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SUMMARY

A cDNA encoding the human y-aminobutyric acid, (GABA,)
receptor a6 subunit has been cloned and sequenced. The
deduced amino acid sequence of this cDNA shows 91.4%
identity with the published rat a6 subunit. /n situ hybridization
histochemistry reveals the a6 mMRNA to be located within the
granule cell layer of the human cerebellar cortex. Recombinant
human a6By2S GABA, receptors have been expressed in both
stably transfected cells and Xenopus oocytes, and the phar-
macology of the benzodiazepine binding site has been deter-
mined. The recombinant receptor has a diazepam-insensitive
pharmacology, with negligible affinity for a number of classic
benzodiazepines. A number of compounds that bind to the

benzodiazepine site potentiated the GABA response of «632y2
receptors. Most importantly, the classic benzodiazepine antag-
onist ethyl-8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imi-
dazo[1,5-a][1,4]benzodiazepine-3-carboxylate (Ro 15-1788)
and the partial inverse agonist ethyl-8-azido-5,6-dihydro-5-
methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-car-
boxylate (Ro 15-4513) both acted as agonists at the a6 con-
taining receptor. This observation demonstrates definitively
that efficacy of benzodiazepine compounds cannot be gener-
alized across receptor subtypes and may also help explain
some of the behavioral effects that have been reported for
these compounds.

The mammalian GABA, receptor is a ligand-gated ion
channel; the binding of GABA to this receptor results in the
opening of an intrinsic chloride ion channel, leading to hy-
perpolarization of the cell membrane. The receptor is the
target for a number of drugs, including BZs, barbiturates,
neurosteroids, and ethanol (1, 2).

Molecular cloning has demonstrated the existence of an ex-
tensive family of highly homologous GABA, receptor subunit
genes, of which there are six a, three B, three vy, and one &
currently known in the mammalian brain. Combinations of
these subunits are believed to assemble in vivo, forming a
family of receptor subtypes (for a review, see Refs. 2 and 3). The
use of in vitro expression systems has shown that an «, a 8, and
a vy subunit are necessary to assemble a recombinant receptor
exhibiting the different functional and pharmacological proper-
ties seen in native GABA, receptors (4, 5). Pharmacologically
defined BZ1/BZ2 nomenclature (6) has been shown to correlate
well with a1By2 (BZ1) and a2/a3/a5By2 (BZ2) pharmacologies
observed in recombinant systems (4, 7-9). However, the BZ site
pharmacologies of rat a4- and a6-containing receptors appear

markedly different (10, 11) than those seen with receptors ex-
pressing the other a subunits. The pharmacology of rat «682y2
receptors corresponds to the so-called diazepam insensitive
[®HIRo 15-4513 binding sites found in the rat or bovine cere-
bellum (12). The binding of [PH]Ro 15-4513 to these sites is
displaced by micromolar concentrations of some compounds,
such as DMCM and Ro 15-1788, but not by other “classic BZs,”
such as diazepam or flunitrazepam. The a6 subunit is unique in
that, at least in the rat, its expression is limited to cerebellar
granule cells (10). Immunoprecipitation experiments have
shown that in the rat cerebellum, the most abundant receptor
subtype (36% of GABA, receptors) contains a6 in combination
with y2 (and presumably a B subunit), suggesting that it may
have a physiologically important role (13).

We report the cloning and sequencing of a cDNA encoding
the human a6 GABA, receptor subunit and describe the site
of expression of the corresponding a6 mRNA in human brain.
Also, we report the characterization of the pharmacology of
human a6-containing receptors expressed in Xenopus oocytes
and stably transfected mammalian cells.

ABBREVIATIONS: GABA,, y-aminobutyric acid type A; BZ, benzodiazepine; DI, diazepam insensitive; DMCM, 6,7-dimethoxy-4-ethyl-B-carbo-
line-3-carboxylate methyl ester; Ro 15-4513, ethyl-8-azido-5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylate; Ro
15-1788, ethyl-8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylate; TM, transmembrane; PBS, phos-

phate-buffered saline.
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Materials and Methods

