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SUMMARY
A cDNA encoding the human ‘y-aminobutyric acid (GABA)A re-
ceptor fl2subunit has been cloned and sequenced. The deduced
amino acid sequence of this cDNA shows only a single amino
acid change from the rat sequence (Asn-347 in rat, serine in
human). Using polymerase chain reaction amplification of human-
specific products from human x rodent somatic cell hybrid DNAs,
the gene has been assigned to human chromosome 6. By
expressing recombinant human GABAA receptors containing dif-
ferent fl subunits (flu , fl2, or fl3) in both transfected cells and

Xenopus oocytes, we have been able to determine the influence
of the fl subunit on the pharmacology of the receptor. For a
number of benzodiazepine binding site compounds, a barbitu-
rate, and several neurosteroids, neither the affinity nor the effi-
cacy of the compounds is influenced by the type of fl subunit
present in the receptor molecule. These data suggest that the fl
subunit does not significantly influence the benzodiazepine, bar-
biturate, or steroid site pharmacologies of human GABAA recep-
tor subtypes.

GABA is the major inhibitory neurotransmitter in the mam-
malian brain. The receptors activated by GABA have been
pharmacologically subdivided into GABAA and GABAB recep-

tors. The binding of GABA to GABAA receptors results in the

opening of an intrinsic chloride channel and the subsequent

hyperpolarization of the cell membrane (u). The function of
GABAA receptors is modulated by a number of drugs, including

BZs, barbiturates, ethanol, and neurosteroids (2).

Understanding of the structure of the mammalian GABAA
receptor has recently increased as a result of the application of

molecular biological approaches. It is now known that there is

a gene family of GABAA receptor subunits, i.e., six a subunits,
three fl subunits, three ‘�‘ subunits, and one #{244}subunit (3-21).

By using in vitro expression systems (Xenopus oocytes and
transfected cells), it has been shown that an a, a fl, and a ‘y
subunit are necessary to form receptor molecules that exhibit
the properties of native GABAA receptors (11, 22).

When recombinant receptors assembled from a, fi, and ‘y

subunits are expressed, both the a and the ‘y subunits present

have been shown to affect the BZ pharmacology (7, 10, 21-26);
however, there has been no definitive study addressing the
influence of the fl subunit. The markedly different mRNA
distributions of the three fl subunit isoforms in the mammalian

central nervous system (27-29) appear to suggest a functional

significance for their existence.

Here we report the cloning and sequencing of a cDNA en-

coding the human fl2 GABAA receptor subunit, as well as the
chromosomal localization of its gene. Additionally, we present
the findings of a systematic analysis of the effect of the substi-

tution of different fl subunits into otherwise identical subunit
combinations on the pharmacologies of a number of ligands at
the BZ, neurosteroid, and barbiturate sites on the GABAA

receptor.

Materials and Methods

Cloning of human $2 and ft3 GABAA subunit cDNAs. A human

�2 cDNA probe was obtained by PCR from a human cerebellum AZAP

II cDNA library (Stratagene), using oligonucleotide primers derived
from the intracellular loop of the published rat �2 subunit nucleotide

sequence (8) (equivalent positions: sense primer, bp 1230-1261; anti-

sense primer, bp 1473-1507). PCR was performed as described previ-
ously (21). A human fetal brain XZAP II cDNA library (Stratagene)
was screened with the �P-labeled �2 cDNA probe as described previ-

ously (21), and cDNA clones were sequenced on both strands using
Sequenase (United States Biochemicals). A �2 cDNA containing the
entire coding region was obtained by assembly of three truncated
overlapping fl2 cDNAs.

To isolate a human �3 subunit cDNA, a humanfl3 cDNA probe was
first isolated by PCR from pooled human fetal, cerebellar, and hippo-
campal cDNA libraries (Stratagene), using oligonucleotide primers

derived from the published rat �3 sequence (8) (equivalent positions:
sense primer, bp 1084-1113; antisense primer, bp 1323-1354). A human

fetal brain cDNA library was screened with this 32P-labeled fi3 probe,
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and a putative human fl3 cDNA clone was obtained. DNA sequencing
indicated that this cDNA was human fl3, compared with the sequence

of a human fl3 cDNA published while this work was ongoing (9). The

clone was found to contain the entire coding region except the 5’-
terminal adenosine nucleotide of the initiation codon ATG. The clone
was extended by PCR using a mutagenic 5’ oligonucleotide primer (5’-

TGCAGGAATCCATGGGGGGCCTTGCGGGAGGAA-3’) containing

the missing adenosine residue and introducing an NcoI restriction

endonuclease site upstream of the initiation codon ATG, to facilitate

subcloning into expression vectors, and a 3 ‘ primer corresponding to

the 3’ untranslated region of the human cDNA (9) (antisense primer,

bp 1541-1568).
Human chromosomal localization. A set of PCR primers was

chosen from DNA sequence obtained from the 3’ untranslated region
(30) of the GABRB2 gene using the primer selection program developed

by Lowe et a!. (31). The sequences of the primers were 5’-

TCACTGGT’VFAGGATTGGTAGC-3’ and 5’-CTGACAGTATG-
T’VrGTGC-3’. PCR amplification of the human x rodent somatic cell
hybrid mapping panel 1 (Coriell Institute) was done using 50 ng of

template DNA in a 25-zl reaction volume containing 1.5 mM MgCl2,

200 �M levels of each deoxynucleoside triphosphate, 200 ng of each

primer, and 0.625 units of Taq polymerase, in 50 mM KC1, 10 mM Tris.

HC1, pH 8.3. Cycling was carried out in a Perkin-Elmer Cetus 9600

thermocycler using a “touchdown” protocol (32), as follows: a 2-mm

initial denaturation step at 94’ and then two cycles of denaturation at
94’ for 30 sec, annealing at 54’ for 30 sec, and extension at 72’ for 30

sec. The program continued in this way, decreasing the annealing

temperature by 1’ every two cycles until it reached a point 9’ below

the starting temperature (45�). At this time, another 15 amplification

cycles were carried out at the 45’ annealing temperature. Products

were visualized on a 2.5% 3:1 NuSieve/agarose gel.

Expression vectors and transfections. Isolation of al, a2, a5,

hi, and �y2 human GABAA receptor subunit cDNAs has been described

previously (21). The isoform of the human -y2 subunit used throughout

the study was �y2S. a1fly2, a2fly2, and a5�y2 GABAA receptor subtypes

containing flu or �92 subunits were expressed transiently in human

embryonic kidney 293 cells, using standard methods (21, 33). Each

subunit cDNA was expressed from vector pCDM8 (Invitrogen).

