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SUMMARY
cDNAs encoding human a2 and c�3 -y-aminobutyric acidA receptor ted a BZ1 -type pharmacology, and a2-, a3-, and a5-containing
subunits have been cloned. Their deduced amino acid sequences receptors exhibited a broadly BZ2-type pharmacology. The par-
show much sequence identity with the published bovine se- tial inverse agonist Rol 5-451 3 showed an approximately 10-
quences (98.2% and 97.0% for �2 and a3, respectively). Human 1 5-fold higher affinity for a5-containing than for cd-, a2-, or a3-
al �l1 y2, a2(31 �y2, a3�31 y2, and a5�31 y2 subunit combinations containing receptors and is thus the first compound shown to
were expressed in transiently transfected cells and their phar- have a significantly higher affinity for another receptor subtype
macologies were characterized using a series of benzodiazepine than for al I�1 y2.
(BZ) binding site ligands. Human al -containing receptors exhib-

GABA is the major inhibitory neurotransmitter in the mam- pharmacology, whereas ct2-, cr3-, and ct5 (flx�y2)-containing

malian central nervous system. GABA acts by binding to its receptors have a broadly BZ2 pharmacology (17, 21).

receptor, the GABAA receptor, resulting in the opening of an Here we report the cloning and sequencing of human GABAA

intrinsic chloride channel and hyperpolarization of the cell receptor ct2 and cs3 cDNAs. Additionally we report the char-

membrane (1). GABAA receptors are modulated by a number acterization ofthe BZ pharmacology ofhuman a1$1�y2, a2fl1�y2,

ofpharmacological agents, including barbiturates, BZs, neuros- ct3fl1�y2, and a5/31y2 subunit combinations expressed in tran-

teroids, and ethanol (2). siently transfected cells.

The application of molecular genetic approaches to the mam-

malian GABAA receptor demonstrated the existence of a gene Materials and Methods
family consisting of numerous subunits (ctl-a6, fl1-�3, yl-y3,

and #{244})(3-16). Additional diversity exists through alternative

splicing of the ‘y2 subunit (13, 14). Expression of subunit

combinations in either Xenopus oocytes or transfected mam-

malian cells has demonstrated that a, j3, and ‘y subunits are

required to form a GABAA receptor with the expected properties

Cloning and Sequencing of cDNAs

eDNA libraries. cDNAs were cloned from human fetal brain, and

hippocampal cDNA libraries were constructed in the AZAP vector

(Stratagene). For screening, cDNA libraries were seeded at 40,000

plaque-forming units/137-mm plate. Filter lifts were taken using Hy-

bond N filters (Amersham). Probes were labeled with 32P to high
(9, 17). The BZ pharmacology of GABAA receptor subtypes specific activity (>i0� cpm/�g) by random priming. Positive clones

appears to be determined by both the a and -y subunits (8, 11, were plaque purified and rescued according to manufacturer’s instruc-

17). Receptors containing -yl exhibit what appears to be an
atypical BZ pharmacology (8). Receptors containing a -y2 sub-

unit exhibit a classical BZ pharmacology, the nature of which

appears to be determined by the type of a subunit present (9,

17). Receptors containing -y3 appear to bind BZs, but the precise

pharmacology is as yet unclear (18, 19). Using the classical

tions (Stratagene). Analysis of nucleotide and amino acid sequences

was performed using Intelligenetics software (Intelligenetics, Inc.,

Mountain View, CA).

Cloning of human a2 cDNAs. A bovine a2 cDNA (4) was used as

a proie to screen a human fetal brain cDNA library as described
previously (22, 23). Several positive clones were isolated, one of which

contained the full coding region. This was fully sequenced on both

BZ1/BZ2 nomenclature (2, 20), ct1�3x�y2-containing receptors strands using Sequenase 2 (United States Biochemicals).

