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ABSTRACT

Several studies have shown that dopamine and other
catecholamines are present in oviduct luminal fluid. We recently
reported that dopamine type 2 receptors (DRD2) are present in a
wide range of mammalian sperm, suggesting a role for
dopaminergic signaling in events such as fertilization, capacita-
tion, and sperm motility. In the present study, we used Western
blot analysis to show that boar sperm express DRD2 and that
their activation with dopamine (100 nM) has a positive effect on
cell viability that can be correlated with AKT/PKB phosphory-
lation. Bromocriptine (100 nM) and dopamine (100 nM and 10
lM) increased tyrosine phosphorylation during the capacitation
period. Immunofluorescence analysis indicated that DRD2
localization is dynamic and depends on the capacitation stage,
colocalizing with tyrosine phosphorylated proteins in the
acrosome and midpiece region of capacitated boar sperm. This
association was confirmed by coimmunoprecipitation analysis.
We also showed that bromocriptine (100 nM) and low-
concentration dopamine (100 nM and 10 lM) increased total
and progressive motility of sperm. However, high concentra-
tions of dopamine (1 mM) decreased tyrosine phosphorylation
and motility in in vitro sperm capacitation assays. This can be
explained by the presence of the dopamine transporters (DAT,
official symbol SLC6A3) in sperm, as demonstrated by Western
blot analysis and immunocytochemistry. Taken together, our
results support the idea that dopamine may have a fundamental
role during sperm capacitation and motility in situ in the female
upper reproductive tract.
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INTRODUCTION

Dopamine is a major neurotransmitter within the mamma-
lian central nervous system and has an important role in
functions such as cognition, emotion, and motor activity
control. Alteration of certain elements of the dopaminergic

system is associated with neurological and psychiatric
disorders such as Parkinson disease and schizophrenia [1].

Dopamine receptors are seven-transmembrane trimeric
guanosine triphosphate (GTP)-binding protein (G protein)-
coupled receptors, classified into distinct subfamilies based on
pharmacological characteristics and sequence homology.
Examples are the dopamine type 1 (D1)-like receptors
(DRD1 and DRD4) and the D2-like receptors (DRD2,
DRD3, and DRD4) [1].

Stimulation of D1-like receptors activates adenylyl cyclase
by coupling to stimulatory GTP-binding regulatory protein (Gs
protein), increasing cyclic AMP accumulation, which activates
cyclic AMP-dependent protein kinase (PKA) [2, 3]. However,
stimulation of D2-like receptors showing high affinity for
antipsychotic drugs inhibits adenylyl cyclase by coupling to
inhibitory GTP-binding regulatory protein (G

i/o
) and decreas-

ing PKA activity [1].
High concentrations of catecholamines have been detected

in human semen [4] and in oviductal compartment from
human, sow, rabbit, and cow [5–8]. It has also been reported
that catecholamine concentrations vary according to the
oviductal region and during the different phases of the estrous
cycle [5, 8], suggestive of a hypothalamopituitary control
system. It is likely that the source of these catecholamines is the
catecholaminergic nerve terminal, although dopamine and
other catecholamines are present in follicular fluid under
physiological conditions [9, 10]. However, expression of
tyrosine hydroxylase in equine uterus and cervical epithelia
has been reported [11], suggesting that it is potentially
available during the first stretch of the sperm journey through
the female reproductive tract.

Several types of neurotransmitter receptors have been found
in spermatozoa [12], although the role of these receptors is
unknown. We recently showed by RT-PCR, Western blot, and
immunohystochemistry/cytochemistry that male germ cells and
spermatozoa express DRD2 in a conserved manner [13]. This
finding indicates that this receptor is a potential target for
endogenous dopamine and antipsychotic drugs.

Capacitation is defined as the series of changes that
spermatozoa normally undergo during their transit in the
female genital tract to reach and bind the zona pellucida for the
acrosome reaction and for fertilization of the oocyte [14, 15]. It
is a complex and finely tuned process in which membranous,
ionic, and metabolic alterations occur at specific times and
locations and in which several components of signal transduc-
tion pathways are involved [14, 15].

The effect of catecholamines in sperm capacitation has been
poorly studied. However, norepinephrine and epinephrine were
reported to induce capacitation in mouse [16], hamster [17–19],
and bull spermatozoa [20]. Catecholamines were also reported
to increase the rates of spontaneous acrosomal reaction [17, 19,
20] and in vitro fertilization [16, 21].
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Our objectives in the present study were to investigate the
presence of DRD2 in boar sperm and the effect of specific
agonists on sperm survival and on important parameters such
as sperm capacitation and motility. We also aimed to show the
presence of a catecholaminergic phenotype in spermatozoa that
could explain the effects of high catecholamine levels on
phosphotyrosine patterns and sperm motility.

MATERIALS AND METHODS

Ethics

All procedures described herein were reviewed and approved by the
Autonomous University of Barcelona Animal Care and Use Committee and
were performed in accord with the Animal Welfare Law issued by the Catalan
government (Generalitat de Catalunya, Spain).

Materials

Antibodies included the following: mouse monoclonal anti-b-tubulin
(Sigma, St. Louis, MO); mouse monoclonal anti-phosphotyrosine PY20
(Transduction Laboratories, Lexington, KY); rabbit polyclonal anti-DRD2
(sc-9113) and anti-AKT [PKB] (v-akt murine thymoma viral oncogene
homologue 1 [protein kinase B]) antibodies (rabbit anti-phospho-Ser473 [sc-
7985], rabbit anti-phospho-Thr308 [sc-16646], goat anti-AKT, and goat anti-
SLC6A3 [sc-7515]) (Santa Cruz Biotechnology, Santa Cruz, CA); and goat
anti-mouse, goat anti-rabbit, and rabbit anti-goat horseradish peroxidase-
conjugated secondary antibodies (Pierce Biotechnology, Inc., Rockford, IL).
We obtained MitoTracker Red CM-H

2
XRos, as well as Alexa Fluor 488 and

568 conjugated to rabbit and mouse anti-IgG, respectively, from Molecular
Probes (Eugene, OR). Dopamine, bromocriptine, and fluorescein isothiocya-
nate-conjugated Pisum sativum agglutinin (FITC-PSA) were supplied by
Sigma, and other analytical grade reagents were obtained from Merck
(Darmstadt, Germany) and BioRad (Hercules, CA).

