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ABSTRACT Sperm capacitation is defined as
the maturational changes that render a sperm compe-
tent for fertilization and occurs in the female reproduc-
tive tract. Identification of the factor/s that regulate
sperm capacitation would allow the understanding of
these phenomena. Among these factors, gamma-
aminobutyric acid (GABA) has recently become as a
putative modulator of sperm function. The aim of this
study was to explore the presence of a GABAergic
regulation of bovine sperm capacitation as well as the
possible intracellular mechanisms involved. GABA was
detected in fresh semen by a sensitive radioreceptor
assay (spermatozoa, 0.064�0.003 nmoles/106 cells;
seminal plasma, 23.21�1.16 nmoles/ml). Scatchard
analysis of [3H]-muscimol binding to sperm mem-
branes yielded a linear plot consistent with a single
population of binding sites (Kd¼3.87 nM, Bmax¼
417 fmol/mg prot.). [3H]-muscimol specific binding to
sperm membranes was significantly inhibited by the
GABA A receptor (GABA A-R) antagonist bicuculline
and by the agonists muscimol and isoguvacine. Addi-
tion of GABA to the incubation medium resulted in a
concentration-dependent increase in the percentage of
capacitated spermatozoa (chlortetracycline assay). We
observed a significant increment on intracellular cal-
cium and cyclic 30,50 adenosine monophosphate
(cAMP) concentrations induced by GABA, being the
cation influx abolished when the cell suspensions
were coincubated with the antagonists bicuculline or
picrotoxin. It is concluded that GABA induces sperm
capacitation through an intracellular mechanism de-
pendent on calcium influx and cAMP accumulation
mediated by a specific GABA A-R. Mol. Reprod. Dev.
67: 478–486, 2004. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

Binding to the egg’s zona pellucida stimulates the
spermatozoon to undergo acrosome reaction, a process
that enables the sperm to penetrate the egg. Prior to this
binding, the spermatozoa undergo in the female repro-
ductive tract a series of biochemical transformations,
collectively called capacitation. The first event in cap-
acitation is the elevation of intracellular calcium and

bicarbonate to activate adenylyl cyclase to produce
cyclic 30,50 adenosine monophosphate (cAMP), which
activates protein kinase A to phosphorylate certain pro-
teins (Breitbart and Naor, 1999; Guraya, 2000). More-
over, during capacitation there is also an increase in
actin polymerization and in the membrane-bound phos-
pholipase C, superoxide anion production, and protein
tyrosine phosphorylation (Leclerc et al., 1998).

Depending on the species considered, capacitation
occurs in different segments of the female reproductive
tract. As a consequence, and for practical purposes,
identification of the factor or factors that regulate sperm
capacitation would allow to understand sperm physiol-
ogy as well as the design of chemically defined media to
be used in ‘‘in vitro’’ fertilization and related techniques.

Among those factors, gamma-aminobutyric acid
(GABA) has emerged as a putative modulator of sperm
function. In vertebrate central nervous system, GABA is
the most widely distributed inhibitory neurotransmit-
ter; it has been estimated that 20–50% of all synapses in
the mammalian brain are GABAergic (Roberts and
Frankel, 1950; Bormann, 1988; Sieghart, 1992).

The inhibitory action of GABA is mediated by
membrane receptors. At least three types of GABA re-
ceptors have been characterized: A, B, and C. GABA A
receptors (GABA A-R) are ligand-gated chloride chan-
nels and have a diverse molecular composition. Phar-
macologically, these receptors are antagonized by
bicuculline. GABA A-R are also the major targets for
several clinically relevant drugs such as the barbitu-
rates, benzodiazepines, neurosteroids, and anesthetics
(Rudolph et al., 2001). These compounds allosterically
modulate GABA A-R channel activities (Sieghart, 1995).
GABA B-R belong to the G-protein coupled receptor
superfamily (Bowery et al., 1983). The inhibition of
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GABA B-R is mediated by indirect gating of either
potassium or calcium channels, while they are activated
by baclofen and antagonized by phaclofen (Kerr et al.,
1987) and saclofen (Kerr et al., 1989). GABA C-R are the
newly identified member of the GABA receptor family
(Johnston, 1986). Pharmacologically, GABA C-R are
bicuculline- and baclofen-insensitive, sensitive to the
agonist 4-amino-cis-2-butenoic acid (CACA), and are not
modulated by many GABA A-R modulators (such as
benzodiazepines and barbiturates; Johnston, 1996).