Isolation and sequencing of a cDNA encoding the human a6
subunit. A rat a6 subunit cDNA was first obtained with the use of
PCR. PCR was performed as described previously (14) using whole
rat brain ¢cDNA as template and oligonucleotide primers derived
from the published rat a6 sequence (10), incorporating an EcoRI site
for subcloning into pBluescript SK™ vector (Stratagene): 5'-GGAA-
GAATTCAGGAGGGTGACCT-3' (bp 48-72) and 5'-GAAAATAAC-
GAATTCCAGTGTCCAGCTTT-3' (bp 1376-1404). The rat a6 cDNA
was labeled with 32P and used to screen a human cerebellum cDNA
library (Stratagene), as described elsewhere (9). Several overlapping
a6 cDNA clones were isolated; DNA sequencing of the clones indi-
cated that none contained the complete coding region. A full-length
a6 cDNA was constructed from three overlapping cDNAs with the
use of convenient restriction sites and sequenced completely on both
strands with Sequenase II (United States Biochemicals) through a
combination of restriction enzyme deletion and oligonucleotide
primer walking. Management of cDNA sequences and analysis of
nucleotide and translated protein sequences was performed with
Intelligenetics software.

Expression vectors and transfection. Isolation of human al,
B2, B3, and y2S GABA, subunit cDNAs have been described previ-
ously (9, 15). In Xenopus oocyte expression studies, each subunit
c¢DNA was expressed from the eukaryotic vector pCDM8 (Invitro-
gen).

Production of a stably transfected cell line (H132 clone 16) ex-
pressing the human a1B3y2S GABA, receptor subtype has been
described previously (15). Stable expression of the a633y2S subtype
was similarly obtained by transfection of the individual subunit
cDNAs in the dexamethasone-inducible eukaryotic expression vector
pMSGneo (16, 17) into mouse L(tk—) cells. DNA for transfection was
prepared by double-banding on CsCl gradients. Cell culture and
transfections were performed as described previously (15, 17). Gene-
ticin-resistant (GIBCO-BRL) cell colonies obtained from the
a6B3y2S stable transfection were isolated using cloning cylinders
and analyzed individually for the binding of [*H]Ro 15-4513 (28.8
Ci/mmol; NEN) after a 5-day induction of receptor expression by the
addition of 1 uM dexamethasone to culture medium lacking geneti-
cin. The population expressing the highest levels of [’'H]Ro 15-4513
binding was recloned by limiting dilution. The resultant cell line,
M632 clone 1, was initially maintained in medium containing Gene-
ticin (2 mg/ml) but was subsequently cultured in normal growth
medium and incubated only every 2—-3 weeks in medium containing
geneticin.

Transient expression of human «alB1y2S, a6B1y2S, and
ala6B1y2S cDNAs in human embryonic kidney 293 cells was per-
formed essentially as described previously, with the exception that
GABA, receptor cDNAs (5-10 pg/10-cm dish) were supplemented
with an equal amount of pAdvantage vector (Promega).

Membrane preparation and ligand binding. Cells were
washed twice with PBS and scraped into PBS. After centrifugation
(3000 X g for 20 min at 4°), membranes were prepared as described
previously (15). Saturation binding curves were obtained by incubat-
ing membranes (100-200 ug of protein) with various concentrations
of [*H]Ro 15-1788 («1B3¥2S stably transfected cells) or [*'H]Ro 15—
4513 (a6B3y2S stably transfected cells). Nonspecific binding was
measured by the inclusion of 10 uM unlabeled Ro 15-1788 (a1B3y2S
stably transfected cells) or Ro 15-4513 (a683y2S stably transfected
cells) (both from Research Biochemicals International). All binding
assays were performed in triplicate in an assay volume of 0.5 ml,
with an incubation time of 90 min at 4°. Incubations were terminated
by filtration through GF/B filters (Brandel) on a Tomtec cell har-
vester, followed by three washes in ice-cold assay buffer. After dry-
ing, filter-retained radioactivity was measured by liquid scintillation
counting. Displacement of [PH]Ro 15-4513 (5 nM) or [*H]Ro 15-1788
(0.75 nM), as appropriate, by various BZ binding site ligands was
performed under similar conditions, and single-site dose-response

TABLE 1

Affinities of selected BZ binding site ligands for human a183y2S
and a6B3y2S GABA, receptor subunit combinations stably
expressed in mouse L(tk—) fibroblasts

Affinities are shown (K;; K4 where indicated®) for 11 BZ site ligands. K, values
were obtained by Scatchard isotherm analysis of radioligand binding ([*H]Ro
15-1788 for a1B83y2S and [PH]Ro 15-4513 for a683y2S). The K, values indicated
were obtained by displacement of sub-K, concentrations of the appropriate
radioligand by various ligands, as described in Materials and Methods. All values
given are the mean * standard error from at least three independent determina-
tions. n.d. = not determined.

