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y-Aminobutyric acid (GABA) can mimic and potenti-
ate the action of progesterone in initiating the acro-
some reaction (AR) of mammalian sperm, indicating
that sperm contain receptors for GABA This conten-
tion was validated by identifying the receptor (R) sub-
type, GABA,R, in mammalian sperm. In the present
study a second subtype, GABAR, was identified in rat
testis and sperm. Total RNAs of rat testis and sperm
were prepared and used as template to synthesize the
respective cDNAs by the RT-PCR method. Two splice
variants of the cDNA coding GABAzR1 (GABAgRla
and GABAzR1c) and GABAzR2 were identified. Ex-
tracts of rat testis, spermatogenic cells and sperm con-
tained two proteins with estimated molecular sizes of
130 and 100 kDa, corresponding to GABAgRla and
GABAgR1c/lb, respectively, determined by Western
blot using polyclonal anti-GABAzR1 antibody. By an
indirect immunofluorescence technique, GABAzR1
was located on the head of rat sperm. The present
finding is the first direct demonstration that mamma-
lian sperm contain GABAgR. © 2001 Academic Press
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y-Aminobutyric acid (GABA) is the most prevalent
neurotransmitter with inhibitory activity in the mamma-
lian central nervous system (CNS). Its effects are medi-
ated through two ligand-gated pathways, namely, the
neurotransmitting receptors, GABA,R and GABACR,
and a metabotropic G-protein-coupled receptor, GABAgR.
The latter receptor interacts with G proteins and appears
to regulate potassium and calcium channels (1). The
cDNA coding the GABA; receptor (GABAgR1) was ini-
tially isolated from rat brain with the use of a high-
affinity radioligand (2). Two N-terminal variants of
GABA;R1, GABAgR1a and GABAzR1b, were identified.
Subsequently, two additional novel splice variants,
GABA;R1c and GABAgzR1d (3), and a second subtype,
GABA:R2, were identified (4—6). Moreover, it was dem-
onstrated that heterodimerization of GABAgR1 and
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GABAzR2 was a prerequisite for the formation of an
active functional GABAgR (4-7). When coexpressed, the
GABA;R1 and GABAgR2 form a heterodimeric complex
by the interaction of their C-terminal segments (7). In
addition to CNS, GABAergic system exists in various
somatic tissues (8). For example, human sperm possesses
GABA, receptor (9, 10) while the rat oviduct contains
twice the amount of GABA as found in rat brain (11).
GABA R has been shown to mediate the progesterone-
induced AR (9, 10, 12), an exocytotic event essential for
fertilization to be successful. Furthermore, specific bind-
ing sites for GABA occur in sperm of several species (13,
14) that allow this transmitter to trigger AR, thereby
mimicking progesterone action (10, 12, 15). These find-
ings suggest that GABA may regulate sperm functions,
such as capacitation and AR via its interaction with the
receptors (15-17). GABAgR has also been implicated as
an inducer of AR (18). A study with ram spermatozoa,
however, demonstrated that baclofen (a specific agonist
of GABAgR) did not promote capacitation or trigger AR
(16). To date, no experimental evidence of GABAgR in
mammalian sperm has been reported.

In the present study, splice variants of GABAg re-
ceptors were identified in rat testis, sperm and vali-
dated by sequence analysis.

MATERIALS AND METHODS

Materials. The following chemicals and reagents were purchased
from Sigma Chemical Co.: bovine serum albumin (BSA), EDTA,
2-mercaptoethanol, NP-40, Tween 20, PMSF, Triton X-100, FITC-
conjugated rabbit anti-goat 1gG antibody and HRP-conjugated rabbit
anti-goat 1gG antibody. Trizol was purchased from GIBCO and goat
anti-GABAgR1 antibody from Santa Cruz. This antibody recognized
the epitope mapped at the carboxyl terminus of GABAgR1. Enhanced
chemiluminescence (ECL) reagent was purchased from Amersham
Pharmacia Biotech.