Sperm Preparation and Culture Conditions

Boar semen was obtained from eight healthy and mature animals (2–3 years
old) from a commercial farm (Servicios Genéticos Porcinos, S.L., Roda de Ter,
Spain). Samples were diluted to a concentration of 2 3 107 in a commercial
extender for refrigerated semen (MR-A Extender; Kubus, S.A., Majadahonda,
Spain) and distributed in 100-ml commercial artificial insemination receptacles
that were sent to the laboratory of the Universitat Autònoma de Barcelona. All
doses were kept at 168C for approximately 90 min. Samples (six doses) were
centrifuged at 600 3 g for 10 min at 168C, and the pellets were washed three
times in bovine serum albumin (BSA)-free medium. Spermatozoa were then
resuspended in capacitating media [22–24]. All doses were mixed and pooled
and then equally distributed into several tubes and incubated in the presence or
absence of the agonist for 0–4 h at 38.58C in cell incubators at 5% atmospheric
CO

2
. Ligands used for treatment were bromocriptine (100 nM) (a DRD2-

specific agonist) and several concentrations of dopamine (100 nm, 10 lM, and
1 mM), and one set of tubes (without agonist) was used as a control. The
capacitating media consisted of the following: 20 mM Hepes, 112 mM NaCl,
3.1 mM KCl, 0.4 mM MgSO4, 0.3 mM Na2HPO4, 5 mM glucose, 21.7 mM L-
lactate, 1 mM sodium piruvate, 29.7 lM CaCl

2
, 36 mM NaHCO

3
, and 0.6%

BSA (pH 7.4, 230 mOsm).

Evaluation of the Achievement of Capacitation Status

Achievement of the capacitation status after incubation with the
capacitating medium was assessed. This was performed after the following
procedures on spermatozoa obtained at different incubation times:

Viability assessment (percentage). This percentage was assessed using
eosin-nigrosin staining according to the technique by Bamba [25]. In this
procedure, viable spermatozoa were observed as white on a pinkish-purple
background, whereas nonviable sperm were stained a pinkish-red color and
were located in specific areas or in the whole sperm cell. Viability percentages
were established from a count of 200–300 spermatozoa in each sample.

Sperm acrosomal integrity assessment. The structural status of sperm
acrosomes was assessed by FITC-PSA stain [26, 27]. In this staining, sperm
aliquots were fixed and permeabilized for at least 30 min at 48C in 100%
methanol to allow entry of PSA. Permeabilized spermatozoa dried onto slides
were then covered with a droplet of FITC-PSA (100 mg/ml) in PBS for 10 min.
After repeated washing of the slide in bidistilled water, the spermatozoa were
analyzed using epifluorescence (Zeiss Axioplan 2 microscope; Carl Zeiss

Gmbh, Jena, Germany). In each case, sperm head scoring was performed in
pairs to a count of up to 200 spermatozoa (100 on each slide), and results were
analyzed in triplicate. Intense acrosomal staining was indicative of an intact
acrosome. Spermatozoa showing any acrosome alteration had much fainter
fluorescence in the sperm head or no demonstrable fluorescence.

Sperm motility assessment using a computer-assisted analysis system.
The computer-aided sperm motility analysis (CASA) was performed using a
commercial system (Integrated Sperm Analysis System V1.0; Proiser SL,
Valencia, Spain). In this system, sperm samples were previously warmed at
378C for 5 min in a water bath, and 5-lL aliquots of these samples were then
placed on a warmed (378C) slide and covered with a 22-mm2 coverslip. Our
CASA system was based on the analysis of 25 consecutive digitalized
photographic images obtained from a single field at 2003 magnification on a
dark field. These 25 consecutive photographs were taken during a time lapse of
1 sec, implying an image-capturing velocity of one photograph taken every 40
milliseconds. Two to three separate fields were taken for each sample.

Sperm motility descriptors obtained after the CASA analysis included the
following: curvilinear velocity (VCL) (the mean path velocity of the sperm
head along its actual trajectory in micrometers per second), linear velocity
(VSL) (the mean path velocity of the sperm head along a straight line from its
first to its last position in micrometers per second), the mean velocity (VAP)
(the mean velocity of the sperm head along its average trajectory in
micrometers per second), linearity coefficient percentage ([VSL/VCL] 3

100), straightness coefficient (STR) percentage ([VSL/VAP] 3 100), wobble
coefficient percentage ([VAP/VCL] 3 100), the mean amplitude of lateral head
displacement (the amplitude of lateral head displacement in relation to the VCL
path and the VAP path in micrometers), and frequency of head displacement
(the frequency with which the actual sperm trajectory crosses the average path
trajectory in hertz).

After these parameters were obtained, total motility was defined as the
percentage of spermatozoa showing a VAP exceeding 10 lm/sec. Progressive
motility was defined as the percentage of spermatozoa showing an STR
exceeding 45%.

Sperm motility data obtained from the CASA analysis were processed using
the SAS statistical package (SAS Institute Inc., Cary, NC) [28]. Normality of
data distributions was assessed using Shapiro-Wilks test, which is included in
the UNIVARIATE procedure. This analysis includes the assumptions that all
the data included in the same experimental group were congruent and that there
were no significant differences among sperm of the same experimental group
obtained in three independent experiments. Two-way ANOVA was performed
using PROC GLM, followed by Tukey-Kramer test (TUKEY option of the
LSMEANS statement) for multiple comparisons at P , 0.05. A total of 2996
spermatozoa, including all groups, were analyzed using this protocol. Statistical
analyses were performed in a manner such that each experimental group
included only those sperm that were analyzed in its specific experimental
group.

Assessment of the overall tyrosine phosphorylation status. The tyrosine
phosphorylation status of spermatozoa was evaluated using Western blot
analysis after SDS-PAGE. This technique was applied as follows:

Step 1 comprised protein extraction from the boar sperm. Sperm proteins
were isolated essentially according to the technique by Baker et al. [29], with
some modifications. Specifically, aliquots (5 3 106 sperm) were taken before
and during incubation at different times and treatments. Cellular suspensions
were centrifuged (600 3 g for 3 min) and then solubilized with 2% w/v SDS,
0.375 M Tris, pH 6.8, 10% sucrose, 10 mM PMSF, 10 mg/ml of leupeptin, 100
mM sodium orthovanadatum, and 1 mM NaF and heated at 1008C for 5 min.
The homogenate was centrifuged at 20 000 3 g for 10 min; the supernatant was
retained and stored at�80 8C until used. Protein concentration was determined
using the method by Bradford [30] with a commercial kit (BioRad).

Step 2 comprised SDS-PAGE and Western blotting. Samples were boiled
for 1 min at 1008C in buffer containing 2% (v/v) 2-mercaptoethanol. The SDS-
PAGE was conducted on 10 lg per line of proteins using 10% or 12%
polyacrylamide gels at 100-mA constant current per gel. Proteins were then
transferred onto polyvinylidene fluoride (PVDF) membranes (Perkin Elmer,
Boston, MA) at 400-mA constant current for 1 h. Membranes were blocked for
1 h at room temperature with Tris-buffered saline (TBS) (0.02 M Tris, pH 7.6,
0.15 M NaCl) containing 5% (w/v) BSA. Membranes were incubated at room
temperature overnight with primary antibodies diluted in TBS containing 4%
(w/v) BSA and 0.01% Tween-20. Antibody dilutions used were 1:2000 for
anti-PY20 and anti-b-tubulin and 1:500 for anti-DRD2, anti-phospho-AKT-
Ser473, anti-phospho-AKT-Thr308, anti-AKT-total, and anti-SLC6A3. After
incubation, the membranes were washed four times for 5 min with TBS
containing 0.03% Tween-20 and were incubated for 1 h at room temperature
with horseradish peroxidase-conjugated second antibody at a concentration of
1:5000 in TBS containing 4% (w/v) BSA and 0.01% Tween-20. The
membranes were washed as already described, and protein detection was
performed using an ECL kit (Amersham Biosciences, Arlington Heights, IL).
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Indirect Immunofluorescence Analysis