Ki
alpB3y2S abB3y2S

nm
[PH]Ro 15-1788¢° 0.92 + 0.04 n.d.
[PH)JRo 15-45132 n.d. 6.5+ 0.6
Flunitrazepam 52 *0.2 >10,000
Methyl B-carboline-3 carboxylate 1.0x0.2 2053 * 471
Ro 15-4513 26*1.1 n.d.
Ro 15-1788 n.d. 148 + 3
FG 8205 0.68 = 0.17 227 + 40
CL 218,872 895+ 4 >10,000
Zolpidem 20.7 = 24 >10,000
Triazolam 0.68 = 0.11 >10,000
Bretazenil 0.35 = 0.07 127 +13
Diazepam 16.8 + 2.0 >10,000
DMCM 11.2 + 0.9 134 = 21

curves were fitted to the experimental data using the least-squares
iterative fitting routine of analysis package RS/1 (BBN Research
Systems). K; values were calculated from the results of at least three
independent determinations by using the following equation: K; =
IC;/(1 + [radioligandVK,, where K, is the mean value for the par-
ticular radioligand/receptor combination used, as given in Table 1.
Other than Ro 15-1788 and bretazenil (both gifts from Hoffmann-La
Roche), zolpidem (Synthelabo), abecarnil (Schering AG), CL 218,872
(Lederle), and FG 8205 (synthesized at Merck Sharp & Dohme), all
other BZ-site ligands were obtained from Research Biochemicals or
Sigma.

Displacement of [PH]Ro 15-4513 (6 nM) from the transiently ex-
pressed human GABA, receptors by flunitrazepam was performed
as described above, with single- and multiple-site dose-response
curves fitted to the data with a nonlinear squares fitting program
(Grafit; Erithacus Software Ltd.).

Oocyte expression. Xenopus oocytes were removed from anes-
thetized frogs and manually defolliculated with fine forceps. After
mild collagenase treatment to remove follicle cells [Type IA (0.5
mg/ml) for 8 min), the oocyte nuclei were then directly injected with
10-20 nl of injection buffer [88 mM NaCl, 1 mm KCl, 15 mM HEPES,
at pH 7.0 (nitrocellulose filtered)] containing different combinations
of human GABA 4 receptor subunit cDNAs (20 ng/ul) engineered into
the expression vector pCDM8 or pcDNAI/Amp. After incubation for
24 hr, oocytes were placed into a 50-ul bath and perfused with
modified Barth’s medium consisting of 88 mm NaCl, 1 mm KCl, 10
mMm HEPES, 0.82 mM MgSO,, 0.33 mM Ca(NO,),, 0.91 mM CaCl,, and
2.4 mm NaHCO,, pH 7.5. Cells were impaled with two 1-3 MQ
electrodes containing 2 M KCl and voltage-clamped between —40 and
—70 mV. The cell was continuously perfused with saline at a rate of
4-6 mV/min, and drugs were applied in the perfusate. GABA modu-
lators were preapplied for 30 sec before the addition of GABA. GABA
was applied until the peak of the response was observed, usually
within 30 sec. At least 3 min wash time was allowed between each
GABA application to prevent desensitization. Concentration-re-
sponse curves were calculated with a nonlinear squares fitting pro-
gram to the following equation: fix) = B,,,,/(1 + (ECs/x)""), where x
is the drug concentration, EC;, is the concentration of drug eliciting
a half-maximal response, and ny is the Hill coefficient.