(with �x indicating �1, �2, or �3) are proposed to have a BZ1 Cloning of human a3 cDNAs. A bovine a3 cDNA (4) was used as

ABBREVIATIONS: GABA, -y-aminobutyric acid; BZ, benzodiazepine; flCCM, methyl-i3-carboline-3-carboxylate; bp, base pair(s); PCR, polymerase

chain reaction.
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a probe to screen a human fetal brain cDNA library as described

previously (22, 23). Several positive clones were isolated, the longest of

which was missing approximately 100 bp of the 5’ end of the a3 coding

region. This was obtained by PCR, using as primers an oligonucleotide

“anchor” derived from the T7 primer sequence of the Bluescript (Stra-
tagene) vector (5’-AGCGCGCGTAATACGACTCACTATAGG
GCGAA-3 ‘) and an oligonucleotide derived from the sequence near the

5’ end of the truncated a3 cDNA that contained an internal HpaI

restriction site (5’-CAGCATGAATTGTTAACCTCATTGTA-3’).

PCR was performed under standard conditions using Amplitaq enzyme

and buffer (Perkin Elmer Cetus) with 200 MM deoxynucleoside triphos-
phates (SO-Ml final volume), cycling at 94’ for 45 sec, at 55’ for 2 mm,

and at 72’ for 2 mm for 30 cycles, and using 2 Ml of human fetal brain
cDNA library as template. PCR products were extracted with phenol/

chloroform, precipitated with ethanol, digested with restriction en-

zymes, and engineered into the truncated a3 cDNA. The engineered

cDNA was sequenced as described above.

a!, a5, �91, and ‘y2 cDNAs. The sequence of human al cDNA has

been published previously by Schofield et at. (24). It differs from the
bovine sequence (3) at a single amino acid (Trp-95 in bovine al, Arg
in human ctl). To create a human al cDNA, the bovine sequence was

converted to the human by site-directed mutagenesis of amino acid 95

with the oligonucleotide 5’-GCAATGAAAATCCGGACTCGGCAT-3’,

using methods described elsewhere (25). Cloning and sequencing of

human cs5 cDNA have been reported elsewhere (26, 27). The sequence

of human flu has been published previously by Schofield et al. (24). A

human 131 cDNA was isolated by screening a human fetal brain cDNA

library with a bovine flu cDNA probe as described previously and was

sequenced as described above. The sequence of human -y2 has been

published previously by Pritchett et al. (9). A human y2 cDNA was

isolated by PCR using conditions described above, human hippocampal

cDNA library as template, and oligonucleotide primers derived from

the 5’ and 3’ untranslated regions of the published -y2 sequence,

incorporating a HindIII restriction site for subcloning (5’-

GGGAGGGAAGCTTCTGCAACCAAGAGGC-3’ and 5’-ACCACA-

TAGAAGCTTATTTAAGTGGAC-3’). Sequencing indicated that the
form of -y2 used in this study is the short form, -y2S, lacking the 24-bp

insert in the putative cytoplasmic loop region (13). Additionally, residue

81 of the published -y2 sequence is a methionine, whereas in the cDNA

used in this study residue 81 is a threonine (a change at bp 585 of

thymidine to cytidine).

Expression of GABAA Receptor Subunit Combinations in

Transiently Transfected Cells

For transient expression studies, subunit cDNAs were subcloned
into the pCDM8 vector (Invitrogen). The m2 cDNA was initially

subcloned as a 1688-bp PstI fragment that included 153 bp of 5’

untranslated region containing a (CT)34 repeat sequence (Fig. 1). This

was expressed poorly when cotransfected into HEK 293 cells with �91

and -y2, compared with the expression obtained with the al, flu, and
-y2 subunit combination (data not shown). In an attempt to increase

expression the ct2 cDNA was re-engineered; the sequence 5 ‘ of the

EcoRI site at bp 345 (Fig. 1) was removed and replaced with the

equivalent bovine al sequence cloned as a PCR product derived from
bovine tsl cDNA by using the oligonucleotide primers 5’-GCGGCGA-

AGCTTGGACGCCCCTCCGCTGCC-3’ (bp 47-76 of bovine al, in-

corporating a HindIII restriction site) and 5’-TCGGTCCA-
GAATTCTGGTGAAGAC-3’(bp 326-349 of bovine al, incorporating

an EcoRI restriction site). This cDNA was expressed considerably more
efficiently. The human $1 cDNA was also expressed poorly when

cotransfected into HEK 293 cells with an a subunit and -y2 (data not
shown). To overcome this the 5’ 847 bp (24) of the human /31 cDNA

were replaced by the equivalent bovine flu sequence using the conserved

PstI restriction site at this position. The resulting cDNA, which differed
from the deduced human flu amino acid sequence at only two positions

(residue 3, threonine to alanine; residue 10, proline to serine), was

expressed well.

