
BIOLOGY OF REPRODUCTION 58, 1476-1489 (1998)

Extracellular Signal-Regulated Kinases Modulate Capacitation of Human
Spermatozoa'

Michaela Luconi,3 Tullio Barni, 4 Gabriella B. Vannelli,4 Csilla Krausz, 3 Fabio Marra,5
Pier Alberto Benedetti,6 Valter Evangelista,6 Sandro Francavilla, 7 Giuliana Properzi, 7 Gianni Forti,3

and Elisabetta Baldi2,3

Dipartimento di Fisiopatologia Clinica-Unita' di Andrologia, 3 Dipartimento di Anatomia Umana, 4

and Istituto di Medicina Interna,5 Universita' di Firenze, 1-50139 Firenze, Italy
Istituto di Biofisica,6 CNR, Pisa, Italy
Dipartimento di Medicina Interna,7 Sezione di Andrologia,

ABSTRACT

Recent evidence indicates the presence of p21 Ras and of a
protein with characteristics similar to mitogen-activated protein
kinases (MAPKs), also known as extracellular signal-regulated
kinases (ERKs), in mammalian spermatozoa, suggesting the oc-
currence of the Ras/ERK cascade in these cells. In the present
study we investigated the subcellular localization of ERKs and
their biological functions in human spermatozoa. Immunohis-
tochemistry, immunofluorescence, confocal microscopy, and
immunoelectron microscopy demonstrated localization of ERKs
in the postacrosomal region of spermatozoa. After stimulation
of acrosome reaction with the calcium ionophore A23187 and
progesterone, ERKs were mostly localized at the level of the
equatorial region, indicating redistribution of these proteins in
acrosome-reacted spermatozoa. Two proteins of 42 and 44 kDa
that are tyrosine phosphorylated in a time-dependent manner
during in vitro capacitation were identified as p42 (ERK-2) and
p44 (ERK-1) by means of specific antibodies. The increase in
tyrosine phosphorylation of these proteins during capacitation
was accompanied by increased kinase activity, as determined by
the ability of ERK-1 and ERK-2 to phosphorylate the substrate
myelin basic protein. The role of this activity in the occurrence
of sperm capacitation was also investigated by using PD098059,
an inhibitor of the MAPK cascade. The presence of this com-
pound during in vitro capacitation inhibits ERK activation and
significantly reduces the ability of spermatozoa to undergo the
acrosome reaction in response to progesterone. Since only ca-
pacitated spermatozoa are able to respond to progesterone,
these data strongly indicate that ERKs are involved in the regu-
lation of capacitation. In summary, our data demonstrate the
presence of functional ERKs in human spermatozoa and indicate
that these enzymes are involved in activation of these cells dur-
ing capacitation, providing new insight in clarifying the molec-
ular mechanisms and the signal transduction pathways of this
process.

INTRODUCTION

Spermatozoa are terminally differentiated, highly spe-
cialized cells with morphological, structural, biochemical,
and functional characteristics all directed toward fertiliz-
ing the oocyte. The process of fertilization in mammals is
a complex mechanism that requires several biochemical/
biophysical events to occur in ejaculated spermatozoa,
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culminating in sperm membrane fusion with the oolemma
and subsequent penetration of the oocyte [1]. Among the
events that characterize sperm life in the female genital
tract, two are considered crucial for the process of fertil-
ization, namely capacitation and acrosome reaction. Dur-
ing the process of capacitation, spermatozoa acquire the
ability to fertilize the oocyte. Capacitation is characterized
by a series of profound membrane and metabolic trans-
formations in spermatozoa that increase their ability to
respond to physiological stimuli of the acrosome reaction
[1]. The acrosome reaction is a specialized exocytotic
event consisting of multiple fusions and fenestrations of
the outer acrosomal membrane and the overlying plasma
membrane that lead to subsequent release of acrosomal
enzymes that help the spermatozoa to penetrate the zona
pellucida [1]. Although the precise signal transduction
pathways involved in sperm capacitation and the acrosome
reaction have not been fully elucidated (reviewed in [2]),
it is known from in vitro studies that both processes are
characterized by increases in intracellular calcium concen-
trations [3-5], pH [6], and phosphorylation of proteins in-
cluding that in tyrosine residues [7-14]. In particular, al-
though the increase in tyrosine phosphorylation during ca-
pacitation has been well characterized [9-14], only a few
sperm phosphoproteins involved in this phenomenon have
been identified, and their role during sperm activation is
not known. In somatic cells, increased tyrosine phosphor-
ylation may be associated with activation of downstream
kinases that in turn phosphorylate specific substrates in-
volved in the regulation of growth, adhesion, secretion,
and other events. Among the downstream kinases activat-
ed by stimuli inducing protein phosphorylation, a family
of serine/threonine kinases named mitogen-activated pro-
tein kinases (MAPKs) occupy a focal point in signal trans-
duction, mainly by activating gene transcription via trans-
location into the nucleus (for review, see [15]).