In situ hybridization histochemistry. In situ hybridization
histochemistry was performed on 10-um-thick frozen human brain
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AATTCTGCATTTCAGTGCACTGCAGG ATG GCG TCA TCT CTG CCC TGG CTG TGC ATT 56
MET Ala BSer Ser Leu Pro Trp Leu Cys Ile
ATT CTG TGG CTA GAA AAT GCC CTA GGG AAA CTC GAA GTT GAA GGC AAC TTC TAC 110
-9 Ile Leu Trp Leu Glu Asn Ala Leu Gly‘x.yn Leu Glu Val Glu Gly Asn Phe Tyr
TCA GAA GTC AGT CGG ATC CTG GAC AAC TTG CTT GAA GGC TAT GAC AAT CGG 164
10 Ser Glu Val Ser Axg Ile Leu Asp Asn Leu Leu Glu Gly Tyx Asp Asn Axg
CTG CGG CCG GGA TTT GGA GGT GCT GTC ACT GAA GTC AAA ACA GAC ATT TAT GTG 218
28 Leu Arg Pro Gly Phe Gly Gly Ala Val Thr Glu Val Lys Thr Asp Ile Tyxr Val
ACC AGT TTT GGG CCC GTG TCA GAT GTG GAG ATG GAG TAT ACG ATG GAT GTT TTT 272
Thr Ser Phe Gly Pro Val Ser Aap Val Glu MET Glu Tyr Thr MET Asp Val Phe
TTT CGC CAG ACC TGG ACT GAT GAG AGG TTG AAG TTT GGG GGG CCA ACT GAG ATT 326
Phe Arg Gln Thr Trp Thr Asp Glu Arg Leu Lys Phe Gly Gly Pro Thr Glu Ile
CTG AGT CTG AAT AAT TTG ATG GTC AGT AAA ATC TGG ACG CCT GAC ACC TTT TTC 380
82 Leu Ser Leu Asn Asn Leu MET Val Ser Lys Ile Trp Thr Pro Asp Thr Phe Phe
AGA AAT GGT AAR ARG TCC ACA ACT CCT AAT AAA CTC TTC 434
100 Arg Asn Gly Lys Lys Ser Thr Thxr Pxo Asn Lys Leu Phe
AGA ATA ATG CAG E GGA ACC ATT TTA TAC ACC ATG AGG CTT ACC ATC AAT GCT 488
118 Arg Ile MET Gln Gly Thr Tle Leu Tyr Thr MET Axrg Leu Thr Ile Asn Ala
GAC TGT CCC ATG AGG CTG GTT AAC TTT CCT ATG GAT GGG CAT GCT TGT CCA CTC 542
136 Asp Cys Pro MET Axg Leu Val Asn Phe Pro MET Asp Gly His Ala Cys Fro Leu
r — — — — — — — — — — — —— — —»
AAG TTT GGG AGC TAT GCT TAT CCC AAA AGT GAA ATC ATA TAT ACG TGG ARR 596
154 Lys Phe Gly Sexr Tyr Ala Tyr Pro Lys Ser Glu Ile Ile Tyr Thr Trxp Lys Lys
ig. 1. Nucleotide and deduced
GGA CCA CTT TAC TCA GTA GAA GTC CCA GAA TCT TCA AGC CTT CTC CAG TAT 650 Flg' : c e and ded
172 Gly Pro Leu Tyr Ser Val Glu Val Pro Glu Glu Ser Ser Ser Leu Leu Gln Tyr amino acid sequences of human
GABA, receptor ab subunit. Left,
GAT CTG ATT GGA CAA ACA GTA TCT AGT GAG ACA ATT AAA TCT AAC ACA GGT GAA i i , i
190 Asp Leu Ile Gly Gln Thr Val Ser Ser Glu Thr Ile Lys Ser Asn Thr Gly Glu 704 ra):jnr;?&rsaigernt‘;"t‘l?eer;lzltar:levgea;\;e
TAC GTT ATA ATG ACA GTT TAC TTC CAC TTG CAA AGG AAG ATG GGC TAC TTC ATG 758 nal peptide, with the first amino
208 Tyr Val Ile MET Thr Val Tyr Phe His 3 acid of the putative mature
cor 812 polypeptide being residue +1. Ar-
226 : row, position of the putative sig-
nal sequence cleavage site.
244 866 Dashed line, the two cysteine res-
idues separated by 13 amino ac-
) GTG TCA 920 ids. Boxes, putative N-glycosyla-
26 val Ser tion sites. Black boxes, putative
TAT GCC ACT ATG _GAT TGG TTC ATA GCT GTT TGC TTT GCA TTC GTC TTC TCT 974 transmembrane domains (TM1-
280 N R Y C S VT W Y NN RO Ty T™4).
ACC
— 1028
GCG AARA AGG AAG GCA CAG TTT GCA GCC CCA CCC ACA GTG ACA ATA TCA AAA GCT 1082
316 Ala Lys Arg Lys Ala Gln Phe Ala Ala Pro Pro Thr Val Thr Ile Ser Lys Ala
ACT GAA CCT TTG GAA GCT GAG ATT GTT TTG CAT CCT GAC TCC AAA TAT CAT CTG 1136
334 Thr Glu Pro Leu Glu Ala Glu Yle Val Leu His Pro Asp Ser Lys Tyr His Leu
AAG AAA AGG ATC ACT TCT CTG TCT TTG CCA ATA GTT TCA TCT TCC GAG GCC AAT 1190
325 Lys Lys Arg Ile Thr Ser Leu Ser Leu Prxo Ile Val Ser Ser Sex Glu Ala Asn
AAA GTG CTC ACG AGA GCG CCC ATC TTA CAA TCA ACA CCT GTC ACA CCC CCA CCA 1244
370 Lys Val Leu Thr Arg Ala Pro Ile Leu Gln Ser Thr Pro Val Thr Pro Pro Pxo
CTC CCG CCA GCC TTT GGA GGC ACC AGT AAA ATA GAC CAG TAT TCT CGA ATT CTC 1298
388 Leu Pro Pro Ala Phe Gly Gly Thr Ser Lys Ile )
1352
406
AAA GAT ACA ATG GAA GTG AGT AGC AGT GTT GAA TAG CTTTTCCAGGACAACCTGAA 1408
424 Ly®s Asp Thr MET Glu Val Ser Ser Ser Val Glu
TTCTATAAGTTCTTGTTTTCTGTTTCCTATGTT TTCTTAAAAAATAGCATTGAGACTTGTGTAGATGCTT 1478
CTCAGAACATGAAATCAAATTGGAAATCTGTAACGCAGCTTCTGTAAGCATGTGTGGGCAAAAAAGCAAT 1548
AATCCTACTCCTCAAAATAGAAAGT TGAAGATTGCTGAAAAATATGACTTTTCTGTATGTTAGAGAAAAA 1618
CTTTATGAGGATGAAATGGGTTCAAGATGAAT TTGTCAACT TTTGTCTTCCATTGTTCAGTATTTTTAAT 1688
TATCACTGTAAATAACATTACCACAAGGCAAAAAAAAAAGARAAN 1722

