) and 1.3 � 0.1 �M (n � 8), respectively.
Because rat �4�3� receptors [EC50 � 0.53 � 0.02 �M (n � 4)] are similar
to human clones in their GABA sensitivity (p � 0.98) (C), the data for
human and rat receptors were pooled. Statistical analysis (Student’s t
test) of EC50 values of individual recordings from �4�3 and �4�3� sub-
unit-transfected cells shows that � subunit coexpression leads to a small,
yet significant (��, p � 0.01), increase in GABA sensitivity (C). Horizontal
time scale for both A and B is 5 s; the vertical scale in A is 200 pA and in
B is 50 pA.

Fig. 2. Alcohol and alcohol antagonist-related pharmacology of human
and rat �4�3� GABAARs. A to C show current traces recorded from three
individual HEK cells transfected with human �4�3� (A), rat �4�3� (B),
and human �4�3 (C) receptors. GABA currents were evoked by 1) 300 nM
GABA alone (G, responses marked with a dotted line in A to C), with 300
nM GABA together with 2) 30 mM EtOH (G�E), 3) 30 mM EtOH � 300
nM Ro15-4513 (G�E�R), 4) 30 mM EtOH � 300 nM Ro15-4513 � 1 �M
flumazenil (G�E�R�F), 5) 1 �M �-CCE (G��), and 6) 1 �M Zn2� (G�Z).
Note that not all modulators (or combinations of modulators) were tested
in all cases of currents recorded (blank spaces). D and E show summary
data, with responses from individual cells shown as circles to demon-
strate the considerable variability among individual recordings (numbers
above data points are the number of experiments). GABA currents from
individual �4�3�-transfected cells that showed no enhancement by 30
mM EtOH and/or 1 �M �-CCE were, when tested, inhibited by 1 �M
Zn2�, indicative of �4�3 expression (E) and lack of � subunit expression;
therefore, such cells were excluded from the summary data in Fig. 2. Data
obtained from human and rat receptors were similar: e.g., enhancement
by 30 mM EtOH (percentage � S.D.) with rat and human clones was 42 �
21% for rat �4�3� (n � 8) and 43 � 23% for human �4�3� (n � 6) (p �
0.98). Therefore, data from human and rat receptors were pooled in the
summary data (Fig. 2D). Mean values for 300 nM GABA current enhance-
ment with human and rat �4�3�-transfected cells in percentage � S.D.
are as follows: 30 mM EtOH (n � 14), 43 � 21%; 30 mM EtOH � 300 nM
Ro15-4513, 2 � 6% (n � 10). For �4�3-transfected cells, the modulation
was as follows: 30 mM EtOH, �1 � 3%, (n � 5); 1 �M �-CCE, 0.1 � 5%
(n � 8); 1 �M Zn2�, �70 � 6% (n � 8). Vertical scale is 100 pA for A and
B and 200 pA for 2C; horizontal time scale is 5 s for all panels.
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plication of 30 mM EtOH together with 300 nM Ro15-4513
(G�E�R). In four recordings, we also tested for Ro15-4513
alcohol antagonism reversal by 1 �M flumazenil (G�E�R�F);
data points from individual experiments in which Ro15-4513
alcohol antagonism was tested for reversal by 1 �M flumazenil
are connected by lines in Fig. 2D. Furthermore, we tested for
enhancement of 300 nM GABA responses by the �-carboline
�-CCE (Fig. 2A, G��) and block by 1 �M Zn2� (G�Z).

