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We have identified two novel splice variants of
the metabotropic y-aminobutyric acid receptor
(GABAgR1), designated GABAgR1c and GABAgR1d,
when screening a rat cerebellum cDNA library.
GABAgR1c has an amino acid sequence identical to
GABAgR1b, a member of GABAgR1 isoforms, and an
additional 93-bp insertion that generates an addi-
tional 31-amino-acid sequence in the fifth transmem-
brane region of GABAgR1b. Thus, GABAgRlc may
have a structural variation in the second extracellular
loop and fifth transmembrane region. GABAgR1d also
has an amino acid sequence identical to GABAgR1b
and an additional insertion of 566 bp that generates a
divergent amino acid sequence in the carboxyl-
terminal end. Reverse-transcription polymerase chain
reaction analysis showed that in various rat tissues
GABAgR1c mRNA was ubiquitously expressed and
GABAgR1d mRNA in forebrain, cerebellum, eye, kid-
ney, and urinary bladder. GABAgR1 isoforms may
function not only in the central nervous system but
also in various peripheral tissues. © 1998 Academic Press
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GABA (y-aminobutyric acid) is the major inhibitory
neurotransmitter in the central nervous system and is
also present in several peripheral tissues, where it
could have a functional role in the regulation of muscle
contraction or hormonal secretion. The receptors for
GABA are pharmacologically classified into two major
subtypes, ionotropic GABA, and metabotropic GABAg
receptors. The GABA, receptor is the target of several
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centrally active drugs, including barbiturates and ben-
zodiazepines, and responds to the antagonist bicucul-
line (1). Activation of the GABA, receptor results in
opening of a chloride channel and hyperpolarization of
postsynaptic cells. The GABAg receptor is operation-
ally defined by selective activation by baclofen and the
lack of sensitivity towards bicuculline, and functions
through G proteins to inhibit adenylyl cyclase activity,
stimulate phospholipase A,, activate K* channels, in-
activate voltage-dependent Ca?" channels, and modu-
late inositol phospholipid hydrolysis (2, 3). Recently,
we have suggested that GABAg receptors activate
Kir3.1 and Kir3.2 heterologously expressed in Xenopus
oocytes with poly(A)* RNA derived from rat cerebel-
lum (4).

The cDNA encoding the GABAg receptor was re-
cently isolated from a rat brain cDNA library by ex-
pression cloning using a high-affinity GABAg receptor
antagonist, [**°1]CGP64213 (5). This clone, designated
GABAgR1a, encodes a protein of 960 amino acids. Fur-
ther screening of the cDNA library by low-stringency
hybridization using the GABAgR1a cDNA as a probe
revealed a shorter form, designated GABAgR1b, which
encodes an 844-amino-acid protein. The membrane to-
pology of GABAgRla and -b is similar to that of
G-protein-coupled receptors, such as muscarinic, sero-
tonergic, opioid, somatostatin, and metabotropic gluta-
mate receptors: i.e., seven putative transmembrane
regions with the amino (N)- and carboxyl (C)-terminal
regions located extracellularly and intracellularly, re-
spectively. The sequences of GABAgR1a and -b differ
at the N-terminus and are otherwise identical, hence
they may be formed by alternative splicing of a single
rat gene. The availability of cDNAs for GABAg recep-
tors led us to clone their variants on the basis of ho-
mology. We screened a rat cerebellum cDNA library
and identified two novel isoforms of the receptor, des-
ignated GABAgR1c and -d. Tissue distributions of
their mMRNAs were examined using reverse tran-
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scription-polymerase chain reaction (RT-PCR) analy-
sis. The functional expression of these clones in mam-
malian cells and in Xenopus oocytes heterologously
expressing Kir3.1 and Kir3.2 was attempted.