Indirect immunofluorescence was used to detect DRD2 and phosphopro-
teins at different intervals during the capacitating incubation. Aliquots of
spermatozoa suspension were obtained (with or without treatment), spread onto
slides, and fixed in 4% paraformaldehyde. The slides were blocked for 60 min
at room temperature in 5% BSA and 0.3% Triton X-1000 PBS (pH 7.4). Slides
were washed in PBS and incubated overnight at 48C in a humidified camera
with the following antibodies: anti-DRD2 (1:50), anti-PY20 (1:200), anti-
phospho-AKT-Ser473 (1:200), anti-phospho-AKT-Thr308 (1:200), or anti-
SLC6A3 (1:200). As negative controls for DRD2 immunoreaction, the slides
were incubated with antibodies preabsorbed with the synthetic peptide that
included the immunogenic region used to produce the antibody. Specifically,
primary antibody was preincubated overnight at 488C with a 10-fold molar
excess of the synthetic peptide (Alpha Diagnostic International Inc., San
Antonio, TX), and the preabsorbed antibody was used for immunofluorescent
analysis. Spermatozoa were washed three times with PBS (pH 7.4) and were
incubated for 60 min at 48C with anti-rabbit IgG-Alexa Fluor 488 and/or anti-
mouse IgG-Alexa Fluor 568 (both in 1:500 dilution). Finally, the slides were
washed three times as already described and mounted. Stained cells were
visualized and evaluated using confocal laser scanning fluorescence micros-
copy (Fluoview FV1000; Olympus, Tokyo, Japan). The images obtained were
processed using Adobe Photoshop 6.0 (Adobe Systems, Mountain View, CA).

Immunoprecipitation Analysis

Sperm samples treated with or without dopamine (100 nM) were washed
twice in ice-cold PBS (pH 7.4), 1 mM PMSF, and 1 mM Na

2
VO

4
. After

centrifugation at 600 3 g, the pellet was homogenized in lysis buffer with 150
mM NaCl, 50 mM Tris, pH 7.4, 2 mM edetic acid, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 10 mM PMSF, 10 mg/ml of leupeptin, and 1
mM orthovanadatum. The lysate was precleared with protein A-sepharose CL-
4B beads (Pharmacia, Uppsala, Sweden) for 60 min at 48C. For immunopre-
cipitation, equal amounts of protein (200 lg of total cell lysate) were incubated
overnight at 48C with 2 lg of rabbit polyclonal antibody anti-DRD2, followed
by the addition of protein A-sepharose beads and incubated for a further 2 h at
48C. Bound immune complexes were washed three times with lysis buffer
containing protease and phosphatase inhibitors and detergents. The first
supernatant fraction was stored for further analysis, and the pellets were
solubilized in sample buffer. The supernatant and pellet proteins were separated
using SDS-PAGE, transferred to a PVDF membrane (Millipore Corporation,
Billerica, MA), and immunoblotted with PY20 mouse anti-phosphotyrosine
monoclonal antibodies (1:2000).

Statistical Analysis

The viability and densitometric data reported herein are expressed as the
mean (6 SEM) of 10 and four independent samples, respectively. Statistical
analyses were performed using Student t-test with Bonferroni correction for
viability and variance analysis (ANOVA) and using Dunnett posttest for
Western blotting densitometrics; we used GraphPad (GraphPad Software, Inc.,
San Diego, CA) for both analyses, and differences were considered significant
and highly significant at P , 0.05 and P , 0.01, respectively.

RESULTS

Boar Spermatozoa Express DRD2, and Cellular Localization
of These Receptors Depends on Capacitation State

The expression of DRD2 in rat, mouse, bovine, and human
spermatozoa has been recently documented [13]. To confirm
the presence of DRD2 in boar spermatozoa, we showed that
Western blot analysis of extracted proteins demonstrated a
single immunoreactive band of the expected molecular size
(;50 kDa) (Fig. 1A). Moreover, we confirmed the specificity
of the antibody by using proteins extracted from rat and mice
brain. As negative controls, preabsorbed antibodies were used
to probe Western blots (data not shown). Immunofluorescence
analysis revealed that DRD2 in fresh spermatozoa is detectable
in the flagellar region, mainly in the midpiece (Fig. 1C). After
2-h incubation in capacitating medium, DRD2 showed strong
immunoreactivity in the acrosomal region (Fig. 1D, arrow-
heads). No changes in immunoreactivity were observed in the
principal piece compared with that in fresh spermatozoa. The

specificity of the reaction was confirmed in experiments that
showed an absence of immunoreaction when preabsorbed
antibodies were used (Fig. 1B).

Effect of Dopamine and Bromocriptine on Tyrosine
Phosphorylation During Capacitation

To clarify the effect of bromocriptine and several concen-
trations of dopamine on boar sperm capacitation, the level of
tyrosine phosphorylation was measured by Western blot
analysis (Fig. 2). Spermatozoa incubated with bromocriptine
showed an increase in the time course-induced tyrosine
phosphorylation. This effect was observed in proteins of
approximate molecular sizes of 180, 100, 60, 40/50, and 25
kDa. The concentration-response of dopamine revealed a
biphasic effect on tyrosine phosphorylation. Thus, 100 nM and
10 lM dopamine increased the phosphorylation signal, mainly
in proteins with a molecular mass between ;40 and ;58 kDa.
In contrast, spermatozoa incubated with 1 mM dopamine
showed a marked decrease in tyrosine phosphorylation except
for phosphoproteins in the range between ;30 and ;45 kDa.

Localization and Association of DRD2 and Tyrosine
Phosphorylated Proteins During Capacitation

To identify the subcellular localization of DRD2 in relation
to phosphotyrosine immunoreaction, we performed a double
immunofluorescence in noncapacitated and capacitated sper-
matozoa (Fig. 3A). Fresh spermatozoa showed immunoreac-
tivity to PY20 antibody exclusively in the subequatorial region
of the head (Fig. 3A, arrowheads), which was unrelated to
immunostained DRD2 (Fig. 3A, arrows). However, the
capacitated spermatozoa showed a strong phosphotyrosine
immunoreaction in the acrosomal region and the anterior region
of the midpiece (Fig. 3A). Remarkably, both DRD2 and PY20
had strong colocalization patterns in this region and in the
anterior portion of the flagella (Fig. 3A). No immunoreaction

FIG. 1. Presence of DRD2 in boar sperm cells. A) Immunoblotting
analysis of sperm extracts probed with polyclonal antibody against DRD2.
Protein extracts (50 lg) were subjected to SDS-PAGE (12%), followed by
immunoblotting. Note the specific band of the expected size (48–50 kDa).
B–D) Indirect immunofluorescent localization of DRD2 in boar sperm. B)
Negative control was incubated with preabsorbed antibody, and
spermatozoa were capacitated at 0 h (C) and at 2 h (D). Both are
representative images obtained from three independent determinations.
After 2-h incubation in capacitating medium, DRD2 showed strong
immunoreactivity in the acrosomal region (arrowheads). Bar ¼ 10 lm.
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was observed when spermatozoa were probed in the absence of
primary antibodies (data not shown). Considering that DRD2 is
a target of serine and threonine and not tyrosine phosphory-
lation, we investigated if the colocalization pattern between
DRD2 and tyrosine phosphorylated proteins is related to the

presence of a complex. Coimmunoprecipitation analysis
indicated that DRD2 is associated with tyrosine phosphorylated
proteins in the range of 60–100 kDa after 2–4 h of incubation in
the capacitating medium (Fig. 3B). This effect was apparently
independent of dopamine receptor activation (Fig. 3B).