sections as described previously (18). The brain was obtained from a
male heart attack victim aged 54 years. Briefly, blocks of human
postmortem brain were frozen on dry ice, and 10-um-thick sections
from various brain regions were cut with a cryostat. After fixation in
40% paraformaldehyde in PBS, the sections were dehydrated in a
series of alcohols and stored in 95% alcohol at 4° until used. Hybrid-
ization was performed overnight at 37° on air-dried sections with an
antisense oligonucleotide corresponding to bases 1194-1241 of the

human a6 sequence, which had been labeled to high specific radio-
activity with 35S-dATP using terminal transferase. After stringent
washing (1X standard saline citrate, 55° and 60°, 30 min each), the
sections were dehydrated again before air-drying. Sections were
apposed to Hyperfilm max (Amersham) for 10 days. High resolution
autoradiograms were achieved by dipping sections in Ilford K5 liquid
emulsion and, after being developed 2 months later, counterstained
with methylene blue, dehydrated, cleared with xylene, and mounted.
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Results and Discussion

Nucleotide and deduced amino acid sequence of hu-
man af subunit. The nucleotide and deduced primary
amino acid sequence of human a6 ¢cDNA is shown in Fig. 1.
The amino acid sequence (454 residues) contains all of the
motifs seen in members of the ligand-gated ion channel fam-
ily: a putative signal peptide (19 residues), a large putative
extracellular domain containing two cysteines separated by
13 residues, and four hydrophobic putative TM domains.
There are three putative N-glycosylation sites (Asn!Z,
Asn'®®, and Asn'!22), one putative cAMP-dependent protein
kinase phosphorylation site (Thr®®), and two putative pro-
tein kinase C phosphorylation sites (Thr®!? and Thr®%®). Fig.
2 shows the alignment of the deduced amino acid sequences
of the rat and human a6 subunits. There are 39 amino acid
differences (91.4% identity), most of which are in the putative
signal peptide and putative intracellular loop region between
TM3 and TM4. It is interesting to note that this degree of
species divergence is somewhat greater than that found for
other human/rat a subunits, which show 99%, 97%, 98%, and
94% deduced amino acid sequence identity (al, a2, a3, and
a5 subunits, respectively) (9, 19-21). It is of importance that
Arg'®, which determines the diazepam insensitivity of a6-
containing rat GABA, receptors (22), is conserved in human
ab.