Mean enhancement of 300 nM GABA responses by 30 mM
ethanol showed no statistically significant differences in hu-
man and rat �4�3�-transfected cells (p � 0.95; human �
33 � 9%, n � 6, rat � 34 � 5%, n � 8, mean � S.D.);
therefore, data were pooled in summary Fig. 2D. Data ob-
tained from individual �4�3�-transfected cells showed con-
siderable variability, as illustrated in the scatter plot, in
which each point represents the percentage change in an
individual �4�3�-transfected cell (Fig. 2D). Despite this vari-
ability, 30 mM EtOH enhancement of 300 nM GABA cur-
rents was statistically highly significant (paired t test, p �
0.001 G versus G�E, n � 14). Enhancement by 30 mM EtOH
was blocked by 300 nM Ro15-4513 (p � 0.001, G�E versus
G�E�R, n � 10), and in four experiments (individual record-
ings connected by lines in Fig. 2D), it was tested whether the
actions of Ro15-4513 were reversed by 1 �M flumazenil (p �
0.01, G�E�R versus G�E�R�F, n � 4). GABA currents
from �4�3�-transfected cells were enhanced by 1 �M �-CCE
(p � 0.01, G versus G�B, n � 7) but not blocked by 1 �M
Zn2� (p � 0.4, G versus G�Z, n � 6). In contrast, recordings
from cells transfected with �4 and �3 subunits alone exhib-
ited GABA responses that were enhanced by neither 30 mM
EtOH (p � 0.45 versus G�E, n � 5) nor 1 �M �-CCE (p �
0.96, G versus G�B, n � 8), but were inhibited 70 � 6% by 1
�M Zn2� (p � 0.001, G versus G�Z, n � 7).

We noted that enhancement by 30 mM EtOH and by 1 �M
�-CCE seemed to be correlated (compare amount of EtOH
and �-CCE responses in individual traces in Fig. 2, A and B),
an observation consistent with the notion that individual
HEK cells have variable fractions of �4�3 and �4�3� recep-
tors. On the other hand, the lack of inhibition by 1 �M Zn2�

implies that there was very little “contamination” by ��
receptors in these experiments. In an attempt to resolve this
apparent discrepancy, we developed an independent strategy
to determine the extent to which � subunits were present in
the receptors generating GABA current within single HEK
cells.

The �H68A Mutation Confers Diazepam Sensitivity
to � Subunit-Containing GABAARs. To find differences
that might be responsible for lack of effects of classic BZs
(such as DZ) on � subunit-containing receptors, we explored
regions of the � subunit that are homologous to regions in the
� subunit that contribute to BZ binding pockets at ��/��
subunit interfaces (Kucken et al., 2003). Our attention was
drawn to a histidine residue in the � subunit (�H68) that is
an alanine residue (�2A79) at the homologous position in the
�2 subunit (see Fig. 3A).

To test whether this residue influences the sensitivity of �
subunit-containing receptors to DZ, we converted histidine
68 to an alanine, cotransfected the �H68A mutant � subunit
with �4 and �3 subunits, and tested for enhancement of 300
nM GABA responses by 1 �M DZ. Recordings in Fig. 3, B and
C, show that wild-type �4�3� receptors are sensitive to 30
mM EtOH but insensitive to 1 �M DZ, whereas �4�3�H68A

receptors are enhanced by both EtOH and 1 �M DZ. Figure
3D depicts summary data showing that the �H68A mutation
confers DZ sensitivity to otherwise DZ-insensitive �4�3�
wild-type receptors. The �H68A mutation did not lead to
significant changes in GABA sensitivity (data not shown) or
to differences in Zn2� blockade between recombinant �4�3�
and �4�3�H68A receptors expressed in oocytes (Table 1).

Diazepam Sensitivity of �4�3�H68A-Transfected cells Is
Correlated with EtOH and �-CCE Enhancement but
Shows Only Poor Correlation with 1 �M Zn2� Blockade.
We decided to use the “DZ-sensitive” �H68A-mutated subunit as a
tool to determine whether various aspects of pharmacological vari-
ability correlated with the presence/absence of � subunits. If the
extent of � subunit-incorporation into functional surface receptors
varies on a cell-to-cell basis, and if this contributes to the pharma-
cological variability, then in individual �4�3�H68A-transfected
cells, the extent of enhancement of 300 nM GABA currents by 1
�M DZ should covary with the effects of pharmacological agents
selective for � subunit-containing receptors.