GABAergic systems, the presence of GABA itself and
GABA effects have also been recognized in many peri-
pheral tissues such as the gastrointestinal tract, kidney,
and male, female genital tracts, and human spermato-
zoa and seminal fluid (Taniyama et al., 1983; Erdö and
Kiss, 1986; Ritta and Calandra, 1986; Ritta et al., 1987,
1991, 1998; Erdö and Wolf, 1990). Moreover, the rat
oviduct has been found to be more than twice as rich in
GABA than the brain (Martin del Rio, 1981). Immuno-
histochemical studies indicated that GABA was loca-
lized to the mucosal layer of the oviduct (Orensanz et al.,
1986).

The role of GABA in the context of the mammalian
sperm acrosome reaction has recently become subject of
increasing attention. There is enough evidence support-
ing a role of GABA in some events involved in fertiliza-
tion, such as capacitation and acrosome reaction.

Numerous reports support the role of GABA in sperm
function involving progesterone and related com-
pounds. In human spermatozoa progesterone provokes
an immediate increase in calcium influx (Thomas and
Meizel, 1989) and chloride influx (Turner and Meizel,
1995), stimulates protein tyrosine phosphorilation
(Parinaud and Milhet, 1996; Calogero et al., 2000),
induces the acrosome reaction (Calogero et al., 2000),
causes hyperactivation (Calogero et al., 1996), and
increases in cAMP levels (Parinaud and Milhet, 1996).

An effect of progesterone on acrosome reaction has
also been shown in spermatozoa from other species such
as mouse (Murase and Roldan, 1996), hamster (Llanos
et al., 1993), stallion (Meyers et al., 1993), guinea pig
(Zhang et al., 2000), goat (Somanath and Gandhi, 2002),
boar (Barboni et al., 1995), dog (Sirivaidyapong et al.,
2001), and pig (Martinez et al., 2002).

As the interaction of GABA with its A-type receptor
(GABA A-R) from neural tissues is enhanced by pro-
gesterone metabolites, and a pregnane binding site was
identified on the GABA A-R (Lan et al., 1991), it was
hypothesized that the action of progestins on calcium
influx and acrosome reaction might be mediated by their
interaction with the GABA A-R.

GABA A-R in human spermatozoa was described by
immunocytochemical techniques, using a monoclonal
anti a-subunits of the GABA A-R (Wistrom and Meizel,
1993) and by biochemical techniques (Ritta et al., 1998).
Moreover, the functional relationship between GABA A-
R and GABA B-R in regulating acrosome reaction of rat
spermatozoa has been recently explored (Hu et al.,
2002). However, the effect of GABA on capacitation itself
has not been thoroughly studied.

The current article was undertaken to explore the
presence of GABA and GABA receptors in bovine semen,
the ‘‘in vitro’’ capacitating effect of GABA on bovine
spermatozoa and the role of GABA on two events
associated with capacitation: calcium influx and cAMP
increases.

MATERIALS AND METHODS

Reagents

[3H]-muscimol (sp. act. 20 Ci/mmol) was purchased
from New England Nuclear Co. (Boston, MA). GABA,
baclofen, bicuculline, isoguvacine, picrotoxin, chlorte-
tracicline, and other reagents for the preparation of
buffers and media were obtained from Sigma Chemical
Co. (St. Louis, MO). CACA was purchased from Re-
search Biochemicals International (MA). Medium
199 from Difco (Detroit, MI) and Fura-2AM from Mole-
cular Probes, Inc., Eugene, OR). Na125I was obtained
from Dupont-NEN (Boston, MA). cAMP was radiola-
beled with Na125I in our laboratory by the method of
chloramine-T (sp. act. 600 Ci/mmol), as described by
Birnbaumer (1980). The antibody anti-cAMP was a gift
from NIDDKD and NHPP, University of Maryland,
School of Medicine. All other reagents were of analytical
grade.

Sperm Collection and Preparation

Fresh semen from 12 Aberdeen Angus bulls of proven
fertility was collected using an artificial vagina. Sperm
samples were assessed to ascertain live/dead relation
(Eosin–Nigrosin vital stain) and sperm motility (visual
microscopy examination). Concentration and total
number of spermatozoa were evaluated using a hemo-
cytometer. The percentage of progressively motile
spermatozoa was determined by visual microscopy ex-
amination at a magnification �400 using a phase
contrast microscopy. After collection, the semen was
immediately diluted 1:1 in egg yolk–Tris extender (35–
378C) without glycerol (0.25 M Tris, 60 mM citric acid,
69 mM fructose, 25% (v/v) egg yolk, and an antibiotic
cocktail containing tylosin, gentamicin, and incospec-
tin). Only ejaculates with spermatozoal motility >60%
and concentration >3� 106 spermatozoa/ml were used
for subsequent manipulations.