Preparation of protein extracts from rat sperm, spermatogenic cell
and testis. Sperm from the caudal epididymis were collected and
dispersed in PBS at 37°C. Motile sperm were selected by the
swim-up method, collected and washed twice in PBS containing 1
mM PMSF. Germ cells were isolated from rat testis using a mechan-
ical method as described by Aravindan et al. (19). Specimens of testis,
spermatogenic cells and sperm were homogenized in a lysis buffer
(20 mM Hepes, pH 7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 2 mM
EDTA, 1 mM PMSF, 1% Triton X-100), vortexed at 4°C for 1 h,
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FIG. 1. Alignment of cDNA sequences of rat GABAgR1a, 1b, 1c, and 1d. The N-terminus of GABAzR1b differs from that of GABAzR1a
by the replacement of a 1- to 140-nucleotide segment by a 488-nucleotide section. GABAgR1c contains a 93-bp insert (2062-2155) and
GABAGgR1d contains a 78-bp insert (2461-2539). The dashed line represents untranslatable sequences. Note that the nucleotide segment,
designated as p4 (3027-3201) of GABAgR1d, is identical to the nucleotide segment 2554—-2728 of GABAgR1c. pl and p4 represent the forward-
and reverse-directed primer GBRIlabl/c, respectively, at nucleotide positions 1747-1766 and 2216-2197 of GABAgzR1c cDNA. p3 and p4
represent the forward- and reverse-directed primer GBRIab/d, respectively, at nucleotide positions 2253-2272 and 3027-3201 of GABAzR1d

cDNA.

sonicated and centrifuged at 12,000g for 10 min at 4°C. The super-
natant was collected and considered as protein extract of the respec-
tive tissues.

RNA extraction and RT-PCR. Total RNA from rat testis was
extracted using Trizol and isolated according to the procedure sup-
plied by the manufacturer. Reverse transcription was carried out
according to the manufacturer’s instructions (GIBCO-BRL). The first
strand of the cDNA was generated from 5 ng of total RNA prepared
from rat testis using oligo-dT primer and superscript Il reverse
transcriptase (GIBCO-BRL).

Nucleotide primers were prepared based on the sequences of four
GABAgR1 splice variants and GABAzR2. Three pairs of primers of
GABAgR1 (GBR1lab/c, GBR1lab/d and GBR1a) and one of GABAgR2
(GBR2) were synthesized according to Isomoto et al. (3). Primer
GBR1lab/c was used to discriminate GABAzRla, GABAzR1lb and
GABAGR1c; primer GBR1ab/d to discriminate GABAgR1a, GABAzR1b
and GABAgR1d. Primer GBRla was specific for GABAgR1la, and
primer GBR2 was specific for GABAgR2. The sequences of these oligo-
nucleotide primers are as follows: Primer GBR1ab/c, 5-AGTGGAG-
GAAGACCCTAGAG-3' (forward) and 5'-ATCATGGTCACAGGAGC-
AGT-3" (reverse). Primer GBRlab/d, 5-TGAAACGCAGGACACCA-
TGA-3' (forward) and 5-TCACTTGTAAAGCAAATGTACT-3' (reverse).
Primer GBR1a, 5'-CCATCAACTTCCTGCCTGTG-3' (forward), and
5'-TTGCTGTCGTGGTGGATAAG-3' (reverse). Primer GBR2, 5'-
ACCATAAGGTTCCAGGGGTC-3' (forward) and 5'-AGGCAGAGA-
GTGATGGTGCT-3' (reverse).

The PCR was performed initially by denaturation at 94°C for 5
min, followed by 30 cycles of denaturation at 94°C for 1 min, anneal-
ing at 57°C for 1 min, extension at 72°C for 1 min (for GABAgR2,
duration of 90 s), and a final extension step at 72°C for 10 min.
Amplified DNA fragments were electrophoretically fractionated on
1% agarose gels, cloned and sequenced to validate the structure of
GABAGgR1 variants and GABAgR2.

Western blot. Samples of 50 ug of proteins extracted from rat
testis, germ cell and sperm were analyzed by electrophoresis on 10%
SDS-PAGE gel, and transferred onto a PVYDF membrane. The mem-
brane was incubated for 2 h with PBS containing 0.1% Tween 20
(PBST) and 5% dehydrated skim milk to block nonspecific binding.
The membrane was then incubated with anti-GABAgR1 antibodies
(1:1000 dilution) in PBST for 18 h at 4°C. The blots were washed
with PBST three times, and incubated with HRP-conjugated anti-
goat 1gG as the secondary antibody (1:10000 dilution) at room tem-
perature for 1 h. After washing with PBST three times, the bound

anti-GABAgzR1 antibody was detected by visualization using ECL
Western blot analysis system (Amersham).