DNA was prepared for transfection by double-banding on CsC1

gradients, and transfections of HEK 293 cells (4 x i0� cells/10-cm

plate) were performed according to the method of Chen and Okayama

(28). For radioligand binding, 48 hr after transfection cells were washed

with phosphate-buffered saline, scraped into phosphate-buffered saline,

and pelleted by centrifugation (500 x g). The cell pellet was homoge-
nized (three 5-sec bursts at setting 5, using a Semat Ultra-Turrax) in

10 mM potassium phosphate, pH 7.4, and then pelleted by centrifuga-

tion at 48,000 x g for 30 mm at 4’. The pellets were washed twice in

this manner before final resuspension in 10 mM potassium phosphate,

pH 7.4, containing 100 mM potassium chloride (assay buffer).

Radioligand Binding

Saturation binding curves were obtained by incubating membranes

(150 �g of protein) with various concentrations of [‘H]Ro15-1788 (83

Ci/mmol; NEN). Nonspecific binding was measured in the presence of

10 MM flunitrazepam (Sigma). Displacement of E:tH]Ro154788 (0.4 nM)

by Ro15-4513 (Research Biochemicals, Natick, MA), �ICCM (Research

Biochemicals), FG8205 (29), CL218,872 (obtained from Lederle), flun-

itrazepam (Sigma), triazolam (Sigma), abecarnil (obtained from Scher-

ing AG, Berlin, Germany), bretazenil (obtained from Hoffmann La
Roche, Basel, Switzerland), or zolpidem (obtained from Synthelabo,

Paris, France) was performed in a similar manner. Each ligand concen-

tration was assayed in triplicate in a 0.5-ml volume, incubated for 90

mm at 4’ , and harvested onto GF/B filters (Brandel) by filtration using

a Tomtec cell harvester and washing with ice-cold assay buffer. After
drying, filter-retained radioactivity was detected by liquid scintillation

counting. Experimental data points were fitted to single-site dose-

response curves using the least-squares iterative fitting routine of RS/
1 analysis software (BBN Research Systems, Cambridge, MA). K

values were calculated from three or more independent experiments

using the equation K = IC� x (1 + [[‘H]Ro15-17881/Kd).

Results and Discussion

The nucleic acid and deduced primary amino acid sequences

of the human GABAA receptor a2 and ce3 subunits are shown

in Fig. 1. The human a2 cDNA sequence contains an open

reading frame of 451 amino acids. The 5’ untranslated region

of this sequence contains the notable feature of a (CT):34 dinu-

cleotide repeat. This is also present in the rat a2 sequence (16).

The deduced amino acid sequence has 98.2% identity with the

bovine ct2 subunit (4) and contains features found in other

GABAA receptor subunits, i.e., a putative 28-residue signal
peptide, three putative N-glycosylation sites, and four hydro-

phobic putative transmembrane domains. The human a3 cDNA

sequence contains a deduced open reading frame of 492 amino

acids that has 97.0% identity with the published bovine cs3

deduced amino acid sequence (4) and again has the expected

features of a GABAA receptor subunit, i.e., a putative 28-amino

acid signal peptide, four putative N-glycosylation sites, and

four putative transmembrane domains, with a large putative

cytoplasmic loop between transmembrane domains 3 and 4.

Fig. 2 shows the alignment of human GABAA receptor al,

a2, ce3, and a5 subunits, aligned so that the most homologous

sequences are placed next to each other. Overall there is signif-

icant identity, particularly in the putative transmembrane do-

mains. Only the putative signal peptide and putative large

cytoplasmic loop domain show regions of significant diversity.