GABA Radioreceptor Assay

The method is based on the competitive inhibition of
[3H]-muscimol binding to the GABA receptor of cere-
bellar membranes by GABA present in the sample
(Bernasconi et al., 1980; Ritta et al., 1987, 1998). Sperm
pellets were homogenized by ultra sonication in an
appropriate volume of distilled water and centrifuged
for 20 min at 12,000g, at 48C. Aliquots of these super-
natants or seminal plasma were incubated in Eppendorf
tubes containing 100 ml of crude cerebellar membranes
(70–100 mg of protein), 100 ml of a 40 nM [3H]-muscimol
solution, and Tris-citrate buffer (50 mM, pH 7.2) to give a
final volume of 1 ml. After mixing, the samples were
incubated at 48C for 10 min and the assay terminated by
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centrifugation at 12,000g for 10 min at 48C. The
supernatant was discarded and the pellet was rapidly
rinsed with 1.5 ml of cold Tris-citrate buffer. After
dissolving the pellets in 100 ml of hyamine hydroxide,
10 ml of acidified Aquasol was added and radioactivity
was measured by liquid scintillation spectrometry.

Preparation of Sperm Membranes

For receptor binding experiments, semen was centri-
fuged at 500g for 10 min, and the sperm pellet was
immediately frozen and kept at�208C at least for 1 week,
according to Enna and Snyder (1976). On the day of the
experiment, the cells were thawed and homogenized in
15 volumes of ice-cold 0.32 M sucrose with an Ultraturrax
(Janke and Kunkel, IKA, Labortechnik, FRG) at
2,500 rpm for 40 s. The homogenate was centrifuged at
1,000g, and the supernatant was collected and recen-
trifuged at 48,000g for 20 min. The final pellet was
washed twice with distilled water, in order to remove
endogenous GABA, and resuspended in 50 mM Tris-
citrate buffer, pH 7.4 (Ritta et al., 1991, 1998).

[3H]-Muscimol Binding Assay

Binding assay was performed as described by Bowery
et al. (1983) and modified by Ritta et al. (1998).
Membrane suspensions (100 ml) were incubated in glass
tubes containing 10 nM [3H]-muscimol (200 ml final
volume) and increasing concentrations of unlabelled
muscimol. Nonspecific binding was determined by the
addition of a 1,000-fold excess of unlabelled muscimol.
The reaction was stopped by rapidly filtering the
suspensions through glass fiber (Whatman GF/C) under
vacuum. The filters were washed three-times with ice-
cold Tris-citrate buffer. Radioactivity in the filters was
measured by liquid scintillation spectrometry at a
counting efficiency of 60%.

In Vitro Capacitation

Semen aliquots (100 ml) were washed once in 4 ml of
Biggers, Whitten, and Wittingham (BWW) medium
(Biggers et al., 1971) without BSA or serum, supplemen-
ted with 10 mM Hepes, and adjusted to pH 7.4 under 5%
CO2 with 0.1 N NaOH. The sperm suspension was
centrifuged in 15-ml conical plastic tubes, at 500g for
10 min, in a swinging-bucket centrifuge at room
temperature. The loose pellet was resuspended in BWW
so as to get a final sperm count of 107 cells/ml. Aliquots
(500 ml) of this suspension were mixed in 1-ml plastic
wells with an equal volume of BWW alone or BWW
containing GABA, GABA agonists, or antagonists at the
final concentrations specified in each experiment. The
samples were incubated at 38.58C in a humidified cha-
mber under an atmosphere of 5% CO2 in air. After 2 hr,
aliquots of each sample were assessed for capacitation by
CTC assay (see below). Sperm motility was monitored
before and after incubations as previously described.