EXPERIMENTAL PROCEDURES

Screening of a rat cerebellum cDNA library. A rat cerebellum
cDNA library (Clontech, Palo Alto, CA) was screened under condi-
tions of mild stringency, using a *2P-labeled DNA fragment encoding
rat GABAGR1 (nucleotide positions 653-1789 in GABAgR1b), ob-
tained by RT-PCR from rat cerebellum RNA. Hybridization was
conducted in 30% formamide, 5X SSC, 5X Denhardt’s solution, 0.1%
SDS, 250 pg/ml denatured salmon sperm DNA, at 37°C for 18 h.
Filters were washed with 2X SSC, 0.1% SDS at room temperature
for 20 min and then exposed to X-ray film overnight at —80°C with
an intensifying screen. Positive clones were subcloned into the
pCR2.1 vector (Invitrogen, San Diego, CA) for sequencing. DNA
sequencing was performed on both strands using an ABI 377 auto-
mated DNA sequencer (Perkin—Elmer, Foster, CA).

Electrophysiological studies using the Xenopus oocyte expression
system. Preparation of oocytes, cRNA injection and electrophysio-
logical measurements were as described (4, 6). Cloned rat GABAg
receptor cRNAs, as well as the human m2-muscarinic receptor
cRNA, were coinjected with cRNAs for rat Kir3.1 and mouse Kir3.2,
cloned G protein-gated K* channel subunits, into Xenopus oocytes.
Rat Kir3.1 and mouse Kir3.2 cDNAs were kindly provided by Dr.
H. A. Lester (Caltech, CA), and human m2-receptor cDNA by Dr.
E. G. Peralta (Harvard Univ.). Electrophysiological studies were
done 3-7 days after the cRNA injection. To induce the K* currents,
either baclofen, a GABAg receptor agonist, or acetylcholine, a m2-
receptor agonist, were used.

Cell culture and Radioligand binding assays. CHO cells and
HEK-293 cells (ATCC: CRL 1573) were maintained under standard
culturing conditions for these cell lines. Cells were transfected with
pPCRS3 vector (Invitrogen, San Diego, CA) ligated each of GABAgR1b,
GABAgR1c and GABAgR1d in the sense orientation. Cells were
transfected with these plasmids by the Lipofectin method (Life Tech-
nologies, Gaithersburg, MD) and stable cell lines were established by
G418 (geneticin) selection (500 ug ml~* for CHO, 800 ug ml~* for
HEK?293). The cell lines were subsequently grown in the presence of
G418 (500 pwg mI™%). The transfected CHO cells were cultured to
semiconfluence in 10-cm dishes, and were then passed into 24-well
culture plate. After two days, the cells were washed twice with
Krebs'-Tris buffer (20 mM Tris—HCI pH 7.4, 118 mM NaCl, 5.6 mM
glucose, 1.2 mM KH,PO,, 1.2 mM MgSO,, 4.7 mM KCI, 1.8 mM
CaCl,, pH 7.4), and incubated for 90 min with *H-baclofen (20 nM
and 50 nM) (New England Nuclear, Boston, MA) in room tempera-
ture in the presence or absence of (*)-baclofen (100 uM) (Sigma, St.
Louis, MO). The cells were then cooled on ice and washed twice with
ice-cold Krebs'-Tris buffer, and then solubilized with 1% SDS. Sub-
sequently radioactivity was measured by liquid scintillation count-
ing (7). Cell membranes of the transfected HEK293 cells were pre-
pared according to the protocol described in Morrow et al. (8).
Membranes were suspended in Krebs'-Tris buffer (50 mM Tris—HClI,
2.5 mM CaCl,, pH 7.4) and incubated with 20 nM *H-baclofen for 30
min at room temperature in the presence or absence of (*)-baclofen
(100 wM). The incubation was terminated by filtration through GF/B
Whatman glass fiber filters, and radioactivity was measured by
liquid scintillation counting. The specific activity of *H-baclofen was
31.5 Ci mmol %