Expression of the a6 subunit mRNA in human brain.
In situ hybridization histochemistry has been performed on
10-pum-thick human cerebellar coronal sections with the use
of an antisense oligonucleotide probe corresponding to bases
1194-1241 of the human a6 sequence. As shown in Fig. 3,
dense hybridization signals for human a6 mRNA were found
in the human cerebellum, with the signal being restricted to
the granule cell layer of the cerebellar cortex. This is identi-
cal to the expression observed in rat brain (23, 24). High
resolution autoradiograms (Fig. 3b) showed no expression of
the mRNA in the Purkinje cells.

Fig. 2. Alignment of the deduced amino acid sequences
of the rat (10) and human a6 GABA, receptor subunits.
Sequences were aligned using the Intelligenetics Genalign
program so that the most homologous sequences were
placed next to each another. Arrow, position of the puta-
tive signal sequence cleavage site. Black boxes, amino
acid identity between the sequences. Left, amino acid
numbers, with the putative mature polypeptide beginning
at position +1. Underline, putative transmembrane do-
mains (TM1-TM4).

Pharmacology of human «6-containing receptors. To
allow determination of the BZ pharmacology of human «6-
containing receptors, a stable cell line expressing the
a6B3y2S GABA, receptor subtype has been established in
mouse L(tk—) cells with an approach we described previously
(15-17). The clonal cell line used in these studies, M632 clone
1, expresses 0.5-0.7 pmol [*H]Ro 15-4513 binding sites/mg
protein after a 7-day induction in medium containing dexa-
methasone, as determined from binding isotherms such as
that shown in Fig. 4.

Scatchard analysis of the binding of [*H]Ro 15-4513 to
a6B3y2S human GABA, receptors gave a K, value of 6.5 +
0.6 nM. Displacement of this radioligand was performed with
a number of BZ binding site ligands, and their K, values were
calculated. The mean K; values obtained are listed in Table 1,
together with those obtained for the displacement of [’ H]Ro
15-1788 from similarly expressed a1B3y2S GABA, recep-
tors. It can be seen that the a6-containing receptor, although
binding Ro 15—4513 with high affinity, shows negligible af-
finity for classic BZs, as typified by diazepam. This DI phar-
macology, which has also reported for rat a4-containing re-
ceptors (11), is very different from that seen for al-containing
receptors, which exhibit a BZ1 pharmacology, binding BZs
and the B-carbolines methyl-B-carboline-3-carboxylate and
DMCM with high affinity. The DI pharmacology of the hu-
man a6-containing receptor is not unexpected given the con-
servation of the Arg'°° residue among species, as this residue
is known to be a major contributor to the DI pharmacology of
rat a6-containing receptors (22). The 1,4-diazepinone carbox-
ylate bretazenil (Ro 16-6028), like Ro 154513, exhibits a
high affinity for human a683y2S-containing receptors. This
compound has been reported to have a high affinity for DI
GABA , receptors in rat cerebellar membranes (25). The high
affinity of Ro 154513 and bretazenil and the measurable
affinities of Ro 15-1788 and FG 8205 may reflect their struc-
tural similarity; they are all imidazobenzodiazepines.



Fig. 3. Low (A) and high (B) resolution autoradiograms showing ex-
pression of a6 GABA, receptor mRNA in the human cerebellum. /n situ
hybridization of an antisense probe to the human a6 sequence to frozen
human brain sections was performed as described in Materials and
Methods. Scale bars: A, 1 mm; B, 50 um. Single arrow, granule cell
intensely labeled for a6 mMRNA. Double arrows, Purkinje cells not la-
beled for a6 mMRNA.