FIG. 2. Concentration-response effect of
dopamine and bromocriptine on tyrosine
phosphorylation during capacitation. West-
ern blot analysis of proteins isolated from
boar sperm incubated in capacitating me-
dium at 38.58C for the indicated times (0, 1,
2, 3, and 4 h). Sperm protein extracts (20 lg)
were subjected to SDS-PAGE (10%) and
were probed with PY20 anti-phosphotyro-
sine antibody. b-Tubulin (TUBB) was used
as an internal control. The figure shows a
representative Western blot from three
independent replicates. uM, micromolar.

FIG. 3. Localization and association dynamics of DRD2 and phosphotyrosine proteins in noncapacitated and capacitated sperm. A) Double
immunolocalization of DRD2 (D2R) and tyrosine phosphorylated proteins during capacitation. For immunofluorescence, noncapacitated and capacitated
spermatozoa were spread onto coated slides and after 2 h were reacted with DRD2 antibody (rabbit) and PY20 (mouse) and visualized by confocal
microscopy using anti-rabbit IgG-Alexa Fluor 488 (DRD2) and anti-mouse IgG-Alexa Fluor 568 (PY20). Note the strong appearance and colocalization of
DRD2 and PY20 in the acrosome and midpiece after 2 h of capacitation (stars). Absence of colocalization is observed in fresh noncapacitated sperm and
some discrete regions of capacitated sperm (arrowheads and arrows). No differences in the localization pattern were observed in capacitated sperm
incubated with 100 nM dopamine (data not shown). Bar¼10 lm. B) Coimmunoprecipitation of DRD2 and tyrosine phosphorylated proteins during sperm
capacitation. Total proteins isolated from boar spermatozoa were immunoprecipitated with rabbit polyclonal anti-DRD2 antibody and protein A-sepharose
and resolved by SDS-PAGE. They were then transferred to PVDF membranes and probed with mouse monoclonal anti-phosphotyrosine (PY20) antibodies,
followed by incubation with a secondary antibody coupled to peroxidase and analyzed using the ECL system. Pellet (P) and supernatant (S) fractions of the
immunoprecipitation are shown for each time and treatment. There was no reaction when protein A-sepharose with IgG (rabbit anti DRD2) was loaded as a
control. pAþIgG, protein A-sepharose with IgG.
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Dopamine Increases Sperm Viability and Phosphorylation
of AKT (Ser473) During Capacitation

Next, we investigated the effect of dopamine on cellular
viability during achievement of the in vitro capacitation using
the eosin-nigrosin staining procedure [25]. Our results showed
that treatment with 100 nM dopamine significantly (P , 0.01)
decreased or shifted the apparition of dead spermatozoa
(positive to staining with eosin-nigrosin) at 2 and 3 h of
capacitation compared with the respective controls. No other
significant effects were observed (Fig. 4).

The classic protein kinase implicated in survival or viability
in several cellular types is phosphoinositide 3-kinase (PIK3),
and the best-characterized downstream effector of the PIK3
pathway is AKT/PKB. To test whether AKT was related to the
achievement of the in vitro sperm capacitation and viability, we
analyzed phosphorylation of the two AKT-specific phosphor-
ylation residues (Ser473 and Thr308) in a time course capacitation
experiment (Fig. 5A). Our results showed that in noncapacitated
spermatozoa (0 h) AKT was phosphorylated at both specific
phosphorylation sites. Following this, the AKT phosphorylation
signal increased, mainly in the Ser473 residue, throughout the
capacitation period. Treatment with dopamine (100 nM),
however, induced early, strong, and sustained phosphorylation
of AKT at the Ser473 residue. Densitometric analysis (Fig. 5B)
revealed that dopamine significantly (P , 0.05) increased these
phosphorylation signals at 2 h (P , 0.05). The effect observed
in AKT clearly correlated with the membrane integrity
assessment using eosin-nigrosin staining. No differences were
observed in relation to phospho-Thr308 (data not shown).

Differential Subcellular Localization of Phospho-AKT
According to Specific Phosphorylation Site
During Capacitation

To visualize and localize the two phosphorylation sites for
AKT in spermatozoa, immunofluorescence for AKT (phospho-
Ser473 and phospho-Thr308) during capacitation was performed.
Our results showed that phospho-AKT was localized in
different regions according to the specific phosphorylation

sites (Fig. 6). At the beginning, the phospho-Thr308-AKT is
mainly localized in the head of spermatozoa, specifically in the
acrosomal and subequatorial region, and shows increased
immunoreactivity in the midpiece (arrowhead) throughout
capacitation (2 and 4 h). In contrast, staining of phospho-
Ser473-AKT was restricted to the principal piece and the
midpiece anterior region, colocalizing with phospho-Thr308-
AKT (Fig. 6, arrows). In addition, in fresh spermatozoa AKT
was phosphorylated (Ser473 and/or Thr308) in the head
(acrosome and subequatorial regions), neck, midpiece, and
principal piece. Following incubation (2–4 h) in the capacita-
tion media, spermatozoa showed an increased intensity of
phosphorylated AKT in the mitochondrial region, which was
accompanied by loss of phosphorylation in the acrosomal
region (Fig. 6).

Effects of DRD2 Agonists on Sperm Motility During
Incubation in Capacitating Medium

Incubation with different concentrations of dopamine and
with bromocriptine (100 nM) induced very few changes in the
incubation time-dependent evolution of motion parameters in
sperm incubated in the capacitation medium (data not shown).
However, some important effects were seen in the time-
dependent evolution of the percentage of total motility. As
summarized in Table 1, incubation in the capacitating medium
induced a progressive decrease in the percentage of total
motility of control samples from 57.8% 6 0.3% at Time 0 to
31.0% 6 0.3% after 4-h incubation. Addition of lower

FIG. 4. Effect of 100 nM dopamine on sperm viability during
capacitation. Viability was determined by eosin-nigrosin staining imme-
diately after the capacitation experiment in the absence and presence of
100 nM dopamine at the indicated times. Each bar represents the mean 6
SEM of 10 experiments. A minimum of 100 spermatozoa were counted for
each assay. *Significant differences between treatment with and without
dopamine at the respective time (P , 0.01, Student t-test).