The BZ pharmacologies of human alflF’y2, a2fll’y2, a3�1’y2,
and a5f31-y2 GABAA receptor subunit combinations were deter-

mined by transient cotransfection into HEK 293 cells. Between
0.3 and 1.0 pmol/mg of membrane protein [3H]Ro15-1788

binding sites could be detected in the transfected cell mem-

branes. Scatchard analysis of saturation binding curves (data

 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/


A B

Fig. 1. Nucleotide and deduced amino acid sequences of human GABAA receptor a2 subunit (A) and c�3 subunit (B). The amino acid numbers are
indicated on the left; negative numbers refer to the putative signal peptide, with the first amino acid of the putative mature polypeptide being residue
+ 1 . Putative N-glycosylation sites are circled, and putative transmembrane domains are underlined.
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not shown) for the binding of the antagonist [tH]Ro15-1788

gave Kd values of 0.81 ± 0.07, 0.90 ± 0.09, 1.09 ± 0.04, and 0.56

± 0.03 nM for ct1�31-y2, cs2�31y2, ct3�lly2, and a5�1y2 subunit

combinations, respectively. To further characterize the BZ

pharmacology ofthese subunit combinations, competition bind-

ing assays were performed using selected compounds, i.e., the

full agonists flunitrazepam and triazolam, the BZ1-selective

full agonist zolpidem, the partial agonists FG8205, abecarnil,

and bretazenil, the BZ1-selective partial agonist CL218,872,

the partial inverse agonist Ro15-4513, and the full inverse

agonist �3-CCM. The K, values derived from these assays are

shown in Table 1. Flunitrazepam, triazolam, abecarnil, breta-

zenil, and FG8205 bound with high affinity to all four GABAA

receptors, with no significant selectivity between the various

subunit combinations. �1-CCM, in contrast, exhibited at least

an 8-10-fold selectivity for al-, a2-, and a3-containing recep-

tors over s5-containing receptors. A similar result has been

reported using rat GABAA receptor cDNAs (21). Of the com-

pounds tested, CL218,882 exhibited a relatively lower affinity

for all subunit combinations. It exhibited a 10-fold selectivity

for al-containing receptors, as reported previously (17, 21, 30),

confirming that the al subunit combination corresponds to the

BZ1 binding site of brain membrane. Similarly, another BZ1-

selective compound, zolpidem, exhibited an approximately 10-

I � � :�: :� �
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fold selectivity for al-containing receptors over ct2- and s3-

containing receptors and an almost 1000-fold selectivity for al-

over a5-containing receptors, as found previously using rat

GABAA receptor cDNAs (21). In contrast, Ro15-4513 was

unique in exhibiting a 10-15-fold higher affinity for a5-con-

taming than for al-, ct2-, and a3-containing receptors.

The data confirm that the human al-containing subunit

combination corresponds to the BZ1 binding site, whereas the

ct2-, a3-, and aS-containing subunit combination corresponds

to the BZ2 binding site. However, the lower affinity of zolpidem

and (3-CCM for aS-containing receptors indicates that there is

considerable heterogeneity within the original BZ2 binding site.

This is further emphasized by the binding of Ro15-4513, which

showed higher affinity for aS- than for ctl-, a2-, or a3-contain-

ing receptors. This compound is thus novel in being selective

for another subunit combination over the al-containing sub-

unit combination. Ro15-4513 has previously been shown to

bind to a class of BZ receptors in the cerebellum that do not

bind diazepam, the so-called diazepam-insensitive sites (31).

These binding sites are now known to be ct6-containing GABAA

receptors (11). a6-containing GABAA receptors have also been

shown to have a higher affinity than al-containing receptors

for Ro15-4513, although the degree of selectivity was only 3-

fold (11), compared with the 10-15-fold selectivity for aS- over

 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/


Human GABAA Receptor Subunit Cloning and Expression 973

ALPHAI -27 MrkepglsdclwewiLL LetltgRsygqpelqDElK

ALPHA2 -28 Mkt klnIyniefLLF VfLvwdpaRlvlerilqeoEaK

ALPHA5 -31 MdrigmfsgflMtknlLLF clsmnlsahlgfsQmPtssvK OEtn

ALPHA3 -28 MiitqtShcyMts1giLF1ini1pgttgggesrrGePgdfVKqdigg1�pkhapdipDdst

consensus M L ------- .-

10 dNtTvFTRILORLLOGYONRLRPGLGERVTEVKTDI f VTSFGPVSDhDMEYTIDVFFIROSW
IllIlIIIIllllllIIlllllI