RT-PCR assay for GABAg receptors. The cDNAs synthesized
from total RNAs extracted from various rat organs with oligo-(dT)
primers were used as templates for PCR amplification. Primers for
the amplification of the GABAgR1 isoforms were as follows:
GABAgR1c, 5'-AGTGGAGGAAGACCCTAGAG-3’ (forward), and 5'-
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ATCATGGTCACAGGAGCAGT-3' (reverse), corresponding to nucle-
otide positions 1747-1766 and 2216-2197 of the GABAgR1c cDNA
sequence; GABAgR1d, 5-TGAAACGCAGGACACCATGA-3' (for-
ward), and 5'-TCACTTGTAAAGCAAATGTACT-3' (reverse), corre-
sponding to nucleotide positions 2253-2272 and 3102-3081 of the
GABAgR1d cDNA sequence. The PCR condition was as follows: an
initial denaturation at 94°C for 4 min, followed by 30 cycles of
denaturation at 94°C for 45 s, annealing at 55°C for 1 min, and
extension at 72°C for 2 min, with a final extension step at 72°C for 8
min. Amplified DNA fragments for GABAgR1c and -d were electro-
phoretically fractionated on 2 and 0.8% agarose gels, respectively.
The RT-PCR products from rat cerebellum and kidney were sub-
cloned into pCR2.1 vector, and were sequenced as described above to
confirm the sequences of GABAgR1 isoforms.

RESULTS

We obtained 71 positive clones after screening ap-
proximately 6 x 10° plaques of the rat cerebellum
cDNA library. A full-length GABAgR1b cDNA encod-
ing 844 amino acids was obtained by restriction en-
zyme digestion and religation of two overlapping
clones. The nucleotide at position 2457 of this clone
was A, while that of rat GABAgR1b reported by Kaup-
mann et al. (4) was G. This substitution did not alter
the deduced amino acid sequence, and might be due to
polymorphism in rat GABAgR1 gene.

Two of positive clones obtained, named RGB33 and
RGB69, were sequenced. The nucleotide sequence of
RGB33 revealed a single open reading frame encod-
ing a protein of 875 amino acid residues. RGB33 had
a sequence identical to GABAgR1b, and possessed an
additional 93-bp insertion between nucleotide posi-
tions 1961 and 1962 of GABAgR1b. The insertion of
93 bp generated an additional 31-amino-acid se-
quence between Gly®®* and 11e®®® in GABAgRI1b.
Thus, RGB33 may have a structural variation in the
fifth transmembrane region and the second extracel-
lular loop (Fig. 1). RGB69, that also had a sequence
identical to GABAgRL1b, lacked 5'-untranslated re-
gion and 1438 bp of coding region in the N-terminus
of GABAgR1b and had an additional 566-bp inser-
tion in the C-terminus between nucleotide positions
2361 and 2362 of GABAgR1b. RT-PCR with a specific
primer for GABAgR1b and that for RGB69 using the
cDNAs synthesized from total RNAs extracted from
rat cerebellum as a template yielded transcripts for
RGB69, while RT-PCR with specific primers for
GABAgR1la and RGB69 could not yield them (data
not shown). Therefore, a full-length cDNA for RGB69
was obtained by combining with the 5’-end of
GABAgR1b, and encoded a protein of 812 amino
acids. Insertion of the 566 bp generated divergent
amino acid sequences in the C-termini between
RGB69 and GABAgR1b. Thus, RGB69 had an amino
acid sequence identical to GABAgR1b through Glu’®’
and then diverged in the C-terminal ends (Fig. 2).
These findings indicated that RGB33, RGB69 and
GABAgR1a/-b may be formed by alternative splicing
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FIG. 1. Aligned nucleotide and deduced amino acid sequences in the transmembrane region of rat GABAgR1b and GABAgR1c. The
nucleotides and amino acids of GABAgR1b and -c are numbered to the right of each sequence. The putative transmembrane domains (TM4-6),
that are lined, intracellular loops (ICL2 and -3) and an extracellular loop (ECL2) are indicated. GABAgR1c has an additional 93-bp insertion
that generated an additional 31-amino-acid sequence. Additional amino acids are indicated in italic. Nucleotide sequences of sense and
antisense primers for RT-PCR to determine tissue distributions of GABAgR1b and -c mMRNAs are indicated by the double bars.

of a single rat GABAgR1 gene. None of GABAgR1
isoforms reported to date contained the additional
segments of RGB33 and RGB69. Based on these
results, we designated RGB33 and RGB69 as
GABAgR1c and GABAgR1d, respectively.