The subtypes containing the �33 subunit were expressed stably by

transfection of the appropriate subunit cDNAs in vector pMSGneo (34,

35) into mouse L(tki cells. DNA for transfection was purified by CsCl

centrifugation. Cell culture and transfections were performed as de-
scribed previously (35). Geneticin (GIBCO/BRL)-resistant cell cob-

nies from each of the a1fl3�y2, a2fl3-y2, and a5fl3’y2 stable transfections

were isolated with cloning cylinders and individually analyzed for the

binding of [3H]Ro15-1788 (83 Ci/mmol; NEN), as described below,

after a 7-day induction of receptor expression by the addition of 1 �

dexamethasone to culture medium lacking Geneticin. For each subtype,

the population expressing the highest levels of [3H]Ro15-1788 binding

was recboned by limiting dilution. The resultant cell lines (H132 clone

16, J232 clone 1, and K532 clone 5) were initially maintained in medium

containing Geneticin (2 mg/mb) but were subsequently cultured in

normal growth medium and incubated only every 3-4 weeks in medium

containing Geneticin.
Membrane preparation and ligand binding. Cells were washed

twice with phosphate-buffered saline and scraped into phosphate-
buffered saline. After centrifugation (500 x g), the cell pellet was

resuspended by vortexing in 10 mM potassium phosphate buffer, pH

7.4, and was centrifuged (48,000 X g for 30 mm at 4’). This procedure

was repeated before final resuspension and homogenization in potas-

sium phosphate buffer, pH 7.4, containing 100 mM KC1 (assay buffer),
using a Semat Ultra-Turrax homogenizer (three 5-sec bursts at setting
5).

Saturation binding curves were obtained by incubating membranes

with various concentrations of [3H]Ro15-1788, with nonspecific bind-

ing being measured in the presence of 10 �M flunitrazepam. All binding
assays were performed for 90 mm at 4� in assay buffer. The total assay

volume was 0.5 ml, containing approximately 200 �g of membrane
protein. Incubations were terminated by filtration through GF/B filters

(Brandel, Gathersburg, MD) on a Tomtec cell harvester, followed by

three washes in ice-cold assay buffer. After drying, filter-retained

radioactivity was determined by liquid scintillation counting. Experi-
mental data points were fitted to single-site dose-response curves using

RS/1 software (BBN Research Systems, Cambridge, MA). K� values

were determined from three or more independent experiments, using
the equation K, = IC�/1 + [[3H]Ro15-17881/Kd. All points on binding
curves were derived from triplicate assays. Zolpidem was obtained from
Synthelabo and CL218,872 from Lederle; FG8205 was synthesized at
Merck Sharp & Dohme (Hoddesdon, Germany). Abecarnil was a gift
from Schering AG. All other compounds were obtained from Sigma

Biochemicals or Research Biochemicals.

Oocyte expression. Xenopu.s oocytes were removed from anesthe-
tized frogs and manually defolliculated with fine forceps. After mild

collagenase treatment (type 1A, 0.5 mg/ml, for 10 mm) to remove

follicle cells, the oocyte nuclei were directly injected with 10-20 nl of

injection buffer (88 mM NaC1, 1 mM KC1, 15 mM HEPES, pH 7.0;
nitrocellulose filtered) containing different combinations of human

GABAA subunit cDNAs (6 ng/�d) engineered into the expression vector

pCDM8. After incubation for 24 hr, oocytes were placed in a 50-Ml bath
and perfused with modified Barth’s medium consisting of 88 mM NaC1,

1 mM KC1, 10 mM HEPES, 0.82 mM MgSO4, 0.33 mM Ca(N03)2, 0.91

mM CaCl2, and 2.4 mM NaHCO3, pH 7.5. Cells were impaled with two

1-3-MO electrodes containing 2 M KC1 and were voltage-clamped
between -40 and -70 mV. The cells were continuously perfused with

saline at 6-10 ml/min, and drugs were applied in the perfusate. GABA

modulators were preapplied for 30 sec before the addition of GABA.

GABA was applied until the peak ofthe response was observed, usually

30 sec or less. At least 3-mm wash time was allowed between each

GABA application, to prevent desensitization.

Results

The nucleotide and deduced amino acid sequences of the
human fl2 GABAA receptor subunit cDNA are shown in Fig. 1.
The coding region of 474 amino acids differs from the rat

sequence only at position 347 (serine in the human sequence
and asparagine in the rat sequence) and contains the expected

motifs common to the ligand-gated ion channel superfamily,

i.e., a putative amino-terminal signal peptide, a pair of cysteines
separated by 13 residues, four putative membrane-spanning

domains with a large intracellular loop between transmembrane
domains 3 and 4, and a large putative extracellular domain.

The amino acid sequence shows 78% identity with the human
fl1 subunit sequence (19) and 81% identity with the human fl3

subunit sequence (9). Alignment of the three human fl subunit

sequences (Fig. 2) shows that the majority of amino acid differ-
ences are found in the putative signal peptide and the putative
large cytoplasmic loop.

The human chromosomal localization of the fl2 subunit gene

was performed using PCR amplification of human-specific fl2

gene sequences from a human x rodent somatic cell hybrid
mapping panel. The primers amplified a 105-bp product from
human and hamster but not mouse genomic DNA. All hybrids

in which >10% of cells contained human chromosome 6 gen-
erated this product. The only discordant hybrid, hybrid 18, was
not included in this analysis because it was a hamster x human
hybrid and hamster genomic DNA generated the same product
as did human DNA. (All other hybrids in this panel were
derived from the mouse.) Excluding hybrid u8, the concordance
frequency for the GABRB2 gene was 100% for chromosome-
containing cell hybrids, whereas the next highest concordance
was 88% for chromosome 4 (15 of 17 cell hybrids).
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I CGCGCGGGGAAGGGAAOAAGAGGACGAGGT3GCGCAGAGACCGCGGGAGAACACAGTGCCTCC 63

64 GGAGGAAATCTGCTCGGTCCCCGGCAGCCGCGCTTCCCCTTTGATGTTTTGGTACGCCGTGGCCATGCG i32

i33 CCTCACATTAGAATTACTGCACTGGGCAGACTAAGTTGGATCTCCTCTCTTCAGTGAAACCCTCAATTC 201

202 CATCAAAAACTAAAGc3GATGTGGAGAGTGCGGAAAAGGGGCTACTTTGGGATTTGGTCCTTCCCCTTAA 270
I M W R V A K R G V F G I W S F P L I 18

$
271 TAATCG�GCTGTCTGTG�GCAGAGTGTCAATGACCCTAGTAATATGTCGCTGGTTWGAGACGGTGG 339

19 I A A V C A 0 S V N 0 P S N P.1 S L V K E T V D 41

340 ATAGACTCCTGAAAGGCTATGACATTCGTCTGAGACCAGATTTTGGAGGTCCCCCCGTGGCTGTGGGGA 408
42 R L L K G V 0 I R L R P 0 F 0 G P P V A V G M 64