CTC Assay

The CTC method used to determine bovine sperm
capacitation was modified from Ward and Storey (1984)

and Fraser et al. (1995). The CTC solution (750 mM
CTC, 5 mM cysteine in 130 mM NaCl, and 20 mM Tris
acid, pH 7.4) was daily prepared and pH adjusted to 7.8.
The solution was protected from light and maintained at
48C before using. Fifteen microliter of spermatozoal
suspension were mixed with equal volume of CTC
solution on a slide at room temperature. After a few
seconds 1.5 ml of glutaraldehyde (12.5% (v/v) in 20 mM
Tris-HCl, pH 7.4) was added to samples. Finally, a drop
of 0.22 M 1,4-diaza-bicyclo (2,2,2) octane dissolved in
glycerol:phosphate-buffered saline (9:1) was added to
retard the fading of CTC fluorescence. The slides were
covered with coverslips and stored at 48C overnight in
the dark. Chlortetracycline fluorescence was observed
with a Nikon microscope equipped with phase contrast
and epifluorescent optics. All samples were processed in
duplicate and the experiment was replicated four-times.
At least 200 spermatozoa per slide were classified
according to 1 of 3 CTC staining patterns as described
by Fraser et al. (1995): 1) uniform bright fluorescence
over the whole head (characteristic of uncapacitated
cells, pattern F); 2) fluorescence-free band in the post-
acrosomal region (capacitated cells, pattern B); and 3)
dull fluorescence over the whole head except for a thin
punctate band of fluorescence along the equatorial
segment (acrosome reacted cells, pattern AR). No
fluorescence was observed when CTC was omitted from
the preparation.

Fura-2AM Assays of [Ca2þ]i

The intracellular concentration of free Ca2þ was
assessed using the fluorescence indicator Fura-2AM
(Grynkiewicz et al., 1985). Washed spermatozoa were
incubated with 1 mM Fura for 30 min al 378C. The loaded
cells were then washed by centrifugation (780g, 10 min
at 258C) in buffer containing 110 mM NaCl, 5 mM KCl,
and 10 mM 3-(N-morpholino)propanesulfonic acid, pH
7.4 to remove extracellular Fura-2AM, incubated
for another 30 min, and washed twice as described
above. Fluorescence measurements were performed in
a Jacso spectrofluorometer at excitation wavelength
340/380 nm and emission wavelength 505 nm. During
fluorescence measurements sperm suspensions were
continuously stirred in a thermostated cuvette holder
(378C). The different compounds to be tested (GABA,
picrotoxin, baclofen, CACA) were added to the cuvette
containing 5�105 cells 200 s after data collection was
started. The ratio 340/380 was converted to [Ca2þ]i

according to the formula described by Grynkiewicz et al.
(1985). Rmax and Rmin were determined in the presence
of 0.1% Triton X-100 and 2 mM ethylene-bis (oxy-
ethilenenitriolo) tetraacetate acid.

Determination of Intracellular cAMP

Washed sperm pellets were resuspended in 10 mM
Hepes-Tris buffer, pH 7.4, containing (mM): NaCl 145,
KCl 5, CaCl2 2.5, MgCl2 1, and glucose 1.1. One milliliter
aliquots (0.5�106 cells) were incubated at 378C in the
presence of GABA (1 mM). After the incubation period,
tubes were placed on ice, centrifuged in an Eppendorf
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microfuge (Brinkmann Instruments, NY), and the pel-
lets were resuspended in 500 ml H2O heated for 1 min in
boiling water. After centrifugation the pellets were
resuspended in 50 mM sodium acetate buffer (pH 6.0).
Samples and standards were acetylated and mixed with
125I-cAMP (15,000–20,000 dpm, 140 mCi/mmol) and
rabbit antiserum (kindly supplied by the National
Institute of Diabetes and Digestive and Kidney Disease)
diluted 1:5,000 and incubated overnight at 48C. At the
end of the incubation, the antigen–antibody complexes
were precipitated by the addition of 50 ml 2% BSA
and 2 ml cold ethanol and centrifuged at 2,000 rpm for
20 min, supernatants were aspirated, and pellets count-
ed in a Packard Auto-Gamma (Packard Instrument Co.,
Downers Grove, IL; Steiner et al., 1969).

Statistical Analysis

All data were analyzed by analysis of variance using
mixed models that contained fixed treatments and
random effects due to individual bulls (Snedecor and
Cochran, 1967). A random�fixed effect interaction was
considered random. Planned linear contrasts were used
to test differences among means.

Prior to statistical comparisons an arc sine, square
root transformation was applied to the individual per-
centages of spermatozoa showing pattern B to homo-
genize the residual variances.

RESULTS

GABA was measured by radioreceptor assay in both
seminal plasma and washed spermatozoa from bovine
fresh semen. As shown in Table 1, GABA was detected in
both fractions. This was verified as GABA through
the observation that it was almost completely (>85%)
degraded by the treatment of the samples with the
metabolizing enzyme, GABAase (Grahan and Aprison,
1966; data not shown).