FIG. 5. Effect of dopamine (100 nM) on AKT activation state during
sperm capacitation. Western blot of proteins isolated from boar sperm and
incubated at 38.58C for the indicated times (0, 1, 2, 3 and 4 h) in
capacitating medium in the presence or absence of dopamine (100 nM).
A) Protein extracts (20 lg) were subjected to SDS-PAGE (10%) and were
probed with phospho-AKT (Ser473), phospho-AKT (Thr308), and AKT
antibody by immunoblot analysis. The panel shows a representative
Western blot from four independent replicates. B) Densitometry analysis
of normalized data with total AKT (only for phospho-AKT [Ser473]). Each
bar represents the mean 6 SEM of four independent experiments.
*Significant difference (P , 0.05, one-way ANOVA-Dunnett posttest)
compared with control treatment. #Significant difference (P , 0.05, one-
way ANOVA-Dunnett posttest) relative to the starting time.
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dopamine concentrations and incubation in the presence of
bromocriptine (100 nM) had only small and isolated significant
effects on the time-dependent evolution of total motility. Sperm
incubation in the capacitation medium in the presence of
dopamine (1 mM) induced a significant (P , 0.05) further
decrease in the percentages of total and progressive motility
from 57.8% 6 0.3% and 47.1% 6 0.2%, respectively, at Time
0 to 25.5% 6 0.3% and 19.9% 6 0.3%, respectively, after 4-h
incubation (Tables 1 and 2).

Boar Spermatozoa Have a Catecholaminergic Phenotype

To explain the effects of high concentrations of dopamine and
other catecholamines on tyrosine phosphorylation and sperm
motility, the presence of the dopamine transporter (DAT,
officially known as solute carrier family 6 [neurotransmitter
transporter, dopamine], member 3, SLC6A3) in boar spermatozoa
was evaluated using Western blot analysis and indirect immuno-
localization. Western blot analysis with polyclonal antibodies
revealed a major immunoreactive band migrating with an
apparent molecular weight of 75–80 kDa (Fig. 7A). Immunolo-
calization analysis showed strong SLC6A3 immunostaining on
the membrane in the principal piece of the flagella (Fig. 7, B and
C). SLC6A3 immunoreactivity was confirmed in human, horse,
and mouse spermatozoa (data not shown), suggestive of
conserved expression and function in these cell types.

DISCUSSION

The first evidence suggesting the presence of DRD2 in
spermatozoa was a radiobinding study [31] with 3H-spiperone
in rabbit sperm. However, dopamine and other catecholamines
have been detected in several compartments of the sperm’s
journey through the female reproductive tract at the time of
fertilization, specifically in seminal fluids and oviduct [4, 7].

We recently demonstrated that rat male germ cells and
spermatozoa from rat, mouse, bull, and human express
DRD2 [13]. Using immunocytochemistry and Western blot
analysis, we show herein that DRD2 is present in boar sperm,
confirming that its presence is highly conserved in mammalian
sperm. Moreover, DRD2 localization is dynamic and depends
on the capacitation status (Fig. 1, C and D).

Protein phosphorylation and dephosphorylation are univer-
sal biochemical mechanisms used in the control of protein
function. Changes in tyrosine phosphorylation following
changes in the levels of cAMP and activation of PKA have
been proposed as the key mechanisms regulating sperm
functions such as the initiation and regulation of motility and
the regulation of sperm capacitation and the acrosome reaction
[32–34].

Our evidence indicates that dopamine (100 nM) has an
effect on sperm capacitation, specifically on tyrosine phos-
phorylation (Fig. 2), but not on the acrosomal reaction (data not
shown). Bromocriptine (100 nM), a specific agonist of DRD2,
clearly induced tyrosine phosphorylation of a wide range of
molecular weights without affecting the total and progressive
motility in relation to control treatment (Tables 1 and 2).
However, dopamine concentration-response assays suggested
that high dopamine concentrations (1 mM) strongly decreased
the tyrosine phosphorylation pattern and sperm motility by a
transporter-mediated mechanism for catecholamine uptake.
These changes in relation to controls were detected from 3 h
of treatment for total motility and from the first hour of
incubation for progressive motility. Thus, the inhibitory effects
on tyrosine phosphorylation and motility may be mediated by
an excess of dopamine oxidation products. Dopamine is known
to be toxic in vitro [35, 36] and in vivo [37, 38]. In
neurodegenerative disorders, the degeneration of catecholamin-
ergic neurons has been attributed to increased cytosolic levels
of dopamine and its oxidized metabolites [37–40].

FIG. 6. Subcellular localization of phos-
pho-AKT during sperm capacitation. Con-
focal immunofluorescent localization of
phospho-AKT (Ser473) and phospho-AKT
(Thr308) under capacitation conditions (0, 2,
and 4 h). Spermatozoa were prestained with
MitoTracker Red CM-H2XRos (red), and
both phospho-AKTs (rabbit) were detected
with secondary antibody IgG-Alexa Fluor
488 (green). Note that colocalization of
both activated states was limited to discrete
points on the anterior region (arrows in the
neck) of the midpiece (arrowheads), as well
as the loss of the immunoreactive pattern of
AKT (Thr308) in the acrosome region at 4 h
of incubation (grey arrows). The inset at
Time 0 corresponds to a negative control in
the absence of primary antibody for both
immunoreaction analyses. Bars ¼ 10 lm.

TABLE 1. Comparative kinetic analysis of total sperm motility during capacitation in the presence of dopamine and bromocriptine.a

Time (h) Control Bromocriptine (100 nM) Dopamine (100 nM) Dopamine (10 lM) Dopamine (1 mM)

0 57.81 6 0.30b,c 57.81 6 0.30b,c 57.81 6 0.30b,c 57.81 6 0.30b,c 57.81 6 0.30b,c

1 40.27 6 0.27b,d 37.90 6 0.30e,d 41.19 6 0.29b,d 37.14 6 0.28c,d 34.74 6 0.32f,d

2 27.06 6 0.46b,g 42.95 6 0.27e,g 34.79 6 0.36f,g 36.13 6 0.35f,d 26.91 6 0.36b,g

3 36.06 6 0.27b,h 29.90 6 0.33e,h 28.57 6 0.31e,h 33.21 6 0.43b,g 21.88 6 0.35f,h

4 31.00 6 0.34b,i 31.10 6 0.30b,h 31.51 6 0.25b,i 28.79 6 0.33b,h 25.45 6 0.30e,g

a Results are given as percentages of the total number of spermatozoa that demonstrated a VCL .20 lm/sec. Values are expressed as mean 6 SEM of three
different experiments.
b–i Different superscript letters indicate significant differences between treatments and treatment times (P , 0.05).
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The activation of DRD2 is classically associated with a
decrease in cAMP levels [41]. However, recent studies
associate DRD2 with Gas protein when the cell is coexpressing
other G protein-coupled receptors, specifically the cannabinoid
receptor CB1 [42] present in human [43] and boar [44]
spermatozoa. In heterologous expression systems, it has been
shown that the molecular mechanism in the versatile cAMP-
signaling pathway involves a dynamic hetero-oligomeric
interaction [45]. Modulation of the interaction of the two
receptors could affect cAMP levels before and after sperm
capacitation begins in a manner that may be independent of the
presence of progesterone. Future studies are needed to clarify
this point because both dopamine and the endocannabinoid
anandamide have been detected in the oviduct [5–8, 46].