Whole-cell recordings were made from human and rat
�4�3�H68A-transfected cells, and currents evoked by 300
nM GABA alone were compared with 300 nM GABA re-
sponses in the presence of modulators: 30 mM EtOH, 1 �M
DZ, 1 �M �-CCE, or 1 �M Zn2�. Figure 4, A to D, shows
recordings from individual cells with large (Fig. 4A), inter-

Fig. 3. The �H68A mutation makes �4�3� receptors sensitive to allosteric
diazepam enhancement. A shows a protein sequence alignment of a
region recognized as important for the binding of ligands (e.g., acetylcho-
line, nicotine, BZ site ligands) in the extracellular loop of “cysteine-loop”
ligand-gated receptors. Three amino acid residues in the �2 subunit
(Phe77, Ala79, and Thr81, bold) contribute to the BZ binding site at the
��/�2� subunit interface. B and C show in representative recordings
that 30 mM EtOH-sensitive �4�3� GABAARs are not enhanced by 1 �M
DZ (B), whereas with the �H68A mutation, �4�3�H68A receptors are
enhanced similarly by both 1 �M DZ and 30 mM EtOH. Summary data
are shown in Fig. 3D: mean change in �4�3�-transfected cells with 1 �M
DZ is �2 � 9%, n � 6 (Fig. 3D), whereas both rat and human �4�3�H68A
are enhanced similarly by 1 �M DZ [rat, 64 � 23% (n � 13); human, 61 �
33% (n � 7)]; therefore, data were pooled in Fig. 3D. Vertical scale is 100
pA for B and 50 pA for C; all horizontal scales are 5 s.

TABLE 1
The �H68A mutation does not change the Zn2� sensitivity of �4�3�
receptors expressed in oocytes
Zn2� sensitivity of agonist (e.g., 300 nM GABA) evoked currents was evaluated at
0.1, 1, and 10 �M Zn2� and data are percent current block with standard deviations.
Statistical analysis, with P values calculated using the Student’s t test, shows that
there is no significant difference in Zn2� block at all three Zn2� concentrations
tested.

	Zn2�


0.1 �M 1 �M 10 �M

�4�3� (n � 6) % block 0.8 � 1.4 26.3 � 2.1 88.8 � 11.8
�4�3�H68A (n � 7) % block 1.4 � 1.9 27.1 � 6.7 81.4 � 10.7
P value, � versus �H68A 0.54 0.95 0.26
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mediate (Fig. 4, B and C), and not detectable (Fig. 4D) 300
nM GABA current modulation by EtOH, DZ, or �-CCE. Fig-
ure 4E shows summary data in a scatter plot format. Note
that four �4�3�H68A-transfected cells showed little EtOH/
DZ/�-CCE enhancement but significant block by 1 �M Zn2�

(Fig. 4D). Data points obtained from individual HEK cell
experiments shown in Fig. 4, A to D, are indicated with filled
symbols (marked with a–d in Fig. 4, E–H).

Figure 4, F to H, shows correlation plots with 300 nM
GABA current enhancement (in percent) by 1 �M diazepam
plotted against enhancement by 30 mM EtOH (F), 1 �M
�-CCE (G), and percentage blockade of currents by 1 �M
Zn2� (H). Correlation coefficients (r2) obtained from linear
regression indicate that large fractions of the variability in
EtOH (63%) and �-CCE (58%) responsiveness can be ex-
plained by the level of � subunit incorporation. In contrast,
Zn2� inhibition is relatively poorly correlated (37%). This can
be appreciated by examining cells in which � incorporation
appears incomplete, as indicated by submaximal enhance-
ment by DZ, EtOH, or �-CCE (e.g., the cells labeled b and c in
Fig. 4), yet 1 �M Zn2� inhibition in these cases is minimal.

Discussion
In this study we expressed human and rat �4�3� receptors

in a human cell line (HEK 293T) that, despite its human
embryonic kidney origin, shares many molecular markers
with immature neurons (Shaw et al., 2002). We show that
300 nM GABA responses in �4�3�-transfected cells can be
enhanced by 30 mM EtOH in an alcohol antagonist/Ro15-
4513-reversible manner. The alcohol concentration of 30 mM
is reached in humans after high levels of alcohol consump-
tion, and it is close to the peak blood alcohol concentration
reached after 2 g/kg EtOH applied intraperitoneally in ro-
dents, a dose at which important aspects of intoxication are
reversed by the BZ alcohol antagonist Ro15-4513 in rats
(Suzdak et al., 1986).