Among the several members of this family, the most
extensively studied are p44 and p42 MAPK, also known
as extracellular signal-regulated kinases (respectively,
ERK-1 and ERK-2). These enzymes have been recognized
as cytoplasmatic and nuclear kinases; they are activated
by several stimuli that induce a cascade of events starting
from activation of the p21 Ras. Ras binds and stimulates
the serine/threonine kinase Raf-1 that phosphorylates and
activates MAPK (also named MEK), a dual-specificity ki-
nase known to phosphorylate ERKs both in threonine and
in tyrosine residues [15]. ERKs are involved in the regu-
lation of several functions in proliferating [15] as well as
terminally differentiated cells such as platelets [16], mac-
rophages [17], and neurons [18]. The presence and the
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EXTRACELLULAR SIGNAL-REGULATED KINASES IN HUMAN SPERMATOZOA

biological activity of p21 Ras has recently been demon-
strated in human spermatozoa [19]. In addition, a tyrosine/
serine/threonine-phosphorylated protein of about 40 kDa
has been detected in capacitated human spermatozoa [20].
These findings, together with the recent characterization
of a boar sperm protein kinase with characteristics similar
to those of ERK-2 [21], lead to the hypothesis that the
Ras/ERK cascade may be present in human spermatozoa.
Despite this preliminary evidence, the biochemical char-
acterization, subcellular localization, and biological func-
tion(s) of ERKs in human spermatozoa have not been ad-
dressed. In the present study, we demonstrate that ERKs
are localized in the postacrosomal region of human sper-
matozoa and that they redistribute in the equatorial seg-
ment after induction of the acrosome reaction. In addition,
we provide evidence that p44 and p42 ERKs are activated
during in vitro capacitation and are involved in the de-
velopment of this process.

MATERIALS AND METHODS

Chemicals

Percoll was obtained from Pharmacia LKB (Uppsala,
Sweden). A23187 was from Calbiochem (La Jolla, CA).
All the other chemicals were from Sigma Chemical Com-
pany (St. Louis, MO). Enhanced chemiluminescence
Western blotting detection reagents and [y-3 2 P]ATP were
from Amersham (Buckinghamshire, UK). Human serum
albumin (HSA)-free human tubal fluid (HTF) was from
Irvine (Santa Ana, CA). Peroxidase-conjugated monoclo-
nal (PY20) anti-phosphotyrosine antibody was from ICN
(Costa Mesa, CA); fluorescein isothiocyanate (FITC)-la-
beled Arachis hypogea (peanut) lectin and monoclonal
anti-ERK-2 were from Calbiochem; rabbit and mouse bio-
tinylated IgG were from Pierce (Rockford, IL). 4',6-Diam-
idino-2-phenylindole (DAPI), conjugated secondary anti-
mouse and anti-rabbit IgG, and streptavidin-colloidal gold
particles were from Sigma. Lowicryl K4M was from Agar
Sci Ltd (Essex, GB); aIIcp42 (raised against the C-ter-
minal 14 amino acids of ERK-2) and alcp44 (raised
against the C-terminal 16 amino acids of ERK-1) anti-
ERK polyclonal antibodies were a kind gift of Prof. M.J.
Dunn (Medical College of Wisconsin, Milwaukee, WI).
Anti-MEK antibody was a kind gift of J. Pouyssegur (Cen-
tre de Biochimie, Universit6 de Nice, Nice, France). An-
tibody against tyrosine-phosphorylated p42 ERK-2 was
obtained from New England Biolabs (Beverly, MA). PD
098059 was a kind gift of Dr. A.R. Saltiel (Parke-Davis,
Co., Morris Plains, NJ). Recombinant ERK-2 (ERK-2 fu-
sion protein) was from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA).

Testicular Specimens

Testicular specimens were obtained under epidural an-
esthesia by unilateral testicular biopsy from patients pre-
senting with infertility (n = 7, age range 28-45), who were
investigated for suspected obstructive azoospermia. Among
the obstructive-azoospermic patients, only specimens from
those showing normal spermatogenesis (n = 3) were used
as normal controls. Testicular sections were also obtained
from patients (n = 4) with azoospermia due to tubular dam-
age. The histological evaluation was established according
to standard histological criteria.