409 TGAACATTGACATTGCCAGCATCGATATGGTTTCTGAAGTCAATATGGATTATACCTTGACAATGTACT 477
65 N I D I A S I D N V S E V N H D V T L T M V F 87

478 TTCAACAAGCCTGGAGAGATAAGAGGCTGTCCTATAATGTAATACCTTTAAACTTGACTCTGGACAACA 546
88 0 Q A W R 0 K R L S V N V I P L N L T L 0 N A 110

547 c3AGTGGCAGACCAGCTCTGGGTGCCTGATACCTATTTCCTGAACGATAAGAAGTCATTTGTc3CACGGAG 615
111 V A D 0 L W V P 0 T V F L N 0 K K S F V H 0 V 133

616 TGACTGTTAAGAAcCGCATGATTCGOCTGCATCCTGATc3GCACcGTCCTTTATGGACTCAGAATCACAA 684
134 T V K N R M I A L H P 0 0 T V L Y 8 L A I T T 156

685 c�CACAGCTG�CTGCATGATGGAcCTAAGGAGGTACCCACTGGATGAACAAAACTGCACCTTQGAAATTG 753
157 T A A C M M 0 L A A V P L 0 E 0 N C T L E I E 179

754 AGAGCTATGGATACACAACTGATGACATTGAGTTTTACTGGCGTGGcGATGATAATGCAc3TAACAGGAG 822
180 S V 8 V T T 0 0 I E F V W A G 0 0 N A V T 0 V 202

823 TAACGAAAATTGAACTTCCACAGTTCTCTATTGTAGATTACAAACTTATCACCAAGAAGGTTGTTTTTT 891
203 1� K I E L P 0 F S I V 0 V K L I T K K V V F S 2�

892 c�CACAGGTTCCTATCCCAGGTTATCcCTCAGCmAAGCTTAAGAGAAACATTGGCTACTTTATCCTGC 960
226 T 0 S V P A L S L S F K L K A N I G V F I L 0 248

__________________________TM I___________________________________________
961 AAACATACATGCCTTCCATCCTGATTACCATCCTCTCCT300TCTCCTTCTGGATTAATTACGATGCTT 1029
249 T Y M P S I L I T I L S W V S F W I N V 0 A S 271

__________TM2____________
1030 CAc3CTc3CAAGGGTGGCATTAc3GAATCACAACTGTCCTCACAATGACCACAATCAACACCCACCTCCGGG 1096

272 A A A V A L 3 I T T V L T M T T I N T H L P E 294

___________TM3__
1099 AAACTCTccCTAAAATCCCCTATGTGAAGGCCATTc3ACATGTACCT�3ATGGGGTGCTTTGTCTTCGTTT I 167
295 T L P K I P V V K A I 0 M V L H 0 C F V F V F 317

I 168 TCATGGCCCTTCTGGAATATG�CCTAGTCAACTACATCTTCTTTGGGAGGGGG0CcCAACGcCAAAAGA 1236
318 M A L L E V A L V N Y I F F G A G P 0 A 0 K K 340

1237 AAGCAGCTGAGAAGGCTGcCAGTGcCAACAATGAGAAGATGCOcCTGGATGTCAACAAGATGGACCCCC 1305
341 A A E K A A S A N N E K P4 A L D V N K PA 0 P H 363

1306 ATGAGAACATCTTACTGAGCACTCTOGAGATAAAAAATGAAATGGOCACATCTGAGGCTGTGATGGGAC 1374
364 E N I L L S T L E I K N E P’l A T S E A V H 0 L 386

1375 TTGGAGAcCCCAGAAGCACAATGCTAGcCTATGATGCCTCCAGCATCCAGTATCGGAAAGCTGGGTTGC 1443
387 3 D P A S T M L A V 0 A S S I 0 V A K A 0 L P 409

1444 �CAGGCATAGTTTTGGccGAAATGCTCTGGAAcGACATGTGGCc3CAAAAGAAAAGTCGCCTGAGGAGAC 1512
410 A H S F 0 A N A L E A H V A 0 K K S A L A A A 432

1513 GCGCCTCCCAACTGAAAATCACCATc�CCTGACTTGACTGATGTGAATGCCATAGATCc3GTGGTCCCGCA 1581
433 A S 0 L K I T I P 0 L T 0 V N A I 0 A W S A I 456

________TM4___________
1582 TATTCTTc�cCAGTGGTTTTTTCCTTCTTCAACATCGTCTATTGGCTTTATTATGTGAACTAAAACATGG 1650
456 F F P V V F S F F N I V V W L V V V N 474

1651 0CTC�CACTGGAAGCAAGGACTAGATTcCT0CTCAAACCAGTTGTACAGCCTGATc3TAGc3AcTTGGAAA 1719

1720 ACACATC�T0CAGGACAAAAGTGA0GCTAAAATACCTTAGTTGCTGGCCTATCCTGTGGTCCATTTCA 1788

1789 TACCATTTGGGTTGCTTCTGCTAAGTAATGAATACACTAAGGTCCTTGTGGTTTTCCAGTTAAAACGCA 1857

1858 AGT 1860

Fig. 1. Nucleotide and predicted amino acid sequences of the human GABAA receptor fl2 subunit. Arrow, position of the putative signal sequence
cleavage site. The four tranSmembrane domains (TM1-TM4) are overilned and the two conserved cysteine residues separated by 13 amino acids
are indicated by a dotted line.