Given the high evolutionary protein sequence conservation
of GABAAR subunit proteins among mammals (percentage
identity between rat and human proteins are 90.1, 94.8, and
97.1% for �4, �, and �3 subunits, respectively), the similarity
of human and rat �4�3� receptors in pharmacological and
biophysical properties is not surprising.

Although we show here that 30 mM EtOH enhancement
shows considerable variability, the maximum enhancement
(60–70% increase of GABA-evoked currents) of human and
rat �4�3� GABAARs in HEK cells by 30 mM EtOH is similar
to what we have previously reported with rat �4/6�3� recep-
tors expressed in oocytes (Wallner et al., 2003, 2006b; Han-
char et al., 2006). This is consistent with the notion that the
unique alcohol/Ro15-4513/�-CCE pharmacology of �4�3�
GABAARs is, like BZ sensitivity of classic � subunit-contain-
ing receptors, an intrinsic property of ��3� GABAAR sub-
types. This is not to say that the pharmacological properties
of these receptors could not be further modulated. For exam-
ple, it is possible that � subunit incorporation is necessary,
but not sufficient, for the formation of highly alcohol sensi-
tive receptors and that further modifications of receptors
triggered, for example, by phosphorylation (Choi et al., 2008),
could provide an explanation for some of the variability in the
data reported here. In this context, we would like to note
that, like our native receptor alcohol study (Hanchar et al.,
2005), our pipette solution in this study included 2 mM ATP
and 0.2 mM GTP.

It is believed that most, but probably not all, native neu-
ronal GABAA receptors have either �, �, or � subunits incor-
porated into the receptor pentamer (Bencsits et al., 1999;
Mortensen and Smart, 2006; Meera et al., 2009). It has been
known since shortly after the first GABAAR cDNAs were
cloned that GABAARs composed of only � and � subunits
readily form functional receptors in recombinant systems. In
addition, � subunit incorporation into functional GABAAR
subtypes is often incomplete in recombinant expression sys-
tems, resulting in mixtures of true ��� receptors and recep-
tors formed by � and � subunits without � subunits (Boileau
et al., 2002; Baburin et al., 2008). Reconstitution of � and �
subunit-containing GABAARs might be even more problem-
atic given that different groups have published contradictory
results concerning alcohol or anesthetic sensitivity conferred
by � and � subunits, respectively (Davies et al., 1997; Thomp-
son et al., 2002; Wallner et al., 2003, 2006; Borghese et al.,
2006; Yamashita et al., 2006).

Here we tested the hypothesis that difficulties in � subunit
incorporation into functional receptors, resulting in “contam-