Specific [3H]-muscimol binding to bovine sperm
membranes increased linearly with protein concentra-
tion (200–1,000mg), and was maximal al 378C, occurring
the highest binding between 20 and 30 min of incuba-
tion. [3H]-muscimol binding to bovine sperm mem-
branes was inhibited by GABA and to a less degree by
the GABA A antagonist bicuculline. In contrast, the
GABA B agonist baclofen and the GABA C agonist
CACA were unable to compete with [3H]-muscimol for
sperm binding sites (Table 2). Scatchard analysis of
[3H]-muscimol binding yielded a linear plot consistent
with a single, homogeneous population of binding sites,
with Kd¼2.87 nM and Bmax¼ 399 fmol/mg protein
(Fig. 1).

As shown in Table 3, incubation of bovine spermato-
zoa for 2 hr in medium BWW (control) did not alter the
percentage of CTC form corresponding to capacitated
cells with respect to nonincubated samples. Addition of
GABA to the incubation medium resulted in a concen-
tration-dependent increase in the percentage of this
CTC pattern corresponding to capacitated spermatozoa
(pattern B). The effect of GABA was marginal but stati-
stically significant at 1 mM and was maximal at 20 mM.

To determine if GABA A-R was involved in the action
of GABA on sperm capacitation, spermatozoa were in-
cubated, under the same conditions as described above,
in the presence of 20 mM GABA, the GABA A-R agonist
muscimol, the GABA B-R agonist baclofen, and the
GABA C-R agonist CACA. Muscimol at 10 or 20mM had a
capacitating effect similar to that of 20 mM GABA. In
contrast, baclofen (1 or 10 mM) and CACA (1 or 10 mM)
were ineffective (Table 4).

We evaluated the effect of GABA, picrotoxin, and
baclofen on intracellular Ca2þ concentrations in sper-
matozoa loaded with Fura-2AM. GABA (10 mM) induced
an increment on [Ca2þ]i (Fig. 2), while baclofen 100 mM

TABLE 1. Presence of GABA in Bovine Semen

GABA

Spermatozoa 0.064� 0.003 nmoles/106 cells
Seminal plasma 23.210� 1.160 nmoles/ml

Each value represents mean�SEM (n¼ 12).

TABLE 2. Inhibition of [3H]-Muscimol Bound to
Bovine Sperm Membranes

Compound IC50 (mM)

GABA 0.063� 0.060
Muscimol 0.036� 0.009
Bicuculline 16.000� 1.370
Isoguvacine 21.000� 4.800
Baclofen >400
CACA >400

IC50 values (concentrations producing 50% displacement of the
specific binding), given in mM, were determined by probit
analysis of three experiments. Each compound was tested in
triplicate (concentration range: 10 nM to 10 mM).

Fig. 1. Scatchard analysis of [3H]-muscimol bound to bovine sperm
membranes. Each point represents the mean�SEM of three indepen-
dent experiments. B, bound; F, free. The dissociation constant (Kd) and
maximal binding (Bmax) are 3.74� 0.19 nM and 417.6�22.6 fmol/mg
protein, respectively.
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had no effect on calcium influx (data not shown), These
results suggest that the GABAergic receptor involved
might be type A since the GABA B-R agonist baclofen
had no effect. Furthermore, the GABA A-R antagonist
picrotoxin prevented the effect triggered by 100 mM
GABA (Fig. 2). Moreover, the GABA C agonist CACA
had no effect on calcium influx (data not shown). The
measurements of changes in [Ca2þ]i are summarized
graphically in Figure 3.

When intracellular cAMP concentration was evalu-
ated in the presence or absence of 2.5 mM Ca2þ, GABA
only induced an increment on cAMP concentration in
the presence of 2.5 mM Ca2þ (Table 5). To ascertain
whether GABA acts through the GABA A-R, the effect of
GABA and the GABA B-R and GABA C-R agonistis
baclofen and CACA on the generation of cAMP were
examined. It was found (Table 6) that GABA triggered

cAMP formation while the agonists were ineffective.
Moreover, GABA-induced generation of cAMP was
inhibited by bicuculline, the GABA A-R antagonist.

DISCUSSION

In this study we explored different aspects of the role
of GABA in modulating sperm function: 1) the presence
of GABA in both bovine seminal plasma and washed
spermatozoa; 2) the existence of a specific population of
GABA R in sperm membranes; 3) the capacitating
effect of GABA; 4) the effect of GABA on Ca2þ influx
into spermatozoa; and 5) the effect of GABA on cAMP
accumulation into sperm cells.