Stable cell lines expressing alfl3’y25, a2fl3�y2S, or a5fl3’y25 [3H]Ro15-1788, and the majority (alfl3-y2, 8 of 11 cell hybrids;

GABAA receptor subtypes were produced by transfection of a2fl3�y2, 37 of 44 cell hybrids; a5fl3”y2, 21 of 27 cell hybrids)

mouse L(tki cells with individual subunit cDNAs in the vector specifically bound >40 fmol of radioligand/10-cm plate of cells.

pMSGneo. We previously reported this approach for the pro- The populations exhibiting the highest levels of binding were

duction of a bovine alfliy2L-expressing stable cell line (35). then recloned by limiting dilution, to produce cell lines H132

Geneticin-resistant transfectants were screened for binding of clone 26, J232 clone 1, and K532 clone 5, respectively. Each
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184 YTTDDIEFYWnGgegAVTGVnKIELPQFSIVDYKmvSKKVeFtTGaYPRLSLSFrLKRNIG

lIllIlIllIl IIIlIIIIlIlIll,IIl
1 83 YTTDDIEFYWRGdDr1AVTGVtKIELPQFSIVDYKLItKKVVFSTGSYPRLSLSFkLKRNIG

lIIIIIIlIllIIIlllI 111111111 �
1 84 YTTDDIEFYWRGgDkAVTGVerIELPQFSIVehrLv5rnVVFaTGaYPRLSLSFrLKRNIG

________TM1__________ _______TM2________
2 45 YFILQTYMPStLITILSWVSFWINYDASAARVALGITTVLTMTTISTHLRETLPKIPYVKA

I I I I I I I I I I I I I I I I I I I I � I I I I I I I I I I I I I I I I I I I I I I I I I I � � I � I I � I � I I
244 YFILQTYMPSILITILSWVSFWINYDASAARVALGITTVLTMTTINTHLRETLPKIPYVKA

I I I � I I � I � I I I I I I � � I I I I I I I I I � I � I I � I I � I I � I I I I I � � I I � I I I I I I � I I I � II
245 YFILQTYMPSILITILSWVSFWINYDASAARVALGITTVLTMTTINTHLRETLPKIPYVKA

__________TM3___________

306 IDiYLMGCFVFVFlALLEYAfVNYIFFGkGPQkkgaskqdqsaneknKlemnkvqvDaHgN

lIIlIIIIIIIIlIIlIlIIIIItIlIl I III
3 05 IDMYLMGCFVFVFmALLEYA1VNYIFFGRGPQRQKKaAEK5ASAnNeKmr1dvNkmDpHeN

IIIIlIIlIIlllIIIIIlIIIlllIlIIllIlllllIll I III
3 0 6 IDMYLMGCFVFVF1ALLEYAfVNYIFFGRGPQRQKK1AEKtAkAkNdr5k5e5NrvDaHgN

3 67 ILLSTLEIrNEtsgSEv1tsvSDPkaTMySYDSaSIQYRKp1S8ReayGR ALdBilgvpsK

IllIlIlIll II II II II 111111 I 111111 I
366 ILLSTLEIkNEMatSEavmG1GDPRSTM1aYDaSSIQYRKag1PFthSfGROALeRHvaqKK

III II III I III 1111111 II II I II
3 67 ILLtsLEvhNEM nEvsgGiGDtRnsaisfDnSglQYRKqsmPReghGRflgdRslphKK

Fig. 2. Alignment of the deduced amino acid
sequences of the human GABAA receptor �91
(19), �2, and �3 (9) subunits. Sequences were
aligned using the Genalign program (lnt�e-
netics, Palo Afto, CA) so that the most homolo-
gous sequences are placed next to one another.
The amino acid numbers are indicated on the
left. TM1-TM4, putative transmembrane do-
mains.

427

427
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BETA 1 1 MWtVqnRe81G11SFPvmItmvcCAhStNePSNMpyVKETVDRLLKGYDIRLRPDFGGPPV

Ill I I Ill I 11111111
BETA 2 1 MWrVrkRgyFGIwSFP LIiaavCAQSVNDPSNMS1VKETVDRLLKGYDIRLRPDFGGPPV

II 111111
BETA 3 1 MWg1aggr1FGIfSaPvLvaVvcCAQSVNDPgNNSfVKETVDkLLKGYDIRLRPDFGGPPV

62 dVGMrIDvASIDMVSEVN�YTLTMYFQQSWkDKRLSYSgIPLNLTLDN�VADQL�DTY

II1IIHIIHHIHIIIHIIIIIIIIIIII
61 aVG�IDIASIDMVSEVNMDYTLTMYFQQaWRDKRLSYflVIPLNLTLDNRVADQL�PDTY

I I I I I I I � I I I I I � I I I I � I I I I I � I I I I I I I I I � I I I I � I I I I I � I I � I I I I III

62 cVGMNIDIASIDMVSEVNMDYTLTMYFQQyWRDKRLaYSgIPLNLTLDNRVADQLWVPDTY

1 2 3 FLNDKKSFVHGVTVKNRMIRLHPDGTVLYGLRITTTAACMNDLRRYPLDEQNCTLEIESYG

� I I � I � I � I I I I I I I I I � I I I � � I I I I I � I I I I I I I I I � I I I I I I I I I I I I I I I � I � I III
1 2 2 FLNDKKSFVHGVTVKNRMIRLHPDGTVLYGLRITTTAACMIIDLRRYPLDEQNCTLEIESYG

I I I I I I I I � I � I I I I I I I I I I I I I I � I I � � � � I I � I � I I � I I � I I I I I I I I I � I I I I I III
12 3 FLNDKKSFVHGVTVKNRMIRLHPDGTVLYGLRITTTAACMMDLRRYPLDEQNCTLEIESYG

_________TM4__________

gRiRRBASQLKvkIPDLTDVNs IDkWSRmFFPitFS1FNvVYWLYYVh

IllIllIll IllIllIllIllIlIl II II 1111111
sRLRRRASQLKIt IPDLTDVNAIDRWSRIFFPVvFSfFNIVYWLYYVN

,III,lIIlIIII�I�lIlIIlI�III II II 11111111
thLRRRs SQLKIkIPDLTDVNAIDRWSRIvFP ftFS 1FN1VYWLYYVN

cell line expressed >0.5 pmol of [3H]Ro15-1788 binding sites!

mg of protein after 7 days of induction in medium containing
dexamethasone. Similarly, transient expression of a1f�1�y2,

a1�2’y2, a2fiFy2, a2fl2y2, a5$1y2, and a5$2�y2 GABAA receptor
subtypes in human embryonic kidney 293 cells yielded between

0.1 and 1.0 pmol of [3H]Ro15-1788 binding sites/mg of mem-

brane protein.