Fig. 4. Correlation analysis suggests that � subunit incorporation is
necessary for EtOH and �-CCE sensitivity. A to D show original record-
ings from human and rat �4�3�H68A-transfected cells to demonstrate
the variability of 300 nM GABA current (G, dotted line) modulation by 30
mM ethanol (G�E), 1 �M DZ (G�DZ), 1 �M �-CCE (G��), and 1 �M
Zn2� (G�Z). A shows an example of near-maximal enhancement by 30
mM EtOH, 1 �M DZ, and 1 �M �-CCE, whereas Fig. 4D shows a
�4�3�H68A-transfected cell with no detectable enhancement by EtOH,
DZ, and �-CCE, but considerable block by 1 �M Zn2�, indicating lack of
� subunit expression. Recordings shown in Fig. 4, B and C, show GABA
responses from individual �4�3�H69A-transfected cells with intermedi-
ate responses to EtOH, DZ, and �-CCE but no detectable current sup-
pression by 1 �M Zn2�. E shows summary data for the enhancement of
GABA responses of �4�3�H68A-transfected HEK cells with data from the
original recordings shown in A to D indicated by filled circles labeled with
a, b, c, and d. Data from human and rat �4�3�H68-transfected cells were
pooled to plot the summary data shown in E to H. Mean values and
S.E.M. for E are 46 � 5% for 30 mM EtOH, 50 � 7% for 1 �M DZ, 57 �
7% for 1 �M �-CCE, and �10 � 7% for 1 �M Zn2�. F to H show correlation
plots to compare the enhancement of 300 nM GABA currents by 1 �M DZ
with enhancement by 30 mM EtOH (F), 1 �M �-CCE (G), and block by 1
�M Zn2� (H) in individual recordings. The correlation coefficients (r2) for
enhancement are as follows: 30 mM ETOH versus 1 �M DZ, r2 � 0.63; 1
�M �-CCE versus 1 �M DZ, r2 � 0.58; and 1 �M Zn2� versus 1 �M DZ,
r2 � 0.32. Vertical scale for A and C is 400 pA and for B and C is 100 pA;
horizontal scales are 5 s.
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ination” by functional binary �� receptors, might explain
divergent results. We introduced a mutation into the � sub-
unit that conferred DZ sensitivity to these otherwise DZ-
insensitive �4�3� GABAARs and thereby functionally tagged
� subunit-containing receptors. Together with �2 subunits,
�4 and �6 subunits render GABAARs insensitive to benzodi-
azepines (Benson et al., 1998), and so the enhancement by 1
�M DZ in �4�3�H68A GABAARs described here was some-
what unexpected. It suggests that the arginine residue at
position 100 in the �4 subunit (a histidine in �1, �2, �3 and
�5) that prevents diazepam sensitivity of �4/6�x�2 subunits
does not prevent high-affinity diazepam binding when
present in context with the �H68A subunit.

We show that the amount of alcohol enhancement in
�4�3�H68A receptors is correlated with DZ and �-CCE sen-
sitivity in individual recordings. This implies that � subunit
incorporation is incomplete and is a limiting factor for en-
dowing recombinant GABAARs with low concentration alco-
hol sensitivity. In other words, our results are consistent
with the idea that variability in the amount of EtOH en-
hancement arises from mixtures of EtOH-insensitive �4�3
and EtOH-sensitive �4�3� receptors, even when � subunit
cDNA/cRNA is transfected/injected in excess. It is notewor-
thy that our results and conclusions with the �H68A muta-
tion are similar to those of previous work with “synaptic” �
subunit-containing GABAARs showing that the considerable
variability in BZ and GABA responses is due mainly to the
contamination of � subunit-containing receptors by BZ-in-
sensitive and highly GABA-sensitive “binary” �� receptors,
even under conditions in which nucleic acids coding for �
subunits are coinjected or cotransfected in excess in recom-
binant systems (Boileau et al., 2002; Baburin et al., 2008).
The possibility that an excess of � subunit expression results
in unnatural subunit assembly seems unlikely because the
low concentration alcohol sensitivity matches that of native �
subunit-containing GABAARs (Wei et al., 2004; Hanchar et
al., 2005; Fleming et al., 2007; Glykys et al., 2007; Liang et
al., 2007; Jia et al., 2008).

Although we show that � subunit incorporation, EtOH
enhancement, and �-CCE enhancement tightly covary, we
found that insensitivity to 1 �M Zn2�, believed to accom-
pany � (as well as � and �) subunit incorporation into
functional GABAARs, showed only poor correlation with
diazepam enhancement in �4�3�H68A receptors. These
data suggest that even a small amount of � subunit ex-
pression, as judged by minimal enhancement by 30 mM
EtOH and 1 �M �-CCE (and 1 �M DZ in �4�3�H68A
receptors), leads to an essentially complete loss of 1 �M
Zn2� inhibition and that loss of 1 �M Zn2� sensitivity
might not be a good indicator for homogeneous populations
of alcohol-sensitive �4�3� receptors.