Preparation and Incubation of Spermatozoa

Semen was collected from normospermic men according
to the procedure recommended by WHO [22]. Samples
with a linear progressive motility of less than 50% at 60
min and with leukocytes and/or immature germ cell con-
centration greater than 106/ml were not included in the
study. Semen samples were processed as previously de-
scribed [5, 23]. Briefly, spermatozoa were separated on
40% and 80% Percoll gradients, combined, washed in
HSA-free HTF, and resuspended in a small volume of the
same medium. All these initial steps were performed in
complete absence of BSA in order to avoid initial capaci-
tation of the samples. Indeed, we have previously demon-
strated [5] that spermatozoa prepared in these conditions
are not able to respond to progesterone, indicating absence
of capacitation, and that they can acquire this ability fol-
lowing reincubation in BSA-containing medium (also re-
ferred as complete medium in this paper). Spermatozoa
were counted and resuspended in HSA-free HTF (nonca-
pacitated spermatozoa) and in HTF with added BSA (3 mg/
ml, capacitating spermatozoa) at the concentration of 3 x
106/ml in the various conditions tested. Samples were in-
cubated at 37C in a 5% CO 2 atmosphere, and aliquots were
collected at different capacitation times and processed as
described below.

ERK Immunohistochemistry of Formaldehyde-Fixed
Human Spermatozoa and Tissues

Control and A23187-stimulated sperm samples, obtained
as described above, were layered on a slide, fixed in 3.7%
formaldehyde, permeabilized in 0.1% Triton X-100, and
then incubated for 24 h in humidity chamber at 40C with
either the polyclonal (1:500) or the monoclonal (1:100)
anti-ERK antibodies. Immunohistochemistry of testis sec-
tions was performed as previously described [24]. Briefly,
testes were fixed in Bouin's solution for 4 h, embedded in
paraffin, and sectioned. After deparaffinization and rehy-
dration, the sections were incubated with either the poly-
clonal (1:500) or the monoclonal (1:100) anti-ERK anti-
bodies as for the sperm samples. The slides (spermatozoa
and tissues) were rinsed with PBS and then incubated with
anti-rabbit (for polyclonal anti-ERK) or anti-mouse (for
monoclonal anti-ERK) peroxidase-conjugated antibodies
(1:1000) for 1 h at room temperature. For immunofluores-
cence, spermatozoa were double stained with FITC-labeled
peanut lectin and anti-ERK2 antibody revealed by tetra-
methylrhodamine B isothiocyanate (TRITC)-labeled anti-
mouse IgG. Three-dimensional confocal microscopy anal-
ysis was performed with video-confocal microscopy built
at the CNR (Istituto di Biofisica-Pisa). This instrument was
designed to perform multiconfocal imaging including UV
excitation [25, 26]. For confocal microscopy analysis, sper-
matozoa were double stained for ERKs (using anti-ERK
antibody and FITC-labeled secondary antibody) and DNA
(with DAPI). Controls were performed by processing slides
only with the secondary antibody or by staining with a
nonimmune serum.

Transmission Electron Microscopy

A postembedding technique was used to detect the sub-
cellular localization of ERK-2 and ERK-1 in spermatozoa
capacitated for 18 h. Samples were washed by centrifuga-
tion (380 x g) for 20 min at 40C in cold 100 mM caco-
dylate buffer, pH 7.4, and pellets were resuspended in the
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same buffer containing 2.5% (v:v) glutaraldehyde for 1 h
at 4°C. After washing, samples were dehydrated over 6 h
in graded ethanol at -20°C and embedded in Lowicryl
K4M at -20°C under long-wavelength (360 nm) ultraviolet
light (according to supplier's instructions). Thin sections
recovered on nickel grids were incubated for 15 min in PBS
containing 1% BSA at room temperature. Grids were than
incubated with anti-ERK2 monoclonal and anti-ERKs poly-
clonal antibodies diluted 1:100 in PBS/1% BSA overnight
at 4C; after three washes in PBS/1% BSA (5 min each),
grids exposed to monoclonal or polyclonal antibodies were
incubated for 1 h at room temperature, respectively, with
mouse or rabbit biotinylated IgG diluted 1:10 with PBS/
1% BSA. After three washes in PBS/1% BSA (5 min each),
grids were incubated for 1 h at room temperature with 10%
streptavidin-colloidal gold particles (10 nM) diluted 1:10
with PBS/1% BSA. After three washes, grids were washed
in distilled water, contrasted with uranyl acetate and lead
citrate, and viewed in a Zeiss 10 electron microscope
(Zeiss, Oberkochen, Germany). As control, some grids
were treated as indicated but incubation with the primary
antibody was omitted.