Scatchard analysis of saturation binding curves for [3H]

Ro15-1788 were performed for each of the nine receptor sub-

types studied, giving the K,, values shown in Table 1. Displace-
ment of sub-Kd concentrations of this radioligand was used to
generate competitive binding curves for a number of BZ site
ligands, including BZ-1-selective (zolpidem) and nonselective

(flunitrazepam and triazolam) full agonists, both nonselective

(bretazenil and FG8205) and BZ-1-selective (CL218,872) par-
tial agonists, a partial inverse agonist (Ro15-4513) previously

shown to be a5 selective (21), and a full inverse agonist (methyl-
�3-carboline-3-carboxylate). The I(� values obtained from these

assays are also presented in Table 1. There was no appreciable

difference in the ligand binding affinities for any BZ site ligand

studied between subtypes differing only in the fi subunit pres-
ent. The greatest variation seen between K1 values in such

subtype comparisons was with zolpidem, which with al and a2

subtypes gave mean values 2-3-fold higher for �31- than for �2-
containing combinations, with �i3-containing receptors giving

intermediate values. The lack of effect of the $ subunit on the
BZ pharmacology is emphasized in Fig. 3, where the data from

Table 1 are expressed as correlation plots. In each case, linear

regression analysis using RS/1 software was used and a corre-

lation coefficient close to unity was obtained (al/2/5fl172

versus a1/2/5�2�y2, r� 0.98; al/2/5f31y2 versus a1/2/5�3’y2,

1a 097; a1/2/5fl2�y2 versus al/2/5fl3’y2, r� 0.98).

To address the functional consequences of GABAA receptors
containing different � subunits, three GABAA receptor subunit
combinations were expressed in Xenopus oocytes, i.e., a1�1’y2,

a1�92�y2, and a1�13’y2. The pharmacological properties of these
receptors were then compared using two-electrode voltage-

clamp electrophysiological recording. The GABA affinities for
these different combinations were 25 ± 4.1 �M (n = 8), 20 ±

2.8 �M (n = 9), and 8 ± 2 �M (n = 5) (mean ± standard error),
respectively, with /33-containing receptors thus having a signif-

icantly higher affinity than either �91-containing (p � 0.005) or

/32-containing (p � 0.01) receptors. An ECre concentration of

GABA for each individual oocyte was used to study the effects
of different modulators on the function of the GABAA receptor.

The modulation of all three receptors by a number of BZs, the
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TABLE 1

Affinities of selected BZ binding site Ilgande for various human GABAA receptor subunit combinations expressed in transfected cells
Afiinities (K,; K� where indicated) for nine BZ site ligands are shown. Kd values were obtained by Scatchard isotherm analysis of radioligand binding. The K, values shown
were determined by displacement of sub-Kd quantities of [3HJRci5-1788 by the various ligands, as described in detail in Materials and Methods. Values given are mean
± standard error of at least three independent determinations. The values for a1�1-y2, a2fliy2, and a5fliy2 have been taken from the report of Hadingham et a!. (21).

K,
Ligand a1�1y2 al$2y2 a1�3y2 a2�ly2 a2fl2y2 a2�33y2 a5�i1y2 a5/32�y2 a5�i3y2

flu

[3H]Ro15-1788’ 0.81 ± 0.07 1.01 ± 0.06 0.92 ± 0.04 0.90 ± 0.09 1.12 ± 0.04 1.05 ± 0.05 0.56 ± 0.03 0.37 ± 0.01 0.45 ± 0.04
Flunitrazepam 11.45 ± 1.57 7.96 ± 0.15 22.44 ± 2.47 5.17 ± 0.44 3.34 ± 0.16 9.57 ± 1.59 5.48 ± 0.40 7.02 ± 0.29 12.08 ± 1.33
�9�CCMb 2.15 ± 0.42 1.74 ± 0.12 3.78 ± 1.08 6.45 ± 1.19 6.50 ± 0.55 15.69 ± 1.09 76.41 ± 7.76 125.4 ± 1.84 260.6 ± 50.84
Ro15-4513 10.03 ± 0.62 10.36 ± 0.46 8.85 ± 0.90 10.37 ± 1.10 5.46 ± 0.12 8.10 ± 2.46 0.69 ± 0.14 0.48 ± 0.04 0.99 ± 0.23
FG8205 2.33 ± 0.54 1.77 ± 0.07 2.29 ± 0.52 3.65 ± 0.15 3.75 ± 0.21 6.62 ± 1.88 6.35 ± 0.03 3.66 ± 0.13 5.89 ± 1.18
CL218,872 290.5 ± 31.88 220.3 ± 37.47 301.3 ± 28.39 2,903 ± 420.2 1,058 ± 211.1 3,470 ± 903.3 1,154 ± 66.23 2,624 ± 200.5 1.835 ± 803.4
ZolpEdem 111.9 ± 16.96 59.63 ± 20.08 64.15 ± 7.52 760.6 ± 88.29 291.4 ± 10.12 427.0 ± 31.22 >15,000 >15,000 >15,000
TriazOlam 1.84 ± 0.44 ND” 3.00 ± 0.85 1.20 ± 0.19 ND 1.87 ± 0.29 1.23 ± 0.27 ND 2.74 ± 0.24
Bretazenil 1.17 ± 0.35 ND 1.17 ± 0.35 1.20 ± 0.23 ND 2.07 ± 0.24 2.44 ± 0.48 ND 2.11 ± 0.47

K,, values.
b $-CCM, methy�fl-carbciine-3-carboxylate.
C ND, not determined.

10
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-2 � i J , , J
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Fig. 3. Correlation between the affinities of BZ site ligands for human
GABAA receptor subtypes containing different � subunits. a, al/2/5fl2y2
versus al/2/513l’y2; b, al/2/5$3y2 versus al/2/5fl2y2; C, al/2/5�93y2

versus a1/2/5�1 y2. Data are taken from Table I.

barbiturate pentobarbital, and three different steroids was in-
vestigated. The potentiation by the BZ full agonists flunitra-

zepam and zolpidem and the partial agonists FG8205 and
CL218,872 and the inhibition by the inverse agonist methyl-4-

ethyl-6,7-dimethoxy-fl-carboline-3-carboxylate were similar for
all three f�-containing receptors, demonstrating that BZ efficacy

was not influenced by the fi subunit variant (Fig. 4). This was

also true for compounds acting at the neurosteroid modulatory

site (Fig. 5); 5fl-pregnan-3a-ol-20-one (pregnanobone) and 5a-

pregnan-3a-ol-20-one both potentiated the GABA response to

the same level with all three receptor subtypes. A third steroid,

dehydroepiandrosterone, which is an inverse agonist at the

steroid site, also inhibited responses to the same degree with

a1f31’y2, alfl2”y2, and a1fl3�y2 receptors. Finally, the barbiturate

pentobarbital also displayed no significant difference in its

level of potentiation with receptors containing different fi sub-

units (Fig. 5).

Discussion

We report here the cloning and sequencing of a cDNA

encoding the human /32 GABAA receptor subunit. Additionally,

by expressing in Xenopus oocytes or transfected cells human

GABAA receptors containing f31, /32, or fl3 subunits, we have
investigated the influence of the fi subunit on the pharmacology

of GABAA receptor subtypes.