It is well known that in order to fertilize the egg,
spermatozoa must go through the capacitation process
where they experience increased Ca2þ influx, cAMP and
superoxide anion production, and protein tyrosine
phosphorilation (Leclerc et al., 1998).

TABLE 3. Effect of GABA on Bovine
Sperm Capacitation

GABA Pattern B (%)

Control 19.3� 1.8
Nonincubated 18.4� 1.9a

1 mM 26.6� 2.8b

5 mM 36.7� 1.4b

20 mM 39.2� 1.5b

50 mM 38.5� 1.3b

Spermatozoa were incubated as described in ‘‘Materials and
Methods,’’ in BWW medium alone (control) or containing
GABA. Capacitation was evaluated by percentage of pattern B
of CTC staining. Nonincubated, washed samples without
incubation; control, samples washed and incubated in BWW
medium, in the absence of GABA. Results are expressed as
percentage data transformed to the arc sine of their square
roots (mean�SD for 12 different ejaculates).
aP< 0.001. bP> 0.05 vs. control.

TABLE 4. Effect of Muscimol, Baclofen, and CACA on
Bovine Sperm Capacitation

Compound Pattern B (%)

Control 20.9� 1.5
GABA 20 mM 37.8� 1.1a

Muscimol 1 mM 38.1� 0.9a

Muscimol 10 mM 39.3� 1.1b

Baclofen 1 mM 22.2� 1.1b

Baclofen 10 mM 22.5� 1.8b

CACA 1 mM 20.1� 1.6b

CACA 10 mM 21.0� 1.6b

Spermatozoa were incubated as described in ‘‘Materials and
Methods,’’ in BWW medium alone (control) or containing
GABA or one of the agonist or antagonist indicated. Capacita-
tion was evaluated by percentage of pattern B of CTC staining.
Results are expressed as percentage data transformed to the
arc sine of their square roots (mean�SD for 12 different
ejaculates).
aP< 0.001. bP> 0.05 vs. control.

Fig. 2. Effect of gamma-aminobutyric acid (GABA) and picrotoxin
on intracellular [Ca2þ]i concentrations. Intact sperm cells (5�
105 cells/ml) were loaded with Fura-2AM and the changes in [Ca2þ]i

were recorded using a spectrofluorometer (see ‘‘Materials and Meth-
ods’’). At the time indicated by the arrows, GABA and picrotoxin were
added. The data represent one typical experiment of repetitions
performed with samples obtained from 12 different animals.

Fig. 3. Graphic representation of [Ca2þ]i in noncapacitated bovine
sperm cells loaded with Fura-2AM. Results correspond to four
randomly chosen bovine sperm cells samples loaded with Fura-2AM.
Changes in [Ca2þ]i were measured after the addition of 10 mM GABA.
The Ca2þ concentration scale is expressed in relative units.
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In fact, mammalian spermatozoa require extracellu-
lar Ca2þ, some of which must be internalized to un-
dergo complete capacitation. Moreover, at a critical
threshold, a rise in intracellular Ca2þ will trigger
acrosomal exocytosis, primary induced by the egg zona
pellucida glycoprotein ZP3 or by progesterone (Roldan
et al., 1994).

Shi and Roldan (1995) suggested that acrosomal
exocytosis involves activation of a GABA A-R apparently
linked to Ca2þ channels. As it has been mentioned,
GABA has been considered among the factors that
regulate sperm capacitation and acrosomal reaction. In
the present study we report the presence of GABA in
bovine semen at concentrations similar to or higher than
those reported in numerous peripheral organs of
mammals (Erdö and Kiss, 1986). Particularly, we have
reported the presence of GABA in human semen (Ritta
et al., 1998) at concentrations comparable to those
described herein. Since the enzymes for GABA synthesis
were not measured in this study, the source(s) of GABA
in spermatozoa remain to be elucidated. GABA could be
locally synthesized in spermatozoa or, alternatively,
taken up from seminal plasma by an active transport
mechanism as suggested by Aanesen et al. (1995) to be
present in human spermatozoa.

In order to investigate the presence of possible
recognition sites for GABA in bovine spermatozoa we
investigated the association of [3H]-muscimol to crude
membranes. We provide a biochemical and pharmaco-

logical description of GABA A-R in bovine sperm
membranes. According to our results the Kd for (3H(-
muscimol calculated by Scatchard analysis is in agree-
ment with values found in other peripheral tissues
(Erdö, 1986).