9 nNITIFTRILORLLOGYONALRPGLGOs ITEVf Tn IYVTSF�PVSOTDMEYTIDVFFFRGkW

IlIIIIllIllIlllIlIIlllIl
13 DNITIFTPILOgLLOGYDNRLF�PGLGERITc1VrTDIYVTSFGPVSOTeMEYTIOVFFROSW

lllIllIlllIllIIIlllIIlIII
34 ONITIFTRILORLLOGYONRLRPGLGOaVTEVKTOIYVTSFGPVSOTDMEVTIOVFFRQtW

coneencue -N-T-FTRILO-LLOGYDNALRPGLG---T--V--1-I-VTSFGPVSD--MEYTIDVFFRG-W

7 1 KOEIRLKFKGPMtvLIRLNNLMASK IWTPOTFFHNGKK9VAHNMTMPNKLLRIteL�GTLLYTM
I I I I 1 I I I I I I I I I I I I I I I I I I I I I 1 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

70 KDERLKFKGPMn ILRLNNLMASKIWTPOTFFHNc3KKSVAHNMTMPNKLLRIqOOGTLLYTM
llIlllIlll lllIllIlIlllttlllllllltlllllllllI

74 KDERLrFKGPMqrLPLNNLLASKIWTPOTFFHNGKKSi AHNP-ITTPNKLLRLeDDGTLLYTM
IllIlIll

95 hDERLKFdGPMk ILPLNNLLASKIWTPOTFFHNGKKSVAHNMTTPNKLLRLvDnGTLLYTM

coneengue -OERL-F-GPM--L-LNNL-ASKIWTPDTFFHNGKKS-AHNMT-PNKLLR----GTLLVTM

132 RLTVrA�CPMHLEDFPMOAHACPLKFGSYAYTrAEVVYeWTreparSVVVAEDGSRLNOYD
lllllIllllllllllIllIIllllIlIll 11111 lIlt

13 1 RLTVqAECPMHLEDFPMOAHsCPLKFGSVAYTtSEVtY iWTynasdSVqVApDGSIRLNGYO
Ill lllllllllllIlIlIIIlIlllI 111111

135 RLTIeAECPMqLEOFPMOAHACPLKFGSYAYPnSEVVYvWTnGetKSVVVAEDGSRLNGYh
lllllllllllllIlIlllIIIlllItl 1111111 Ill II

156 RLTIhAECPMHLEOFPMOvHACPLKFGSYAYTtAEVVYsWT 1GknKSVeVAqDGSRLNGYD

consensus RLT--AECPM-LEOFPMD-H-CPLKFGSYAY---EV-Y-WT SV-VA-DGSRLNGY--

___________TM I___________
193 LLGGTVdeg IvqSSTGEYVVMTTHFHLKRK IGYFVTOTYLPCIMTVILSOVSFWLNRES�

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 III
192 LLGOs IGkEt IkSSTGEYTVMTAHFHLKRKIGYFVIGTYLPCIMTVILSOVSFWLNRESVP

Ill Ill 111111
196 LMGOTVGTEnIetSTGEYTIMTAHFHLKAKIGYFVIGTYLPCIMTVILSQVSFWLNRESVP

II 11111 11111
217 L1GhvVGTEI IrSSTGEYVVMTTHFHLKF�KIGYFVIOTYLPCIMTVILSQVSFWLNRESVP

consensus L1G STGEY--MT-HFHLKRKIGYFVIQTYLPCIMTVILSQVSFWLNRESVP

______TM2___________ __________TM3__________
a�4 ARTVFGVTTVLTMTTLSISARNSLPKVAYATAMOWFIAVCYAFVFSALIEFATVNYFTKRG

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 1 I I I I I I I I I I I I I I I I I III
253 ARTVFGVTTVLTMTTLSISAPNSLPKVAYATAMOWFIAVCYAFVFSALIEFATVNYFTKRG