Cloning and sequencing of a cDNA encoding a human fl2

subunit generated sequence of the 3 ‘ untranslated region of the

gene, which could be used for assignment of the human f32 gene
to chromosome 6. It is interesting to note that the genes for

the other i3 subunits, flu and �3, have been assigned to chro-
mosomes 4 and 15, respectively (36, 37). Thus, although it is
likely that these genes arose by duplication from an ‘ancestral’

�3 subunit, they have not remained linked on the same chro-

mosome but rather have been dispersed throughout the genome.

This is also true for the genes of the a and ‘y subunit classes

that to date have been assigned to a chromosome (36, 38, 39).

The chromosomal assignment of a gene can be the initial step

in determining the link between that gene and an inherited

disorder. It has been speculated that members of the GABAA
receptor gene family are candidate genes for epilepsy (40). In
this context, we have noted that idiopathic generalized epilepsy,

which constitutes 7-8% of all epilepsies, has been localized to
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Fig. 4. Comparison of the percentage modulation of the
control GABA response by a number of BZ site ligands
at a1�1 ‘y2, alfi2’y2, and al$372 human GABAA recep-
tors expressed in Xenopus oocytes. Each value is the
mean ± standard error of at least four oocytes. COntrOl
GABA responses were Obtained by selecting a GABA
concentratiOn approximately 20% of maximum for each
individual oocyte. All drugs except methyl-4-ethyl-6,7-
dimethoxy-�9-carboline-3-carboxylate (DMCM) (300 nM)
were applied at a concentration of 1 �M.

Fig. 5. Comparison of the percentage modulation of the
control GABA response by a number of neurosteroid site
Iigands and a barbiturate at alfll’y2, al$2’y2, and
alfl3y2 human GABAA receptors expressed in Xenopus
oocytes. Each value is the mean ± standard error of at
least four oocytes. All drugs were applied at a concentra-
tion of 1 �zM. OHEAS, dihydroepiandrosterone; 5fl,3a-
Preg, 5�-pregnan-3a-oI-20-one; 5a,3a-Preg, 5a-pregnan-
3a-ol-20-one.
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chromosome 6p (41). Additional studies are underway to deter-
mine whether fl2 is indeed involved in this form of epilepsy.

Previous studies on the pharmacology of recombinant GA-

BAA receptors have focused on the role of the a and ‘y subunits.

In this study, we have attempted to address the role of the fi
subunit. It is clear from the data in Table 1 and Figs. 3 and 4

that, for the compounds tested, the type of fi subunit present
in the receptor does not significantly influence the affinity or

efficacy of compounds acting at the BZ binding site. This is in
agreement with the findings of Pritchett et al. (22), who re-

ported that bovine and rat recombinant receptors containing

flu, fl2, or fl3 had the same affinities for CL218,872 and for
Ro15-1788. However, Sigel et al. (24) reported several differ-

ences between receptors containing flu and fl2 subunits. Those

authors observed a large difference in GABA affinity between

alfll’y2 and alfl2’y2 (ECho values of 74 �M and 1 mM, respec-

tively) but no such difference between a5f31�y2 and a5f32’y2

(EC� values of 17 j�M and 14 �tM, respectively). The low GABA
affinities for al-containing combinations were later attributed

to a mutation in that subunit (42). Additionally, those authors

found that BZ potentiation ofthe GABA response was observed

only with combinations containing /32, and not flu, subunits.
Other studies (22, 25, 26, 43, 44), as well as the original
description of the �y2 subunit (11), agree with the findings

reported here showing that receptors containing fll are modu-
lated by BZs.

In contrast to the lack of influence of the �3 subunit, there is

a body of evidence demonstrating that both the a subunit (21,
22, 25, 43, 45, 46) and the ‘y subunit (10, 23, 26, 43) determine

both the affinity and the efficacy of compounds acting at the
BZ binding site. These data clearly suggest that the BZ modu-
latory site is formed from determinants from both the a subunit

and the �y subunit, which is in accord with the photoaffmity
labeling experiments of Stephenson et a!. (47).

The nature of both the barbiturate and the neurosteroid
modulatory sites of the GABAA receptor has been less well

defined than that of the BZ binding site. Here we have pre-
sented evidence that the type of fi subunit present in the
receptor complex does not affect the pharmacology of these two
modulatory sites. Previous studies have shown that channels

formed by the i3l subunit alone can be modulated by steroids
(48) and that the type of a subunit present influences the

sensitivity of recombinant receptors to steroids (49). However,

the physical location of the steroid modulatory site(s) on the
GABAA receptor remains unknown.

In this study, we have examined the influence ofthe fi subunit

on the pharmacology of the GABAA receptor. With the excep-
tion of an approximately 3-fold higher affinity of GABA for
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fi3-containing receptors, compared with fl2- or fl-containing
receptors, we have not observed any significant influence of the
f subunit. Within the rat brain, there is clearly a distinct

temporal and regional pattern of expression for each f subunit
(27-29), suggesting an important functional role. Additional

extensive studies will be required to determine the nature of

this role.

Acknowledgments

We would like to thank Mr. Charles Adkins and Mrs. Jill Gillard for cell
culture asalst.ance.

References

1. Burt, D. R., and G. L. Kamatchi. GABAA receptor subtypes: from pharma-
cology to molecular biology. FASEB J. 5:2916-2922 (1991).

2. Doble, A., and I. L. Martin. Multiple benzodiazepine receptors: no reason for
anxiety. Trends PharrrwcoL Sci. 13:76-Si (1992).

3. Schofield, P. R., M. G. Darlison, N. Fujita, D. R. Burt, F. A. Stephenson, H.
Rodriguez, L. M. Rhee, J. Ramachandran, V. Reale, T. A. Glencorse, P.
Seeburg, and E. A. Barnard. Sequence and functional expression of the
GABAA receptor shows a ligand-gated receptor superfamily. Nature (Lond.)
328:221-227 (1987).

4. Levitan, E. S., P. R Schofield, D. R. Burt, L. M. Rhee, W. Wisden, M.
Kohler, N. Fujita, H. F. Rodriguez, F. A. Stephenson, M. G. Darlison, E. A.
Barnard, and P. H. Seeburg. Structural and functional basis for GABAA
receptor heterogeneity. Nature (Lond.) 335:76-79 (1988).

5. Khrestchatisky, M., A. J. MacLennan, M.-Y. Chiang, W. Xu, M. B. Jackson,
N. Brecha, C. Sternini, R. W. Olsen, and A. J. Tobin. A novel a subunit in
rat brain GABAA receptors. Neuron 3:745-753 (1989).