It is widely accepted that sperm capacitation (and
acrosome reaction) can be indirectly visualized by
incubation of spermatozoa with the antibiotic (CTC),
which fluoresces while monitoring Ca2þ displacement in
the sperm head membrane (Fraser et al., 1995). The
foregoing results show that GABA exerts a capacitating
effect on bovine spermatozoa as assessed by the increase
in the percentage of spermatozoa showing a CTC
pattern compatible with a capacitated state (Fraser
et al., 1995). The GABA-like effect of the GABA A-R
agonist muscimol clearly indicates the involvement of
the described GABA A-R in the observed effect, while the
GABA B-R and GABA C-R agonists (baclofen and CACA,
respectively) had no effect. Moreover, the GABA-
induced capacitation was completely abolished by the
specific GABA A-R antagonist bicuculline. The high
GABA levels found in the oviduct (Erdö and Kiss, 1986;
Erdö and Wolf, 1990) points to a role in the fertilization
process, acting directly on the oocyte, on sperm, or both.
Notwithstanding, the presence of GABA in bull semen
and the existence of GABA A-R reported herein strongly
suggest a direct action at sperm level.

Although the Kd for [3H]-muscimol was in the
nanomolar range, the effect of GABA on sperm capacita-
tion was only evident al micromolar concentrations.
Considering the occurrence of an active uptake GABA
mechanism in spermatozoa (Aanesen et al., 1995), it is
possible that GABA is taken up, resulting in a decreased
GABA concentration. On the other hand, since GABA
concentrations in the oviduct have been reported to be
comparable to those in the brain, the effect described
herein on sperm capacitation, even at micromolar
concentrations, could be of physiological relevance.
Moreover, it should be taken into account that neuroac-
tive steroids or endogenous compounds with benzodia-
zepine activity could enhance the in vivo effect of GABA.

An interesting data is the identification of another
neurotransmitter, norepinephrine, within the microen-
vironment of the bovine oviduct (Way et al., 2001).
Moreover, it was reported that this catecholamine
capacitates and induces the acrosome reaction in freshly
ejaculated bovine spermatozoa at the physiological
concentrations previously determined for bovine ovi-
ductal fluid (Way and Killian, 2002).

As it has been mentioned, Hu et al. (2002) reported
that the induction of acrosome reaction in rat sperm by
GABA was found to be a biphasic phenomenon. Accord-
ing to their observations, acrosome reaction rates
increased with increasing GABA concentrations up to
5 mM and at higher concentrations of the neurotrans-
mitter (>5 mM) there was a reduction in the acrosome
reaction rates. This biphasic phenomenon was proposed
to be apparently due to the differential interaction of the
neurotransmitter with GABA receptor subtypes in a
dose-dependent manner. These authors postulate that

TABLE 5. Effect of GABA on cAMP Accumulation in
Spermatozoa in the Presence or Absence of Calcium

cAMP (pmol/106 cells)

— 2.5 mM CaCl2
None 2.37þ0.70a 2.07þ 0.53a

GABA 1 mM 2.28� 0.38a 4.18� 0.83b

Data represent one of three similar experiments which gave
essentially the same results. Each value represents the
mean�SEM (n¼ 8, number of ejaculates).
aValues with different superscripts within the same column
are significantly different (P> 0.01).
bValues with different superscripts within the same column
are significantly different (P> 0.01).

TABLE 6. Effect of GABA, Baclofen, and CACA on
cAMP Accumulation

Compound cAMP (pmol/106 cells)

None 1.76� 0.16 (9)
GABA 1 mM 3.26� 0.05 (8)a

Baclofen 1 mM 1.71� 0.09 (8)
CACA 1 mM 1.82� 0.10 (8)

Data represent one of three similar experiments which gave
essentially the same results. Each value represents the
mean�SEM; numbers in parentheses indicate number of
ejaculates. aP< 0.001, vs. control.
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the induction of acrosome reaction in rat sperm by
GABA is regulated by the proportionality of activated
GABA A-Rs and GABA B-Rs acting as a yin–yang
control. However, in the present study we provide a
biochemical and pharmacological description of GABA
A-Rs in bull sperm membranes and the lack of GABA B
recognition sites.

It is generally accepted that the first event in
capacitation is the increase in intracellular Ca2þ

bicarbonate and hydrogen peroxide, which collectively
activate adenylyl ciclase to produce cAMP, which acti-
vates protein kinase A to phosphorylate certain proteins
(Breitbart and Naor, 1999). Moreover, Galantino-
Homer et al. (1997) reported an interrelationship be-
tween tyrosine kinase/phosphatase and cAMP signaling
pathways at the level of protein kinase A in bovine
sperm capacitation.