Western Blot Analysis

After the various incubations, the samples were pro-
cessed for SDS-PAGE as previously described [11, 14].
Briefly, sperm samples containing 3 x 106 cells/ml were
added with 1 mM Na 3VO4, centrifuged at 400 X g at 4°C
for 10 min, washed in HSA-free HTF, and resuspended in
10 1l lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl,
0.25% Nonidet P-40, 1 mM Na3VO 4, 1 mM PMSF). After
protein measurement (see below), the sperm extracts, con-
taining approximately 20 g of proteins, were diluted in
equal volume of double-strength SB (Laemmli sample buff-
er: 62.5 mM Tris, pH 6.8, containing 10% glycerol, 20%
SDS, 2.5% pyronin, and 200 mM dithiothreitol); incubated
at 95°C for 5 min; and loaded onto 8%, 10%, or 12% poly-
acrylamide-bisacrylamide gels. After SDS-PAGE, proteins
were transferred to nitrocellulose (Sigma) and stained with
Ponceau to verify equal protein loading. In some experi-
ments, equivalent protein loading was verified by staining
parallel gels with Coomassie. The nitrocellulose was
blocked in 5% BSA for 2 h in TTBS solution (Tris-buffered
saline containing 0.1% Tween 20, pH 7.4), washed, and
then immunostained with peroxidase-conjugated monoclo-
nal anti-phosphotyrosine antibody (PY20, diluted 1:2000 in
2% BSA-TTBS); the phosphotyrosine antibody-reacted
proteins were revealed by the enhanced chemiluminescence
system (ECL; Amersham). In some experiments the blots
were washed for 30 min at 50°C in stripping buffer (10
mM Tris, pH 6.8, 1% SDS, 5 mM -mercaptoethanol) in
order to remove bound anti-phosphotyrosine antibodies;
then the immunostaining was performed with anti-ERK an-
tibodies otIIcp42 or oIcp44 (dilution 1:1000), or anti-MEK-
1 antibody (dilution 1:1000) followed by incubation with
peroxidase-conjugated goat anti-rabbit IgG; finally, the
bands were visualized using the ECL system. The immu-
nospecificity of PY20 was determined by preadsorbing the
antibody with 40 mM o-phospho-DL-tyrosine for 1 h at
room temperature. Quantification of the bands was made
directly on the films by image analysis with a C3077/01
video camera, connected with the video frame-grabber
M4477 (Hamamatsu Photonics, Hamamatsu, Japan). This
video frame-grabber is a plug-in board used in a Macintosh
Ilsi PC (Apple Computers, Cupertino, CA). Acquisition of

images was done with Imagequest IQ Base software (Ha-
mamatsu Photonics). Image processing and analysis were
performed with IMAGE free software, kindly provided by
Wayqe Rasband (NIMH, Bethesda, MD). For technical rea-
sons, quantifications were performed on ECL low-exposure
films.

Immunokinase Assay

ERK activity was determined as the myelin basic protein
(MBP) kinase activity of ERK immunoprecipitates [27, 28].
Briefly, stimulated spermatozoa were extracted in lysis
buffer, sonicated three times for 15 sec each, at 8 bursts,
and then centrifuged. After preclearing of the supernatants
with 20 pIl of protein A-sepharose, 100 jig of total cell
lysates was immunoprecipitated with 2 il of otIIcp42 an-
tibody for 1 h on ice followed by overnight incubation at
4°C with 20 tul of protein A-sepharose. The immunobeads
were washed three times in lysis buffer and then resus-
pended in 30 ,u of kinase buffer (10 mM Hepes, pH 7.4,
20 mM MgC12, 1 mM DTT, 1 mM Na 3VO 4, 25 jiM ATP,
0.5 mg/ml MBP, 1.5 ,uCi [y-32 P]ATP). After 30 min of
incubation at 30 0C, 25 Il of the reaction mixture was spot-
ted onto 1-cm2 pieces of phosphocellulose paper, which
were subsequently washed with five changes of 1% phos-
phoric acid and finally with 95% ethanol. The amount of
radioactivity retained on the papers was determined by liq-
uid scintillation counting, and the kinase activity was ex-
pressed as cpm/ljg of total lysate proteins per minute of
incubation.