6. Wisden, W., A. Herb, H. Wieland, K. Keinanen, H. Luddens, and P. H.
Seeburg. Cloning, pharmacological chracteristics and expression pattern of
the rat GABAA receptor a4 subunit. FEBS Lett. 289:227-230 (1991).

7. Luddens, H., D. B. Pritchett, M. Kohler, I. Killisch, K. Keinanen, H. Monyer,
R. Sprengel, and P. H. Seeburg. Cerebellar GABAA receptor selective for a
behavioural alcohol antagonist. Nature (Lond.) 346:648-651 (1990).

8. Ymer, S., P. R. Schofield, A. Draguhn, P. Werner, M. Kohler, and P. Seeburg.
GABAA receptor fi subunit heterogeneity: functional expression of cloned
cDNAa. EMBOJ. 8:1665-1670 (1989).

9. Wagstaff, J., J. R. Chaillet, and M. Lalande. The GABAA receptor $3 subunit
gene: characterization of a human cDNA from chromosome 15q1 1q13 and
mapping to a region of conserved synteny on mouse chromosome 7. Genomics
11:1071-1078(1991).

10. Ymer, S., A. Draguhn, W. Wisden, P. Werner, K. Keinanen, P. R. Schofield,
R. Sprengel, D. B. Pritchett, and P. H. Seeburg. Structural and functional
characterization of the -yl subunit of the GABAjbenzodiazepine receptors.
EMBOJ. 9:3261-3267 (1990).

11. Pritchett, D. B., H. Sontheimer, B. D. Shivers, S. Ymer, H. Kettenmann, P.
R. Schofield, and P. H. Seeburg. Importance of a novel GABAA receptor
subunit for benzodiazepine pharmacology. Nature (Lond.) 338:582-585
(1989).

12. Shivers, B. D., I. Kiblisch, R. Sprengel, H. Sontheimer, M. K#{246}hler,P. R.
Schofield, and P. H. Seeburg. Two novel GABAA receptor subunits exist in
distinct neuronal subpopulations. Neuron 3:327-337 (1989).

13. Whiting, P., R. M. McKernan, and L. L. Iversen. Another mechanism for
creating diversity in the -y-aminobutyrate type A receptors: RNA splicing
directs expresaion of two forms of the �y2 subunit, one of which contains a
protein kinase C phosphorylation site. Proc. NatL Aced. Sci. USA 87:9966-
9970 (1990).

14. Kofuji, P., J. B. Wang, S. J. Moss, R. L. Huganir, and D. R. Burt. Generation
of two forms of the -y.aminobutyric acidA receptor subunit in mice by
alternative splicing. J. Neurochem. 56:390-395 (1991).

15. Wilson-Shaw, D., M. Robinson, C. Gambarana, R. E. Siegel, and J. M. Sikela.
A novel ‘y subunit of the GABAA receptor identified using the polymerase
chain reaction. FEBS Lett. 284:211-215 (1991).

16. Knoflach, F., T. Rhyner, M. Villa, S. Kellenberger, U. Drescher, P. Malherbe,
E. Sigel, and H. Mohler. The -y3-subunit of the GABAA receptor confers
sensitivity to benzodiazepine receptor uganda. FEBS Lett. 293:191-194
(1991).

17. Khrestchatisky, M., A. J. MacLennan, N. J. K. Tillakaratne, M.-Y. Chang,
and A. J. Tobin. Sequence and regional distribution of the mRNA encoding
the a2 polypeptide of rat ‘y-aminobutyric acidA receptors. J. Neurochem.
56:1717-1722 (1991).

18. Malherbe, P., E. Sigel, R. Baur, E. Persohn, J. G. Richards, and H. Mohler.
Functional characteristics and sites of gene expression of the al,fll,y2-
isoform of the rat GABAA receptor. J. Neurosci. 10:2330-2337 (1990).

19. Schofield, P. R, D. B. Pritchett, H. Sontheimer, H. Kettenmann, and P. H.
Seeburg. Sequence and expression of human GABAA al and $1 subunits.
FEBS Lett. 244:361-364 (1989).

20. Wingrove, P., K. Hadinghain, K. Wafford, J. A. Kemp, C. I. Pagan, and P.
Whiting. Cloning and expression of a cDNA encoding the human GABAA
receptor a5 subunit. Biochem. Soc. Trans. 20:185 (1991).

21. Hadingham, K. L., P. Wingrove, B. Le Bourdelles, K. J. Palmer, C. I. Ragan,
and P. J. Whiting. Cloning of cDNA sequences encoding human a2 and a5

-y-aminobutyric acidA receptor subunits and characterization of the benzodi-
azepine pharmacology of recombinant al-, a2-, a3-, and a5-containing hu-
man -y-aminobutyric acidA receptors. MoL PharmacoL 43:970-975 (1993).

22. Pritchett, D. B., H. Luddens, and P. H. Seeburg. Type I and type II GABAA-

benzodia.zepine receptors produced in transfected cells. Scicnce (Washington
D. C.) 245:1389-1392 (1989).

23. Herb, A., W. Wisden, H. Luddens, G. Puia, S. Vicini, and P. H. Seeburg. The
third ‘y subunit ofthe -y-aminobutyric acid type A receptor family. Proc. NO2L
Acad. Sci. USA 89:1433-1437 (1992).

24. Sigel, E., R. Baur, C. Trube, H. Mohier, and P. Malherbe. The effect of
subunit composition of rat brain GABAA receptors on channel function.
Neuron 5:703-711 (1990).

25. Wafford, K. A., P. J. Whiting, and J. A. Kemp. Differences in the affinity
and the efficacy of benzodiazepine receptor uganda on recombinant GABAA
receptor subtypes. MoL PharmacoL 43:240-244 (1992).

26. Wafford, K. A., C. J. Bain, P. J. Whiting, and J. A. Kemp. A functional
comparison of the role of �y subunits in recombinant -y-aminobbutyric acid
type Afbenzodia.zepine receptors. Mol Pharmo.coL 43:437-442 (1993).

27. Wisden, W., D. J. Laurie, H. Monyer, and P. H. Seeburg. The distribution of
13 GABAA receptor subunit mRNAs in the rat brain. I. Telencephalon,
diencephabon, mesencephalon. J. Neurosci. 12: 1040-1062 (1992).

28. Laurie, D. J., P. H. Seeburg, and W. Wisden. The distribution of 13 GABAA
receptor subunit mRNAs in the rat brain. II. Olfactory bulb and cerebellum.
J. Neurosci. 12:1063-1076 (1992).