To ascertain a possible rise in intracellular Ca2þ

triggered by GABA, we evaluated the effect of GABA,
the antagonist of GABA A-R picrotoxin and the agonists
baclofen and CACA on [Ca2þ]i in bull sperm cells loaded
with Fura-2AM. While baclofen and CACA had no effect
on Ca2þ influx, GABA induced an increment on [Ca2þ]i.
These results suggest that the GABA receptor involved
in Ca2þ mobilization is the described type A recognition
site. Moreover, the GABA A-R antagonist picrotoxin
prevented the effect triggered by GABA demonstrating
the activation of the GABA A-R induces Ca2þ response.

Since the ATP-dependent Ca2þ pump [Ca2þ–Mg2þ-
ATPase] is auto-phosphorylated by ATP, it can be
classified as a protein kinase. It is hypothesized that
the plasma membrane Ca2þ pump is involved in the re-
gulation of [Ca2þ]i during sperm capacitation (Adeoya-
Osiguwa and Fraser, 1993; DasGupta et al., 1994);
however, there is no direct evidence to support this. The
mechanism of regulation of [Ca2þ]i within the sperma-
tozoon involves the plasma membrane, intracellular
Ca2þ stores, most likely in the acrosome, and the mito-
chondria. In bull spermatozoa it was reported 6-fold
increment in [Ca2þ]i during incubation under capacitat-
ing conditions (Breitbart and Naor, 1999). The entry of
Ca2þ results in an increase in [Ca2þ]i which stimulates
the ATP-dependent Ca2þ pump (Breitbart et al., 1983)
and the plasma membrane 3Naþ.Ca2þ exchanger (Rufo
et al., 1984) to excrete Ca2þ from the cell. Moreover, it
has been proposed the presence of either a cAMP-gated
Ca2þ channel or a channel opened upon phosphorylation
by cAMP-dependent protein kinase A (Spungin and
Breitbart, 1996). Since cAMP concentrations and pro-
tein kinase A-dependent protein tyrosine phosphoryla-
tion are enhanced during capacitation, and this enzyme
can activate Ca2þ channels in the acrosomal membrane,
it is suggested that the acrosomal calcium is mobilized
during capacitation (Breitbart and Naor, 1999).

Parinaud and Milhet (1996) and other authors
reported the effect of progesterone on cAMP levels in
human sperm. These authors propose that the proges-
terone-induced cAMP increase appears to be Ca2þ-
dependent and related to the Ca2þ influx, because the
ionophore A23187 has the same effect as the steroid.

This progesterone-induced Ca2þ influx has been well
described by Thomas and Meizel (1989) and by Black-
more (1993), and it is proposed to be related to cell
surface progesterone receptor. Furthermore, Parinaud
and Milhet (1996) reported that hyperactivation, the
major measurable phenomenon linked to capacitation
(Cohen-Dayag and Eisenbach, 1994), is induced by
progesterone. The effect of the steroid is partially
reproduced by GABA and decreased by the GABA A-R
antagonist picrotoxin. A GABA A-like receptor has been
shown to be involved in progesterone-induced acrosome
reaction (Shi and Roldan, 1995) but not in progesterone-
induced Ca2þ influx (Blackmore et al., 1994; Turner
et al., 1994). This could explain why GABA does not
totally abolish the effect of progesterone on cAMP levels.
According to the present results, 10 mM GABA was able
to induce an increment on intracellular cAMP concen-
tration only in the presence of Ca2þ. Parinaud and
Milhet (1996) reported a not statistically significant
increase of cAMP when human sperm were incubated in
the presence of 5 mM GABA. However, they observed
that picrotoxin (10 mM) abolished the effect of 100 mM
progesterone on cAMP. According to the present results,
incubation of bovine sperm cells in the presence of GABA
B-R and GABA C-R agonist failed to induce cAMP
accumulation, while the GABA A-R antagonist bicucul-
line inhibited GABA-induced cAMP production. The
intracellular mechanism of GABA-induced cAMP
increase remains to be elucidated. Indeed, GABA could
act either by stimulating adenylyl cyclase or by inhibit-
ing phosphodiesterase.

CONCLUSIONS

In conclusion, GABA is present in bovine seminal
plasma and washed spermatozoa, specific GABA A-R
occurs in sperm membranes and GABA exerts a
capacitating effect on bull spermatozoa as assessed by
CTC technique. According to the foregoing results, the
mechanism of GABA action appears to involve at least
two biochemical pathways: calcium channels and cAMP
production.
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