Results of previous studies suggested that catecholamines
have a role in the later stages of sperm capacitation.
Specifically, epinephrine (0.5–50 lM), norepinephrine (50
lM), and isoproterenol (20 lM) increase the number of
hamster sperm with hyperactivated whiplash motility [17].
These agonists do not increase the percentage of motile cells
but increase the proportion of spontaneous acrosomal reactions,
likely associated with toxicity. At physiological catecholamine
concentrations (40–80 nM), norepinephrine but not epineph-
rine increased lysophosphatidylcholine-induced acrosome re-
actions of bull sperm and increased the proportion of
spontaneous acrosomal reactions in cells capacitated for 2 h
in the presence of heparin. Curiously, norepinephrine induced
sperm capacitation at 3.1 lM and inhibited sperm capacitation
at 3.1 mM [20]. Other findings suggest that catecholamines
inhibit the soluble form of testis adenylate cyclase and propose
that the high-concentration effect may be mediated by cytosolic
catechols [47].

Recently, pharmacological evidence has demonstrated that
norepinephrine and epinephrine increase the speed of flagellar
beat by a nonreceptor-mediated mechanism [48]. The mech-
anism by which catecholamines induce these effects in sperm is
unknown. One explanation could be that catecholamine
agonists (,100 lM) might act as inhibitors of phosphodies-
terase to increase accumulation of the cAMP that is produced
by basal soluble adenylyl cyclase activity, as suggested by
Goren and Rosen [49]. If that is the case, catecholamines
would be incorporated into the cytosol by sodium- and
chloride-dependent transport mechanisms. Together with our
results, this strongly suggests the presence of at least one of the
following monoamine transporters: SLC6A3, norepinephrine
transporter (NET, officially known as solute carrier family 6
[neurotransmitter transporter, glycine], member 5, SLC6A5),
or serotonin transporter (SERT, officially known as solute
carrier family 6 [neurotransmitter transporter, serotonin],
member 4, SLC6A4). However, none of these has been
described in sperm, to our knowledge. Studies [50–54] have
evaluated radiobinding and the effects of SLC6A3 and
SLC6A5 inhibitors such as cocaine and amphetamine in testis
or spermatozoa. We show herein by Western blot (Fig. 7A) and

immunocytochemical analyses (Fig. 7, B and C) that the
dopamine transporter is present in boar spermatozoa. To our
knowledge, this is the first evidence showing that sperm cells
have a catecholaminergic phenotype and that sperm are a
sensitive cellular target for cocaine, amphetamine, and
antidepressive and antipsychotic drugs. SLC6A3 immunoreac-
tivity seen in other mammalian spermatozoa was confirmed in
human, mouse, bull, and horse, suggestive of conserved
expression and function of SLC6A3 in these cells (Supple-
mental Figure 1 available at www.biolreprod.org).

In neurons, the mechanism by which dopamine or its
analogues are neurotoxic is linked to dopamine uptake into the
neuron and subsequent interaction with mitochondrial struc-
tures, or extracellularly by oxidizing membrane lipids [55].
Several processes may be involved in the toxic effect of
intracellular dopamine in the neuron, including induction of
oxidative stress [56, 38], apoptosis [57–59], and interference
with mitochondrial respiration [60]. In sperm cells, it is likely
that these effects are related to the effect of a high
concentration of dopamine on tyrosine phosphorylation and
motility. Further studies are needed to confirm and specify
SLC6A3 functionality in spermatozoa.

How does dopamine increase cell viability at nanomolar
concentrations? DRD2 activation induced survival in several
cell models via the AKT pathway [61–64]. Our findings show
that dopamine (100 nM) increases the number of viable
spermatozoa at 2 h of capacitation and increases AKT
phosphorylation at Ser473. The correlation observed between
viability and AKT phosphorylation suggests that dopamine
may have an important role in viability at early stages of the
capacitation process and in motility.

FIG. 7. Presence of dopamine transporter (SLC6A3) in boar sperm. A)
Immunoblotting analysis of boar sperm extracts probed with polyclonal
antibody against dopamine transporter. Protein extracts (50 lg) were
subjected to SDS-PAGE (10%), followed by immunoblotting. Note the
specific band of the expected size (75–80 kDa). B) Indirect immunoflu-
orescent SLC6A3 localization in boar sperm. The inset in B corresponds to
a negative control in the absence of primary antibody. C) High
magnification of a region of the principal piece shown in B. H, head;
MP, midpiece; PP, principal piece; arrowheads, location of the positive
signal; bar¼ 10 lm.

TABLE 2. Comparative kinetic analysis of sperm progressive motility during sperm capacitation in the presence of dopamine and bromocriptine.a

Time (h) Control Bromocriptine (100 nM) Dopamine (100 nM) Dopamine (10 lM) Dopamine (1 mM)

0 47.13 6 0.22b,c 47.13 6 0.22b,c 47.13 6 0.22b,c 47.13 6 0.22b,c 47.13 6 0.22b,c

1 32.18 6 0.25b,d 28.69 6 0.28e,d 33.83 6 0.27b,d 29.02 6 0.27e,d 28.96 6 0.30e,d

2 29.09 6 0.43b,f 35.26 6 0.26e,f 31.30 6 0.34b,f 30.10 6 0.33b,d 19.12 6 0.34g,f

3 30.44 6 0.25b,f 22.02 6 0.32e,h 24.05 6 0.29e,h 25.21 6 0.40e,f 17.74 6 0.33g,f