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 I I I I I I III
257 ARTVFGVTTVLTMTTLSISAPNSLPKVAYATAMDWFIAVCYAFVFSALIEFATVNYFTKRG

I I I I 1 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 III
279 ARTVFGVTTVLTMTTLSISARNSLPKVAYATAMOWFIAVCYAFVFSALIEFATVNYFTKAg

consensus ARTVFGVTTVLTMTTLSISARNSLPKVAYATAMOWFIAVCYAFVFSALIEFATVNYFTKR-

315 yAWDGK SVVpekpKKvI< dpi IkkNNtYAptat�YTPNLergDPgLeTIeKS
Ill Ill Ill till till 1111111

314 WtWDGK svv ndkKKel< aavmIqNNeYAvAvAriYaPNL gkOPvLsTISKS
11111 I I Ii I I I

318 ‘i4r;40?��?tr� AAKIKK krevliN kstnAfttgkm�hppntPkeqTpagT

3:39 WAWeGkKvpeALEmkkktpAApaKKtsttlnlvgttYpiniAkdTefstiakgaepssSsT

consensus ----W-GK K

__________TM4____________
367 ATIepkevKP EtKPpEpKKTFNSVSKIDA1SRI#{225}FPThFGIFNLVYWATYLNAEPq iKap

II
363 ATTpepnKKP �nKPaEaKKTFNSVSKIDRMSRIVFPVLFGTFNLVYWATYLNREPV 1 q

I III lllIIIlIIlIIlIllIlIlIllIIIillIIIiIIIt
367 anTtevsvKPsEeKtSEaKKTYNSISKIOKMSRIVFPVLFGTFNLVYWATYLNREPVIKGa

llIIIIlIIIIllIIiI lilIllIllill III
339 ptIIaapKatyvqdCptetKTYNSVSKvOKISRIIFPVLFaIFNLVYWATYvNIAEsaIKGm

coneeneus KT-NS-SK-D--SRI--FP-LF--FNLVYWATY iNRE --

427 tphQ

421 v?f��

428 aSPk

461 tr’kO

coneensue

Fig. 2. Alignment of the deduced amino acid sequences of the human GABAA receptor al (24), a2, a3, and a5 (26, 27) subunits. Sequences were
aligned using the lntelligenetics Genalign program so that the most homologous sequences are placed next to each other. The consensus line
indicates where a residue is conserved in all sequences. The amino acid numbers are indicated on the left, with the putative mature polypeptide
beginning at position +1 . TM1-4, putative transmembrane domains.

 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/


974 Hadingham et a!.

2 K. L. Hadingham and P. J. Whiting, unpublished observations.

TABLE 1

Affinity (K,) of selected ligands for various human GABAA receptor subunit combinations transiently expressed in HEK 293 cells
The affinities were determined from displacement of 0.4 flM [3H]Rol 5-1 788 by the various ligands. as described in detail in Materials and Methods. Values are given as
mean ± standard error of at least three independent determinations.

K,

n1�f1�2S a2�3iy2S cs3�31y2S a5(�1�y2S

flM

Flunitrazepam 11.5 ± 1.6 5.2 ± 0.4 15.7 ± 3.6 5.5 ± 0.4
Triazolam 1 .8 ± 0.4 1 .2 ± 0.2 3.0 ± 0.7 1 .2 ± 0.3
Bretazenil 1 .2 ± 0.2 1 .2 ± 0.2 1 .3 ± 0.2 2.4 ± 0.5
Abecarnil 3.9 ± 1.0 4.4 ± 0.6 7.1 ± 0.6 8.4 ± 0.1

FG8205 2.3 ± 0.5 3.7 ± 0.2 6.4 ± 2.3 6.4 ± 0.1
Ro15-4513 10.0 ± 0.6 10.4 ± 1.1 7.8 ± 1.8 0.7 ± 0.1

fl-CCM 2.2 ± 0.4 6.5 ± 1.2 9.2 ± 1.8 76.4 ± 7.8
Zolpidem 111.9 ± 17.0 760.6 ± 88.3 2,149.5 ± 492.3 25,846.1 ± 2,150.5
CL218,872 290.5 ± 31.9 2,903.2 ± 420.2 3,136.4 ± 597.6 1,154.1 ± 66.2

csl-, cr2-, and a3-containing receptors reported here. It is inter-

esting to note that Ro15-1788 and Ro15-4513 are quite similar

in structure, yet the former is a nonselective BZ antagonist

whereas the latter is an aS-selective partial inverse agonist.