Indirect immunofluorescence staining. Rat sperm were collected
from the caudal epididymis and fixed in 4% paraformaldehyde in
PBS for 30 min at 4°C. After three washes with PBS, the cells were
incubated with anti-GABAzR1 antibody in 1% BSA in PBS at a
100-fold dilution overnight at 4°C. After washing with PBS three
times, the spermatozoa were incubated with FITC-conjugated anti-
goat 1gG as the secondary antibody (diluted 1:400) for 1 h at room
temperature and examined by fluorescence microscopy.

RESULTS AND DISCUSSION

In previous studies, GABA,R and GABA trans-
porter (GAT-1) were identified in rat testis and
sperm (20, 21). To show that GABAgR is also pro-
duced in these tissues, total RNA was prepared from
rat testis and analyzed by RT-PCR and proteins from
testis and sperm were analyzed by Western blot.
Sequence determination of the cDNAs synthesized
from testis RNAs show the presence of four variants
of GABAzR1 (GABAgRla, GABA;R1b, GABAgR1c,
and GABAgR1d) (Fig. 1) (2, 3). GABAgR1b differs
from GABAgR1a in that the N-terminal consisted of
a 47-amino-acid residue segment (1-140) in place of
a 163-residue segment (1-488). The N-terminus of
GABAgR1c (101-240) was identical to that of
GABAGgR1b with the addition of a 93-bp insert (2062—
2155) that coded a 31-amino-acid segment in the fifth
transmembrane region of GABAzR1b. GABAzR1ld
also contained an N-terminus identical to that of
GABAgR1b with the addition of an insert of 78 bp
(2461-2539) that coded a divergent polypeptide se-
guence (25 residues) in the carboxyl terminus (3). In
addition to GABAgR1, a second subtype, designated
as GABA:R2, was identified. This variant encoded a
protein consisting of 940 amino acid residues. The
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FIG. 2. Electrophoresis analysis of GABAzR cDNAs prepared
from rat testis RNAs by RT-PCR using various primers. Left lane,
molecular size markers (lambda/EcoRI + Hindlll); right lane, the
amplified RT-PCR products. (A) Use of primer GBRIab/c yielded two
bands: a 380 bp (GABAgR1a, Ib, or 1d) and a 470 bp (GABAgR1a, Ib,
or Ic). (C) Use of GBRy Rla-specific primer GBR1a yielded a single
band of 500 bp. (D) Use of GABAgR2-specific primer GBR2 yielded a
single band of 850 bp.

amino acid sequences of GABAgR2 and GABAgR1
are closely related, exhibiting 35% identity overall
and 41% identity within the predicted trans-
membrane domains. Coexpression of GABAgR1 and
GABA:R2 appears to be a prerequisite for the pro-
duction and transport of GABAgR1 to the plasma
membrane and for the development of the high af-
finity GABA binding capacity and for the G-protein
activation potential (4-7).

Expression of GABAzR1a, GABA R1c and GABAgR2
in rat testis, sperm and spermatogenic cells. With the
use of primer GAR1ab/c, two PCR products with esti-
mated sizes of 470 and 380 bp were obtained (Fig. 2A).
The 470-bp product was sequenced and found to be
identical to rat GABAzR1c cDNA at position 1848-—
2316. Sequence analysis of the 380-bp product showed
that it is identical to a segment within GABAgR1la
cDNA at position 2096-2471, to GABAzR1b cDNA at
position 1748-2123 and to GABAgR1d cDNA at posi-
tion 1848-2223. We were unable to identity the vari-
ant from which the 380-bp product was derived. The
possible sources are: GABAzRla, GABAgR1b or
GABAgR1d. Nonetheless, this finding shows clearly
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that GABAgR1c and other variants occur in rat testis,
substantiating the results of Isomoto et al. (3).

Using primer GBRab/d, a single 280-bp product was
obtained (Fig. 2B). The amplified product was se-
guenced and found to be identical to a segment in
GABAgRla c¢DNA at position 2601-2883, to
GABAgR1b cDNA at position 2253-2535 and to
GABAgR1c cDNA at position 2446—-2728. Since primer
GBRIab/d also matched a segment of GABAgR1d, the
failure to detect an 870-bp product which is the esti-
mated size of GABAgR1d, indicated that either this
variant was not expressed in rat testis or was ex-
pressed at a level undetectable by RT-PCR.