4 28.00 6 0.32b,h 28.68 6 0.28b,d 30.16 6 0.24b,f 25.08 6 0.31e,f 19.87 6 0.28i,f

a Results are given as percentages of the total number of spermatozoa that demonstrated a STR .45%. Values are expressed as mean 6 SEM of three
different experiments.
b–i Different superscript letters indicate significant differences between treatments and treatment times (P , 0.05).
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AKT is classically described as a prosurvival serine/
threonine kinase that is activated in response to trophic factors
and is generally associated with a protective role, with
upstream transactivation of PIK3 (PI3K) after DRD2 activation
and AKT phosphorylation [61, 63]. Inhibitors of PIK3
enhanced motility in human [65] and boar [66] spermatozoa.
However, the AKT inhibitor IV (Calbiochem, San Diego, CA)
absolutely and instantly suppressed motility but not tyrosine
phosphorylation (data not shown). We show herein that
dopamine (100 nM) increases viability, AKT phosphorylation,
and total and progressive motility. This suggests that AKT, but
not PIK3, is necessary for total and progressive motility and
that likely in spermatozoa AKT is phosphorylated by a PIK3-
independent activation mechanism, similar to that described for
striatal neurons [62]. A transactivation mechanism between
DRD2 and epidermal growth factor receptor (EGFR) has been
proposed [63] that would involve participation of a protein-
signaling complex harnessing DRD2, EGFR, and c-src (v-src
sarcoma [Schmidt-Ruppin A-2] viral oncogene homologue
[avian]) kinase [64]. Using coimmunoprecipitation assays, we
demonstrated that DRD2 increases its association with
unknown tyrosine phosphorylated proteins during the capac-
itation period (Fig. 3B) independent of DRD2 activation, as the
coimmunoreactivity pattern (pellet fraction) did not show
differences between treatments with and without dopamine. In
addition, DRD2 and tyrosine phosphorylated proteins have a
dynamic pattern of localization. In noncapacitated sperm cells,
DRD2 is localized in the flagella, whereas tyrosine phosphor-
ylated proteins are mainly circumscribed to the postequatorial
area of the sperm head. However, DRD2 is preserved in the
flagella and strongly increases immunoreactivity in the
acrosomal region of sperm heads during capacitation. Phos-
photyrosine proteins increase in the midpiece and the
acrosomal region, colocalizing with DRD2 (Fig. 3A). A
similar change in the localization pattern of tyrosine phos-
phorylated proteins was described previously in pig sperma-
tozoa incubated in noncapacitation and capacitation media
[23]. The increase in DRD2 immunoreactivity in the acrosomal
region can be explained by the exposure of DRD2 epitopes in
spermatozoa undergoing the capacitation process, characterized
by loss of cholesterol and by changes in the architecture of the
plasma membrane [67]. However, we cannot rule out de novo
translation of proteins, possibly by association of sperm
mRNAs with the mitochondrial translation machinery [68].
Coimmunoprecipitation and immunocytochemical analyses
suggest the presence of a signaling complex that contains
DRD2 and tyrosine phosphorylation target proteins. Further
studies are required to clarify this possibility, as well as the role
of EGFR in mammalian sperm [69, 70]. The AKT activation
(phosphorylation) mechanism in spermatozoa is unknown, and
its molecular effectors could be involved in sperm viability and
motility. The staining pattern of phospho-AKT obtained by
immunocytochemical analysis was present in several sperm
compartments, suggesting a possible function in acrosome
reaction, energetic control, and motility.

We conclude that the effect of dopaminergic agonists on
sperm function occurs at two levels. First, bromocriptine (100
nM) and dopamine (,10 lM) increase viability, tyrosine
phosphorylation, and motility by DRD2 activation. Second,
high concentrations of dopamine (1 mM) decrease tyrosine
phosphorylation and motility by a mechanism involving
dopamine uptake by a dopamine transporter, by cytosolic
accumulation of dopamine, or by enzymatic oxidation or auto-
oxidation of dopamine.

In summary, dopamine seems to act as a physiological
modulator of viability, capacitation, and sperm motility. Thus,

dopamine may be a physiological modulator involved in the
control of in vivo fertilization. Furthermore, the presence of a
dopaminergic system in spermatozoa (SLC6A3 and DRD2)
may help to explain reproductive disorders linked to addictive
syndromes such as drug (cocaine or amphetamine) addiction,
as well as for antipsychotic drug use.
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760 RAMÍREZ ET AL.



boar ejaculates subjected to ‘‘in vitro’’ capacitation and further ‘‘in vitro’’
acrosome reaction. Theriogenology 2008; 69(4):501–512.

25. Bamba K. Evaluation of acrosomal integrity of boar spermatozoa by bright
field microscopy using an eosin-nigrosin stain. Theriogenology 1988; 29:
1245–1251.

26. Ward CR, Storey BT. Determination of the time course of capacitation in
mouse spermatozoa using a chlortetracycline fluorescence assay. Dev Biol
1984; 104(2):287–296.

27. Barboni B, Mattioli M, Seren E. Influence of progesterone on boar sperm
capacitation. J Endocrinol 1995; 144(1):13–18.

28. SAS. SAS/STAC Software. Cary, NC: SAS Institute Inc.; 2000.
29. Baker MA, Hetherington L, Ecroyd H, Roman SD, Aitken RJ. Analysis of

the mechanism by which calcium negatively regulates the tyrosine
phosphorylation cascade associated with sperm capacitation. J Cell Sci
2004; 117:211–222.

30. Bradford M. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1976; 72:248–254.

31. Young RJ, Laing JC. Biogenic amine binding sites in rabbit spermatozoa.
Biochem Int 1990; 21:781–787.

32. Bajpai M, Doncel GF. Involvement of tyrosine kinase and cAMP-
dependent kinase cross-talk in the regulation of human sperm motility.
Reproduction 2003; 126:183–195.

33. Visconti PE, Bailey JL, Moore GD, Pan D, Olds-Clarke P, Kopf GS.
Capacitation of mouse spermatozoa, I: correlation between the capacita-
tion state and protein tyrosine phosphorylation. Development 1995;
121(4):1129–1137.

34. Visconti PE, Moore GD, Bailey JL, Leclerc P, Connors SA, Pan D, Olds-
Clarke P, Kopf GS. Capacitation of mouse spermatozoa, II: protein
tyrosine phosphorylation and capacitation are regulated by a cAMP-
dependent pathway. Development 1995; 121(4):1139–1150.

35. Graham DG. Oxidative pathways for catecholamines in the genesis of
neuromelanin and cytotoxic quinones. Mol Pharmacol 1978; 14:633–643.

36. Michel PP, Hefti F. Toxicity of 6-hydroxydopamine and dopamine for
dopaminergic neurons in culture. J Neurosci Res 1990; 26:428–435.

37. Fillox F, Townsend JJ. Pre- and postsynaptic neurotoxic effects of
dopamine demonstrated by intrastriatal injection. Exp Neurol 1993; 119:
79–88.

38. Chiueh CC, Krishna G, Tulsi P, Obata T, Lang K, Huang SJ, Murphy DL.
Intracranial microdialysis of salicylic acid to detect hydroxyl radical
generation through dopamine autooxidation in the caudate nucleus: effects
of MPPþ. Free Radic Biol Med 1992; 13581–583.

39. Rosemberg PA. Catecholamine toxicity in cerebral cortex of dissociated
cell culture. J Neurosci 1988; 8:2887–2894.

40. Mytilineou C, Han SK, Cohen G. Toxic and protective effects of L-DOPA
on mesencephalic cell cultures. J Neurochem 1993; 61(4):1470–1478.

41. Hall DA, Strange PG. Comparison of the ability of dopamine receptor
agonists to inhibit forskolin-stimulated adenosine 3050-cyclic monophos-
phate (cAMP) accumulation via D2L (long isoform) and D3 receptor
expressed in Chinese hamster ovary (CHO) cells. Biochem Pharmacol
1999; 58:285–289.