For functional expression of GABAgR1 isoforms,
the Xenopus oocyte expression system and mamma-
lian cells were used. When m2-receptor cRNA was
coinjected with Kir3.1 and Kir3.2 cRNAs into Xeno-
pus oocytes, acetylcholine-induction of the inwardly
rectifying K™ current was enhanced dramatically, as
noted in previous studies (6, 9). In contrast, baclofen
up to 400 uM induced no significant current alter-
ations in the oocytes where any one of cRNAs for
GABAgR1D, -c, and -d was coinjected with Kir3.1 and
Kir3.2 cRNAs (data not shown). We could not detect
a specific binding for *H-baclofen in either CHO or
HEK?293 cells transfected these GABAgR1 clones
(data not shown).

Northern blot analysis hybridized with a probe
containing sequences common to all of rat GABAgR1
isoforms revealed that their mRNAs were expressed
at high levels in brain and at low levels in testis, but
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not in tissues from heart, spleen, lung, liver, skeletal
muscle and kidney (5). To determine the distribution
of MRNAs for GABAgR1c and -d in various rat tis-
sues, RT-PCR analysis was done. Specific primers for
amplification of GABAgR1c yielded transcripts of
470 bp for GABAgR1c and those of 377 bp for iso-
forms without 93-bp insertion of GABAgR1c. In tis-
sues where mRNAs for both GABAgR1c and any one
of other isoforms are expressed, transcripts of 470 bp
and 377 bp can be detected. The RT-PCR yielded two
visible amplified products of 470 and 377 bp in all
rat tissues examined: forebrain, cerebellum, eye,
atrium, ventricle, lung, stomach, small intestine, co-
lon, liver, spleen, kidney, urinary bladder and skel-
etal muscle (Fig. 3A). Thus, GABAgR1c mRNA is
ubiquitously expressed in various rat tissues. Spe-
cific primers for amplification of GABAgR1d yielded
transcripts of 850 bp for GABAgR1d and those of
284 bp for isoforms without 566-bp insertion of
GABAgR1d. GABAgR1d mRNA was expressed in
forebrain, cerebellum, eye, kidney and urinary blad-
der, while the transcript of 284 bp was detected in all
tissues examined (Fig. 3B).
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FIG. 2. Aligned nucleotide and deduced amino acid sequences in the transmembrane region of rat GABAgR1b and GABAgR1d. The
nucleotides and amino acids of GABAgR1b and -d are numbered to the right of each sequence. Asterisk indicates the terminal codon.
GABAgR1d has an additional 566-bp insertion and diverged amino acids, indicated in italic. Nucleotide sequences of sense and antisense
primers for RT-PCR to determine tissue distributions of GABAgR1b and -d mRNAs are indicated by the double bars.

DISCUSSION

We obtained evidence that GABAgR1c and -d have
an additional splice in the transmembrane and 3'-
translated regions of GABAgR1b, respectively, while
GABAgR1la differed from GABAgR1b in the 5'-
translated nucleotide and amino acid sequences (5).
Alternatively spliced variants have also been identified
in G protein-coupled receptors such as glutamate, do-
pamine, B,-adrenergic, and w opioid receptors, and are
implicated in altered receptor functions, including re-
sponse to agonists, ligand binding and G protein cou-
pling (10). For example, mGluR1a, a member of the
metabotropic glutamate receptor gene family, gener-
ates faster responses in Xenopus oocytes (11), and is
slightly activated even in the absence of an agonist in
certain cell lines (12), compared with its splice variants
lacking the long C-terminal domain. Thus, the diver-
gent amino acid sequences resulted from use of the
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alternate exon or insertion of additional exons of
GABAgR1 isoforms might arise any functional differ-
ences. Kaupmann et al. (5) found GABAgR1a and -b to
be pharmacologically identical and to have similar
ligand-binding affinities. Biological functions of the
GABAgR1 isoforms remain to be determined.