Cerebellar granule cells express both al and a6 subunits
(24). It has been suggested that some GABA, receptor mac-
romolecules in the cerebellum do contain both al and a6
subunits (26), although Quirk et al. (13) presented data in-
dicating that the vast majority of receptors in the cerebellum
contain either al or a6 subunits but not both. There have
also been reports that native GABA, receptors can contain
both al and a3 subunits or both a2 and a3 subunits (8, 27).
To further investigate whether receptors can contain both an
al and an a6 subunit, we transiently transfected 293 cells
with a1B1y2S, a6B1y2S, and ala6B1y2S cDNAs and deter-
mined the affinities of these subunit combinations for fluni-
trazepam, which has markedly different affinities for a1- and
ab-containing receptors (Table 1). Fig. 5 shows the result of a
typical experiment. Membranes from ala6B81y2S-transfected
cells show a biphasic curve with high affinity (IC;, = 14 nm)
and low affinity (IC;, = 380 uM) sites for flunitrazepam.
Membranes from cells transfected with «1B81y2S and
a6B1v2S had affinities for flunitrazepam (IC5;, = 14 nm and
210 uM, respectively) that were essentially identical to the
affinities at the high and low affinity sites of ala6B1y2S-
transfected cells. In Fig. 5, 40% of the [*’H]Ro 15-4513 bind-
ing sites in the ala6B1y2S-transfected cells have high affin-
ity for flunitrazepam, whereas 60% have low affinity. The
ratio of low to high affinity sites could be varied by altering
the ratio of al to a6 cDNAs in the transfection (data not
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Fig. 4. Saturation isotherm of [°H]JRo 15-4513 binding to membranes
of a6B3y2S permanently transfected cell membranes. In this experi-
ment, 100 ug cell membrane protein bound a maximum of 61.3 fmol
[H]JRo 15-4513 with a K, of 5.3 nM. From four independent experi-
ments, a mean K, value of 6.5 + 0.6 nm was obtained.
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Fig. 5. Displacement by flunitrazepam of [°H]Ro 15-4513 binding from

membranes of human embryonic kidney 293 cell transiently transfected
with a1B192S (O), a681¥2S (@), or a1a681y2S ((J) cDNAs.

shown). These data clearly suggest that in 293 cells trans-
fected with al, a6, B1, and y2S cDNAs, two populations of
receptors are formed: a1B1y2S and a6B81y2S. The other pos-
sible interpretation is that an a1a6B81y2S receptor is assem-
bled, the BZ pharmacology of which is identical to that of
alB1y2S or a6B1y2S receptors.

The subunit combinations a682y2S and a1B2v2S were ex-
pressed in Xenopus oocytes, and their functional properties
were characterized with regard to GABA and a number of
different modulators of the GABA, receptor at the BZ site, as
well as the steroid and barbiturate sites. GABA concentra-
tion-response curves revealed EC;, for 1822S to be 19.8 um
*+ 4.6 (seven oocytes), with ny, = 1.36 = 0.18, whereas EC;,
for «6p2y2S was 10.1 = 6.0 uM (eight oocytes) with n,; = 1.06
* 0.13. A number of different compounds that act via the BZ
site were compared for these two subunit combinations at a
concentration of 1 uM, which would be expected from the
binding studies shown in Table 1 to give a maximum effect on
alpB2v2S (Fig. 6). A classic BZ such as flunitrazepam, which
potentiated a1B2y2S receptors, had no effect on a682y2S,
which is consistent with its extremely low affinity at this
subunit combination (Table 1). The B-carboline DMCM had
moderate affinity for a6-containing receptors and potenti-
ated the GABA response at 1 uM. This is consistent with
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Fig. 6. Modulation of control GABA currents by BZ ligands on
al1B2y2S and ab6B2y2S GABA, receptor subunit combinations in a
comparison of the degree of potentiation or inhibition with each ligand.
Each value is the mean * standard error of at least four oocytes.
Control GABA responses were obtained by selecting a GABA concen-
tration ~20% of maximum for each individual oocyte, usually 1-10 um.
All drugs were applied at a concentration of 1 um.

other reports that at micromolar concentrations DMCM is
able to potentiate the effect of GABA via an additional site on
the GABA, receptor (28) that has been identified as the
loreclezole modulatory site (29). On «alB2y2S, however,
DMCM behaved as a typical full inverse agonist, inhibiting
the response to GABA to a maximum of —40% with an
affinity of 3.6 nM (data not shown). The partial inverse ago-
nist (at a1B2y2S) Ro 154513 has high affinity at «6-contain-
ing receptors, but rather than inhibiting GABA responses,
this compound behaved as a partial agonist, potentiating by
50% the response of a6B2y2S to an EC,, concentration of
GABA. Similarly, the structurally related BZ Ro 15-1788 is
an antagonist at «1B82y2S but behaved as a partial agonist
(i.e., the potentiation at maximal concentrations of Ro 15—
4513 is less than that of other compounds such as FG 8205
and abecarnil) on a6B82y2S. Atypical non-BZ compounds that
bind to the BZ site also differed in their effects on a682y2S.
The al-selective compounds zolpidem and CL 218,872 were,
not surprisingly, without effect at a6-containing receptors,
reflecting their affinity at this receptor (Table 1). However,
bretazenil, which is a partial agonist on «1B2y2S, main-
tained a reasonable affinity for a6-containing receptors (Ta-
ble 1) and potentiated a632y2S receptors to a greater extent
than a1B2y2S. Abecarnil potentiated the two receptor com-
binations to the same extent at 1 um, and the imidazobenzo-
diazepine FG 8205, which is a partial agonist on a1B2y2S,
also potentiated a682y2S at 1 uM but to a greater degree
than al1B2y2S.