42. Jarrahian A, Watts VJ, Barker EL. D2 dopamine receptors modulate G
s
-

subunit coupling of the CB1 cannabinoid receptor. J Pharmacol Exp Ther
2004; 308:880–886.

43. Rossato M, Ion Popa F, Ferigo M, Clarim G, Foresta C. Human sperm
express cannabinoid receptor CB1, the activation of which inhibits
motility, acrosome reaction, and mitochondrial function. J Clin Endocrinol
Metab 2005; 90:984–991.

44. Macarrone M, Barboni B, Paradisi A, Bernabo N, Gasperi V, Pistilli MG,
Fezza F, Ludici P, Mattioli M. Characterization of the endocannabinoid
system in boar spermatozoa and implications for sperm capacitation and
acrosome reaction. J Cell Sci 2005; 118:4393–4404.

45. Kearn C, Blake-Palmer K, Daniel E, Mackie K, Glas M. Concurrent
stimulation of cannabinoid CB1 and dopamine D2 receptors enhances
heterodimer formation: a mechanism for receptor cross-talk? Mol
Pharmacol 2005; 67:1697–1704.

46. Schuel H, Burkman L, Lippes J, Crickard K, Forester E, Piomelli D,
Giuffrida A. N-acylethanolamines in human reproductive fluids. Chem
Phys Lipids 2002; 121(1–2):211–227.

47. Braun T. Inhibition of the soluble form of testis adenylate cyclase by

catechol estrogens and other catechols. Proc Soc Exp Biol Med 1990; 194:
58–63.

48. Schuh S, Hille B, Babcock D. Adenosine and catecholamine agonists
speed the flagellar beat of mammalian sperm by a non-receptor-mediated
mechanism. Biol Reprod 2007; 77:960–969.

49. Goren EN, Rosen OM. Inhibition of a cyclic nucleotide phosphodiesterase
from beef heart by catecholamines and related compounds. Mol Pharmacol
1972; 8:380–384.

50. Yazigi RA, Odem RR, Polakoski KL. Demonstration of specific binding
of cocaine to human spermatozoa. JAMA 1991; 266:1956–1959.

51. Yelian F, Sacco A, Gisburg K, Doerr P, Armant D. The effects of in vitro
cocaine exposure on human sperm motility, intracellular calcium, and
oocyte penetration. Fertil Steril 1994; 61:915–921.

52. Valal G, Li H, Teloken C, Grignon D, Lawrence D, Dhabuwala C. Effects
of long-term cocaine exposure on spermatogenesis and fertility in
peripubertal male rats. J Urol 1996; 155:327–331.

53. Li H, George VK, Bianco F, Lawrence W, Dhabuwala D. Histopatho-
logical changes in the testes of prepubertal male rats after chronic
administration of cocaine. J Environ Pathol Toxicol Oncol 1997; 16:67–
71.

54. Li H, Jiang Y, Rajpurkar A, Dunbar JC, Dhabuwala CB. Cocaine induced
apoptosis in rat testes. J Urol 1999; 162:213–216.

55. Dexter DT, Carter CJ, Wells FR, Javoy-Agid F, Agid Y, Lees A, Jenner P,
Marsden CD. Basal lipid peroxidation in substantia nigra is increased in
Parkinson’s disease. J Neurochem 1989; 52(2):381–389.

56. Cohen G. Oxidative stress in the nervous system. In: Sies H (ed.),
Oxidative Stress. London: Academic Press; 1985:383–401.

57. Simantov R, Blinder E, Ratovitski T, Tauber M, Gabbay M, Porat S.
Dopamine induced apoptosis in human neural cells: inhibition by nucleic
acid antisense to the dopamine transporter, J Neurosci 1996; 74:39–50.

58. Offen D, Ziv I, Panet H, Wasserman L, Stein R, Melamed E, Barzilai A.
Dopamine-induced apoptosis is inhibited in PC12 cells expressing bcl-2.
Cell Mol Neurobiol 1997; 17:289–304.

59. Masserano JM, Gong L, Kulaga H, Baker I, Wyatt RJ. Dopamine induces
apoptotic cell death of a catecholaminergic cell line derived from the
central nervous system. Mol Pharmacol 1996; 50:1309–1315.

60. Berman SB, Hastings TG. Dopamine oxidation alters mitochondrial
respiration and induces permeability transition in brain mitochondria:
implications for Parkinson’s disease. J Neurochem 1999; 73:1127–1137.

61. Kihara T, Shimohama S, Sawada H, Honda K, Nakamizo T, Kanki R,
Yamashita H, Akaike A. Protective effect of dopamine D2 agonists in
cortical neurons via the phosphatidylinositol l3 kinase cascade. J Neurosci
Res 2002; 70:274–282.

62. Brami-Cherrier K, Valjent E, Garcia M, Pages C, Hipskind RA, Caboche
J. Dopamine induces a PI3-kinase-independent activation of Akt in striatal
neurons: a new route to camp response element-binding protein
phosphorylation. J Neurosci 2002; 22(20):8911–8921.

63. Nair VD, Sealfon SC. Agonist-specific transactivation of phosphoinositide
3-kinase signaling pathway mediated by the dopamine D2 receptor. J Biol
Chem 2003; 278:47053–47061.

64. Sealfon SC. Dopamine receptors and locomotor responses: molecular
aspects. Ann Neurol 2000; 47(4)(suppl 1):S12–S19.4459

65. Luconi M, Marra F, Gandini L, Filimberti E, Lenzi A, Forti G, Baldi E.
Phosphatidylinositol 3-kinase inhibition enhances human sperm motility.
Hum Reprod 2001; 16:1931–1937.

66. Aparicio IM, Gil MC, Garcia-Herreros M, Pena FJ, Garcia-Marin LJ.
Inhibition of phosphatidylinositol 3-kinase modifies boar sperm motion
parameters. Reproduction 2005; 129:283–289.

67. Travis AJ, Jorgez CJ, Merdiushev T, Jones BH, Dess DM, Diaz-Cueto L,
Storey BT, Kopf GS, Moss SB. Functional relationships between
capacitation-dependent cell signalling and compartmentalized metabolic
pathways in murine spermatozoa. J Biol Chem 2001; 276:7630–7636.

68. Gur Y, Breitbart H. Mammalian sperm translate nuclear-encoded proteins
by mitochondrial-type ribosomes. Genes Dev 2006; 20:411–416.

69. Naz R, Ahmad K. Presence of expression products of c-erbB-1 and c-
erbB-2/HER2 genes on mammalian sperm cell, and effects of their
regulation on fertilization. J Reprod Immunol 1992; 21:223–239.

70. Lax Y, Rubinstein S, Breitbart H. Epidermal growth factor induces
acrosomal exocytosis in bovine sperm. FEBS Lett 1994; 339(3):234–238.

FUNCTIONAL DOPAMINERGIC PHENOTYPE IN BOAR SPERM 761