Using primer GBR1a, specific for GABAgR1la, a
cDNA consisting of 500 bp was obtained (Fig. 2C).
Sequence analysis confirmed that it is identical to the
segment at position 94-594 of GABAgR1a cDNA. With
GABAgR2-specific primer GBR2, a cDNA composed of
850 bp was obtained (Fig. 2D). Sequence analysis
showed that it corresponded to a segment of GABAzR2
cDNA at position 1643-2493. These finding indicated
that the genes coding GABAzR1a and GABAgR2 are
expressed in rat testis.

Because of the similarity in the structure of
GABA;R1b to GABAzRla and GABA;R1c, the exis-
tence of GABAgR1b in rat testis cannot be proven
definitively with the RT-PCR method using the prim-
ers GBRab/c or GBRIab/d. Although four splice vari-
ants of GABAgR1 occur in rat brain (2, 3), only the two
variants, la and Ic, were found in the rat testis. In
conclusion, rat testis contains GABAzR1a, GABAgRI1c,
and GABAgR2, but lacks GABAgR1d. The occurrence
of GABAzR1b has not been established.

Two proteins with estimated sizes of 130 and 100
kDa were identified in the extracts of rat testis, germ
cells and sperm by Western blot, using polyclonal anti-
GABAGgR1 antibody (Fig. 3). The 130-kDa protein cor-
responds to GABAgRla as reported by Kaupmann
et al. (2). The 100-kDa protein, however, may be
GABAgR1c or GABAzR1b (3). The molecular sizes of
these two variants differ by less than 3 kDa, although
they possess identical carboxyl terminals (3). Since the
polyclonal anti-GABAzR1 antibody used recognizes
the 20-peptide segment at the carboxyl terminus of
GABAGgR1, the issue of whether the 100-kDa protein is
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FIG. 3. Western blot analysis of proteins prepared from rat tes-
tis, germ cells, and sperm. Stained with anti-GABAzR1 antibody.
Lane 1, rat testis proteins; lane 2, rat sperm proteins; lane 3, rat
germ cell proteins. The 130 kDa band corresponds to GABAgR1a and
the 100-kDa band to GABAgR1c/Id.
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FIG. 4.
anti-GABAgR1 antibody. Note localization of staining to sperm head.

Indirect immunofluorescence staining of rat sperm with

GABA;R1b or GABA;R1c has not been resolved. Based
on the results with of RT-PCR, however, the 100-kDa
protein is probably GABAgR1c.

The study of Billinton et al. (22) on the localization of
GABAgR1 variants in the cells of the cerebellum dem-
onstrated that transcripts of GABAgR1a occurred pre-
dominantly in the granule cell layer; whereas that for
GABAGgR1b occurred principally in Purkinje cells, sug-
gesting that these variants are associated with the pre-
and postsynaptic elements, respectively. Thus the ex-
pression of the different splice variants of GABAgR1
may vary in germ cells with the progress of differenti-
ation.

Localization of GABAgR1 on the rat sperm. Using
an immunofluorescence technique, GABAgR1 was lo-
cated on the head of rat sperm (Fig. 4). Almost all of the
fixed sperm with intact plasma membrane exhibited
fluorescence. The location of GABAgR1 on rat sperm
differed from that of GAT1. The latter component was
localized to the tail and the entire head except for the
equatorial sector (21). Thus the immunolocalization
together with the identification of the cDNA coding for
GABAGR provide direct evidence of its existence in rat
sperm.

The interaction of GABAgR with Gi proteins will
have an inhibitory influence on adenylyl cyclase activ-
ity and on voltage-dependent calcium channels;
whereas potassium channels will be activated. Also
presynaptic GABA;R has been shown to be coupled to
N-, P-, and T-types of calcium channels (1). Since
voltage-dependent calcium channels in mammalian
sperm need to be activated before AR can occur (23—
27), GABAGR may play a functional role in the fertil-
izing potential of sperms and be involved in the induc-
tion of AR in human sperm by GABA. The two
potential roles of GABAgR, i.e., one of mediating AR
and the other of inhibiting voltage-dependent calcium
channel, appear to be paradoxical. By elucidating the
molecular mechanisms involved in the action of GABA
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on voltage-dependent calcium channels, adenylyl cy-
clase activity and AR of mammalian sperm, the func-
tional role of GABA;R can be clarified.
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