29. Laurie, D. J., W. Wisden, and P. H. Seeburg. The distribution of 13 GABAA
receptor subunit mRNAs in the rat brain. III. Embryonic and postnatal
development. J. Neurosci. 12:4151-4172 (1992).

30. Wilcox, A. S., A. S. Khan, J. A. Hopkins, and J. M. Sikela. Use of 3’
untranslated sequences of human cDNAs for rapid chromosome assignment
and conversions to STSs: implications for an expression map of the genome.
NucleicAcids Res. 19:1837-1843(1991).

31. Lowe, T., J. Sharefkin, S. Q. Yang, and C. W. Dieffenbach. A computer
program for selection of oligonucleotide primers for polymerase chain reac-
tions. Nucleic Acids Res. 18:1757-1761 (1990).

32. Don, R. H., P. T. Cox, B. J. Wainwright, K. Baker, and J. S. Mattick.
‘Touchdown’ PCR to circumvent spurious priming during gene amplification.
Nucleic Acids Res. 19:4008 (1991).

33. Chen, C. A., and H. Okayama. Calcium phosphate-mediated gene transfer: a
highly efficient transfection system for stably transforming cells with plasmid
DNA. BioTechniques 6:632-638 (1988).

34. Whiting, P., R. Schoepfer, J. Lindatrom, and T. Priestley. Structural and
pharmacological characterization of the major brain nicotinic acetylcholine
receptor subtype stably expressed in mouse fibroblasts. Mo!. PharrnacoL
40:463-472 (1991).

35. Hadingham, K. L., P. C. Harkness, R. M. McKernan, K. Quirk, B. La
Bourdelles, A. L. Home, J. A. Kemp, E. A. Barnard, C. I. Ragan, and P. J.
Whiting. Stable expression of mammalian type A -y-aminobutyric acid recep-
tors in mouse cells: demonstration of functional assembly of benzodiazepine-
responsive sites. Proc. NatL Aced. Sd. USA 89:6378-6382 (1992).

36. Buckle, V. J., N. Fujita, A. S. Ryder-Cook, J. M. Derry, P. J. Barnard, R. V.
Lebo, P. R. Schofield, P. H. Seeburg, A. N. Bateson, M. G. Darlison, and E.
A. Barnard. Chromosomal localization of GABAA receptor subunit genes:
relationship to human genetic disease. Neuron 3:847-654 (1989).

37. Wagst.aff, J., J. H. M. Knoll, J. Fleming, E. F. Kirkness, A. Martin-Gallardo,
F. Greenberg, J. M. Graham, Jr., J. Menninger, D. Ward, J. C. Venter, and
M. Lalande. Localization ofthe gene encoding the GABAA receptor �?3 subunit
to the Angelman/Prader-Willi region of human chromosome 15. Am. J. Hum.
Genet. 49:330-337 (1991).

38. Dean, M., S. Lucas-Derse, A. Bolos, S. J. O’Brien, E. F. Kirkness, C. M.
Fraser, and D. Goldman. Genetic mapping of the al GABA receptor gene to
human chromosome 4, using a tetranucleotide repeat polymorphism. Am. J.
Hum. Genet. 49:621-626 (1991).

39. Schantz Wilcox, A., J. A. Warrington, K. Gardiner, R. Berger, P. Whiting,
M. R. Altherr, J. J. Wasmuth, D. Patterson, and J. M. Sikela. Human
chromosomal localization of genes encoding the -yl and -y2 subunits of the �y-
aminobutyric acid receptor indicates that members of this gene family are

often clustered in the genome. Proc. NatL Acad. Sci. USA 89:5857-5861
(1992).

40. Delgardo-Escueta, A. V., D. A. Greenberg, L. Treiman, A. Liu, R. S. Sparkes,
A. Barbetti, M. S. Park, and P. I. Terasaki. Mapping the gene for juvenile
myoclonic epilepsy. Epilepsia 30 (Suppl. 4):S8-S18 (1989).

41. Durner, M., T. Sander, D. A. Greenberg, K. Johnson, G. Beck-Mannagetta,
and D. Janz. Localization of idiopathic generalized epilepsy on chromosome
6p in families of juvenile myocbonic epilepsy patients. Neurology 41:1651-
1655 (1991).

42. Sigel, E., R. Baur, S. Kellenberger, and P. Malherbe. Point mutations
affecting antagonist affinity and agonist-dependent gating 0fGABAA receptor
channels. EMBO J. 1 1:2017-2023 (1992).

43. Puia, G., S. Vicini, P. H. Seeburg, and E. Costa. Influence of recombinant y-

aminobutyric acidA receptor subunit composition on the action of allosteric
modulators of -y-aminobutyric acid-gated Cl currents. Mol Pharmo.coL
39:691-696 (1991).

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


1218 Hadlngham et a!.

44. Angelotti, T. P., M. D. Uhler, and R. L. Macdonald. Assembly of GABAA
receptor subunits: analysis of transient single-cell expression utilizing a
fluorescent substrate/marker gene technique. J. Neurosci. 13:1418-1428
(1993).

45. Pritchett, D. B., and P. H. Seeburg. -y-Aminobutyric acidA receptor a5-subunit

creates novel type II benzodiazepine receptor pharmacology. J. Neurochem.
54:1802-1804 (1990).

46. McKernan, R. M., K. Quirk, R. Prince, P. A. Cox, N. P. Giflard, C. I. Ragan,
and P. Whiting. GABAA receptor subtypes immunopurified from rat brain
with a-subunit-specific antibodies have unique pharmacological properties.
Neuron 7:667-676 (1991).

47. Stephenson, F. A., M. J. Duggan, and S. Pollard. The -y2 subunit is an integral

component of the -y-aminobutyric acid� receptor but the ad polypeptide is
the principal site of the agonist benzodiaxepine photoaffinity labeling reac-
tion. J. BiOL Chem. 265:21160-21165 (1990).

48. Puia, G., M. Santi, S. Vicini, D. B. Pritchett, R. H. Purdy, S. M. Paul, P. H.
Seeburg, and E. Costa. Neurosteroids act on recombinant human GABAA
receptors. Neuron 4:759-765 (1990).

49. Shingai, R., M. L. Sutherland, and E. A. Barnard. Effects of subunit types of
the cloned GABAA receptor on the response to a neurosteroid. Eur. J.
Pharmo.coL 206:77-80 (1991).

Send reprint requests to: P. J. Whiting, Merck Sharp & Dohme Research
Laboratories, P.O. Box 1675, Harlow, Essex, CM2O 2PT, England.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