When Kir3.0 channels are coexpressed in Xenopus
oocytes with a G protein-coupled receptor, such as m2-
muscarinic (6, 13), serotonin 1A (14) and &-opioid re-
ceptors (15), each agonist for these receptors activated
K™ currents. We have reported that, in oocytes coin-
jected with the rat cerebellar poly(A)* RNA and cRNAs
for Kir3.1 and Kir3.2, K* currents were elicited by
GABAg receptor agonists such as baclofen and
3-aminopropylphosphinic acid, and that the baclofen-
induced currents were inhibited by selective GABAg
receptor antagonists such as 2-OH saclofen and CGP
35348 (4). These findings indicate that GABAg recep-
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FIG. 3. RT-PCR detection of mRNAs for rat GABAgR1 isoforms. (A) The specific primers for amplification of GABAgR1c yielded
transcripts of 470 bp for GABAgR1c and those of 377 bp for isoforms not containing the 93-bp insertion of GABAgR1c. GABAgR1b and -c
cDNAs were used as controls. The RT-PCR yielded two amplified products of 470 bp and 377 bp in all tissues examined. (B) The specific
primers for amplification of GABAgR1d yielded transcripts of 850 bp for GABAgR1d and those of 284 bp for isoforms not containing the
566-bp insertion of GABAgR1d. GABAgR1b and -d cDNAs were used as controls. The RT-PCR products of 850 bp were detected in forebrain,
cerebellum, eye, kidney and urinary bladder, and those of 284 bp in all tissues examined.

tors in rat cerebellum are functionally expressed in
oocytes, and activate the Kir3.0 channels. Thus, for
functional expression of cloned GABAg receptors, the
Xenopus oocyte expression system could be used. Al-
though it was demonstrated that GABAgR1a and -b
negatively couple to adenylyl cyclase, as described for
native GABAg receptors when expressed in HEK293
cells (5), we found that baclofen did not induce any
significant current alterations in oocytes where any
one of GABAgR1b, -c and -d was coexpressed with
Kir3.1 and Kir3.2. These results suggest the possible
existence of other classes for the GABAg receptor
which can activate K™ channels. Another possibility
would be that accessory proteins may be needed to
function as the receptor in Xenopus oocytes. A family of
proteins that modify the activity of a member of G
protein-coupled receptors has been identified and
was shown to be expressed endogenously in certain
cell lines, including HEK293T cells (16). Therefore,
GABAgR1 isoforms may require an accessory protein,
which may possibly be expressed endogenously in
HEK?293 cells but not in oocytes, to functionally recon-
stitute the GABAg receptors. In our present study, we
could not detect a specific binding for *H-baclofen in
CHO or HEK?293 cells transfected GABAgR1 isoforms
clones. The difference in a radioligand might explain
the discrepancy between the previous results (5) and
our present results. Although Kaupmann et al. (5) de-
tected recombinant GABAgRL1 isoforms in COS cells
and HEK293 cells using relatively high-affinity radio-
ligands, very recently Couve et al. (17) reported that
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recombinant GABAgR1a receptors fail to reach the cell
surface and are retained in the endoplasmic reticulum
when introduced into COS cells and HEK293 cells.

RT-PCR analysis showed that mRNAs for GABAgR1
isoforms are expressed in various tissues, while North-
ern blot analysis revealed this expression only in brain
and testis. Thus, GABAgR1 isoforms are expressed at
low levels in the organs other than brain and testis.
Ubiquitous expression at low levels of the GABAgR1
isoforms, including GABAgR1c, suggests that the re-
ceptors may be expressed in subsets of cells which
distribute widely in various tissues, e.g., vascular
smooth muscle, endothelial and peripheral nerve cells,
rather than in parenchymal organs. Actually, GABAg
receptors were demonstrated in peripheral autonomic
nerve terminals (18), where they mediate a decrease in
evoked neurotransmitter release, resulting in inhibi-
tion of gastric motility, relaxation of urinary bladder
and bronchus, reduction in vascular tone, stimulation
of insulin, growth hormone and glucagon release, and
hyperpolarization of sympathetic ganglia. On the other
hand, GABAgR1d was expressed in limited tissues,
indicating that distribution of this isoform differs from
that of other GABAZR1 isoforms. Distribution of each
isoform of GABAZR1 in various tissues can be deter-
mined by in situ hybridization using the probes specific
for each isoform, plus immunohistochemical tech-
niques. Cloning of the GABAg receptors expressed in
various tissues should prove to be an effective ap-
proach to elucidate molecular mechanisms of these
receptors in peripheral organs.
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