Thus, relatively small changes in the structures of these com-

pounds can result in significant alterations in both their selec-

tivity and efficacy.

We report in this investigation that abecarnil exhibits na-

nomolar affinity for all human GABAA receptor subunit corn-

binations examined, with no significant selectivity. This is in

disagreement with another report (32), which used recombinant

rat GABAA receptor subunit combinations and found that al-

containing receptors had 30-fold and 10-fold higher affinity for

abecarnil than did a3- and a5-containing receptors, respec-

tively. The reason for this discrepancy is currently unclear.

A number of the BZ site agonists used in this study (fluni-
trazepam, triazolam, bretazenil, abecarnil, and FG8205) exhib-

ited very similar profiles, binding with nanomolar affinity and

showing no selectivity between the GABAA receptor subunit

combinations. These compounds do, however, have different

clinical/behavioral profiles; both flunitrazepam and triazolam

are sedative agents and produce marked motor impairment,

whereas bretazenil, abecarnil, and FG8205 show a much lower

tendency to cause these effects (29, 33). It is possible to inter-

pret this observation by postulating that flunitrazepam and

triazolarn cause sedation by binding with high affinity to other

receptor subtypes to which bretazenil, abecarnil, and FG8205

do not bind. A more likely interpretation is that the different

efficacies of these compounds lead to their different behavioral

and clinical profiles. When tested electophysiologically on re-

combinant human GABAA receptors, flunitrazepam and tria-

zolarn are full agonists, whereas bretazenil, abecarnil, and

FG8205 are partial agonists (30).’ This supports previous oh-

servations that partial agonists have a lesser tendency to cause

sedation (33). It remains to be demonstrated that the sedative

properties of BZs can also be avoided by developing GABAA

receptor subtype-selective BZ site compounds.

The BZ pharmacologies of the recombinant human GABAA

receptors were in good agreement with the BZ pharmacology
of receptor subtypes detergent solubilized from rat brain and

immunoprecipitated with a subunit-specific antisera (34). The

t Wafford, K. A., C. J. Rain, P. J. Whiting, and J. A. Kemp. A functional

comparison of the role of -y.subunits in recombinant human GABAA benzodiaze-
pine receptors. Mol. Pharmacol., in press.

only compound that showed a significant difference was

CL218,872, which had an approximately 6-7-fold lower affinity

for recombinant human a2fll’y2, a3f31’y2, and a5fl1y2 receptors,

compared with the a2-, a3-, and aS-containing receptors im-

munoprecipitated from rat brain. However, the fact that the

pharmacologies are overall very similar suggests that these

recombinant receptors are a valid representation of native

GABAA receptors. Additionally, because the native receptors

immunoprecipitated from rat brain undoubtedly contained fi

subunits other than f31 (35, 36), this suggests that the type �3

subunit present does not significantly influence the BZ phar-

macology of GABAA receptor subtypes. Indeed, a detailed study

using different fi subunits coexpressed with a and �y2 subunits

in transfected cells confirms this observation.2

Previous studies investigating the BZ pharmacology of GA-

BAA receptors have identified BZ1-selective compounds such

as zolpidem and CL218872, which have higher affinity for al-

containing receptors. Here we have identified a compound,

Ro15-4513, that has a higher affinity for a5-containing than

for al-, a2-, and a3-containing receptors. This suggests that in

the future, using transfected cells transiently or stably (37)

expressing GABAA receptor subunit combinations, it may be

possible to identify receptor subtype-selective BZs that have

improved profiles, lacking some of the undesirable effects such

as tolerance and sedation that are features of the currently

available drugs.
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