Steroids and barbiturates modulate the GABA, receptor,
and these compounds were also found to potentiate the
a6B2v2S receptor combination. No difference was observed
in the extent of potentiation by the steroid 5a-pregnan-3a-
ol-20-one (300 nM) when compared for a1B82y2S receptors
(298 * 60% potentiation; four oocytes) and a6B2y2S recep-
tors (312 * 79% potentiation; three oocytes) (Fig. 7a). When
100 uM pentobarbital was applied to a1B2y2S, a very small
direct effect was observed, followed by 335 *+ 41% (four oo-
cytes) potentiation of the GABA response. At a«632y2S, 100
uM pentobarbital elicited a large response in the absence of
GABA, ~500% of the GABA EC,,. Coapplication of GABA in

a) 5a-pregnan-3c.-ol-20-one

i) a1p2y2S ii) a6p2y2S
300nM 5ct, 3a-DHP 300nM Sct, 30-DHP
3uM GABA — - 3uMGABA -~ -=
100nA l ‘
2 min
b) Pentobarbital
i) a1p2y2S ii) a6p2y2S
100uM PB 100uM PB
154M GABA — — 154M GABA — -

-

Fig. 7. a, Effects of the steroid 5a-pregnan-3a-ol-20-one (300 nm) on
control GABA currents (EC,, response) in oocytes expressing the
GABA, receptor combinations (i) a182y2S and (i) «682v2S. b, Effects
of the barbiturate pentobarbital (100 uM) on oocytes expressing (i)
al1B2y2S and (i) a6B2y2S. Shown is a large direct response on
abB2y2S GABA, receptors. Bars, modulators were applied for 30 sec
before the coapplication of GABA (EC,, predetermined for each oo-
cyte).

the presence of pentobarbital resulted in a saturating re-
sponse larger than that of a maximum GABA concentration
(Fig. 7Tb). Further studies have revealed two separate sites for
pentobarbital on the GABA, receptor: an agonist site and a
modulatory site, the former of which is dependent on the «
subunit variant (30).

In the present study, we investigated for the first time the
efficacy of BZ-site compounds at the a6-containing receptor.
This also differs significantly from al- (Fig. 6) and a2-, a3-,
and ab5-containing receptors (data not shown) in that the
inverse agonist Ro 15—4513 and the antagonist Ro 15-1788
act as BZ agonists at a6-containing receptors. It is known
that Arg'® of a6 determines its low affinity for diazepam.
This residue or, more likely, other amino acid residues in a6
that are not conserved in other a subunits must be respon-
sible for the agonism of Ro 15-1788 and Ro 15—4513 at this
subtype. This observation has implications for the interpre-
tation of in vivo experiments that use these compounds. The
agonism of Ro 15-1788 at «a6-containing receptors presum-
ably explains the activity of this compound in the discrimi-
native stimulus behavioral paradigm, which is believed to be
acting through the DI (i.e., a6 containing) receptor (31). Ro



15-1788 has also been observed to have behavioral effects
when administered to normal human subjects (32); these
include impairment of motor activity, which could be a result
of the BZ agonist activity of Ro 15-1788 at a6-containing
receptors, leading to enhancement of the cerebellar GABAer-
gic inhibition.

In conclusion, we describe the structure of human GABA,
receptor a6 subunit and its exclusive expression in the cere-
bellum of human brain. We demonstrate that, like rat a6-
containing GABA, receptors (10), human a6-containing re-
ceptors have a unique BZ pharmacology compared with
receptors containing al, a2, a3, and a5 (coexpressed with a g
and y2S subunit) (7, 9) in having low affinity for several of
the classic BZ compounds such as diazepam and flunitraz-
epam. Furthermore, we demonstrate that Ro 15-4513 and Ro
15-1788 are BZ agonists at a6-containing receptors, an ob-
servation that may elucidate the molecular mechanism be-
hind some of the behavioral effects that have been reported
for these compounds.
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