There are a number of possible explanations for the tight
covariance of diazepam modulation and allosteric modulator
actions but weak covariance between diazepam and Zn2�

sensitivity. One possibility is that Zn2� inhibition may de-
pend on an interchannel or “clustering” mechanism. In this
scenario, Zn2� inhibition could be disrupted by a small frac-
tion of � subunit-containing receptors in a channel cluster.
Another possibility is that free � subunits in the membrane
somehow interact with functional �� receptors to render
them insensitive to Zn2� blockade. A third possibility is that
� incorporation might be sufficient for conferring Zn2� resis-

tance but might not by itself be sufficient for enhancement by
EtOH, �-CCE, and diazepam. For example, there could be
posttranslational modifications on �4�3� receptors that con-
fer sensitivity to modulators such as alcohol and diazepam.
Finally, although it is considered likely that receptors are
formed in a 2�, 2�, and 1� stoichiometry, with a � subunit
replacing the � subunit in a functional pentamer (Olsen and
Sieghart, 2008), there is evidence that other subunit arrange-
ments might be possible (Baur et al., 2009). Alternative sub-
unit stoichiometries involving multiple � subunits receptors
could explain the discrepant Zn2� block and allosteric mod-
ulator enhancement if a single � subunit abolished zinc block,
but multiple � subunits are required for alcohol sensitivity.

Incorporation of � subunits is associated with low GABA
sensitivity (Baburin et al., 2008) and incorporation of � sub-
units is associated with high GABA sensitivity, leading to the
notion that � subunit incorporation into functional receptors
increases the GABA sensitivity of �4�3 receptors (Brown et
al., 2002; Wallner et al., 2003). Our data suggest that incor-
poration of �2 subunits is responsible for most of this differ-
ence, because �4�3� and �4�3 receptors are similar in terms
of their GABA sensitivity (Fig. 1).

The variable � subunit incorporation that we describe here
has relevance to the controversy surrounding EtOH actions
on recombinant GABAARs. One premise of the study chal-
lenging the EtOH sensitivity of � subunit-containing
GABAARs (Borghese et al., 2006) is that a homogeneous pool
of � subunit-containing receptors was being studied. Consid-
ering that �4�3 and �4�3� receptors have similar GABA
sensitivity (see Fig. 1), and that Zn2� inhibition does not
correlate tightly with � subunit incorporation or EtOH mod-
ulation, this premise is in question. It is also worth noting
that �4�3 and �4�3� receptors cannot be easily distinguished
on the basis of responsiveness to GABA-active anesthetics
etomidate, propofol, and the neurosteroid tetrahydrodeoxy-
corticosterone (Meera et al., 2009). Further studies may
make use of the functional tagging strategy described here to
determine the relative fractions of ��� and �� receptors in
mixed populations.

Future work may also identify proteins and mechanisms
that in native neurons ensure the assembly of mature ho-
mogenous �, �, and � subunit-containing receptor popula-
tions. Finding conditions and accessory proteins that help in
the formation of homogeneous receptor populations in recom-
binant systems that resemble native receptor subtypes in
their pharmacological properties may lead to dramatically
reduced variability in pharmacological and biophysical prop-
erties. Reliable expression of defined GABAA receptor sub-
types is essential for understanding the contribution that
distinct GABAAR subtypes make to neuronal signaling, to
studying the actions of pharmacological modulators, and for
revealing detailed molecular mechanisms.

In summary, we confirm here that human �4�3� GABAARs
expressed in a human cell line are sensitive to alcohol and to
Ro15-4513. A functional tagging strategy shows that despite
a 5-fold excess of � subunits in transfection, sensitivity to the
allosteric modulators varies, which is consistent with the
notion that � subunit incorporation varies in �4�3� subunit-
transfected cells. In addition, the essentially identical results
seen with rat and human receptor subunits support the no-
tion that these receptors could make important contributions
to behavioral actions of alcohol in humans. However, the
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alcohol pharmacology of � subunit knockout mice remains
somewhat ambiguous. Compared with controls, �-deficient
mice show reduced alcohol consumption, attenuated with-
drawal from long-term ethanol exposure, and reduced sei-
zure-protective alcohol effects. However, they show unal-
tered anxiolytic and hypothermic ethanol responses and
develop both long- and short-term alcohol tolerance (Mihalek
et al., 2001). Furthermore, to our knowledge, there are no
reports showing that Ro15-4513 is an alcohol antagonist in
humans; therefore, it will be important in the future to de-
termine whether these receptors mediate important aspects
of alcohol actions in humans.
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