In-Gel Kinase Assay

To evaluate the effects of capacitation on the activity of
sperm ERK-1 and ERK-2, we determined the ability of
kinases present in total cell lysates to phosphorylate MBP
(0.5 mg/ml) copolymerized in SDS-polyacrylamide gels
[29] as previously described [28]. After the treatments,
spermatozoa were lysed and sonicated as for the immunoki-
nase assays (see above). After centrifugation, aliquots of
the supernatants containing 10 ,g of proteins were boiled
in double-strength Laemmli sample buffer and separated on
a 10% SDS-polyacrylamide gel containing 0.5 mg/ml MBP.
SDS was removed from the gel by washing with two
changes of 20% 2-propanol in buffer A (50 mM Hepes, pH
7.4, 5 mM 2--mercaptoethanol) for 1 h at room temper-
ature. The gel was subsequently denatured with 6 M gua-
nidine-HCI in buffer A for 1 h, and then renatured in buffer
A containing 0.04% Tween 20 for 16 h at 4°C. After 1-h
preincubation in buffer B (25 mM Hepes, pH 7.4, 10 mM
MgC12, 100 jiM Na3VO 4, 5 mM 2--mercaptoethanol, 0.5
mM EGTA), the kinase assay was carried out by incubating
the gel at 25°C for 2 h in 5 ml buffer B containing 40 M
ATP and 50 Ci of [y-32 P]ATP. The gel was then exten-
sively washed with 5% trichloroacetic acid containing 1%
sodium pyrophosphate, dried under vacuum, and subjected
to autoradiography. Quantification of the bands was per-
formed as described above.

Evaluation of Sperm Acrosome Reaction

Sperm acrosome reaction was evaluated using the fluo-
rescent probe FITC-labeled Arachis hypogea (peanut) lectin
as previously described [30]. Spermatozoa were selected by
swim-up procedure for 2 h at 37°C in 0.3% BSA-containing
medium in the presence or absence of the MAPK cascade
inhibitor PD098059 (100 M) [31, 32], centrifuged, and
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FIG. 1. Localization of ERKs in human spermatozoa. Capacitated spermatozoa were treated for 1 h at 370C with control solvent (A) or A23187 (10
FM) to stimulate the acrosome reaction (B, D). The cells were then fixed and analyzed by staining with polyclonal (llcp42 (A, B) or monoclonal (D)
anti-ERK antibodies and peroxidase-conjugated secondary antibodies. Arrows indicate selective localization of ERKs to the postacrosomal region of
acrosome-intact spermatozoa (A) and to the equatorial segment of acrosome-reacted spermatozoa (B, D). Representative of 5 similar experiments. C)
Western blot analysis (8% SDS-PAGE) of sperm proteins immunoprecipitated with the polyclonal allcp42 antibody and revealed with the same antibody,
showing a specific band of 42 kDa. This band was not present when immunoprecipitation was conducted with control serum. Molecular weight markers
(X 103) are indicated to the right of the blot. Rf: running front. The protein band at about 55-60 kDa present is the heavy chain of the antibody used
to immunoprecipitate. A and B, 500; D, 750 (reproduced at 82%).
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FIG. 2. Confocal microscopy analysis of ERKs in spermatozoa. Spermatozoa double stained with anti-ERK antibody (allcp42) and DAPI for DNA (red
staining) show strong positivity for ERKs (green-white staining) at the level of postacrosomal region in an acrosome-intact spermatozoon (A) and of
equatorial segment in two spermatozoa treated for 1 h with A23187 (10 IpM) (B). Indirect immunofluorescence labeling procedure was performed as
described in Materials and Methods. DAPI staining was printed in red because of the improved contrast. A drawing showing orientation of the three
spermatozoa is seen on the right of each panel. Al and B1, x2000.

stimulated for 1 h with progesterone (10 LM). Incubation
in hyposmotic swelling medium for 1 h at 370C was per-
formed. Fluorescence was observed under a fluorescence
microscope (Leitz, Type 307-148002; Wetzlar, Germany),
and the acrosome reaction was evaluated on a total of 100
spermatozoa per slide. According to Aitken et al. [33], only
curly-tailed spermatozoa were considered viable and thus
scored. Acrosome reaction following progesterone chal-
lenge (ARPC) represents the difference between the per-
centage acrosome reaction obtained in progesterone-stim-
ulated spermatozoa and the percentage spontaneous acro-
some reaction.

Measurement of Proteins

Protein concentrations were evaluated by the Bio-Rad
(Hercules, CA) protein assay reagent exactly as indicated
by the manufacturer, with BSA used as standard.

Statistical Analysis

Data are expressed as mean + SEM. Statistical compar-
isons were made with Student's t-test for paired data.
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FIG. 3. Immunofluorescence analysis of ERK and acrosomal status in human spermatozoa. Paired views of spermatozoa showing actual acrosomal
status, examined by FITC-labeled peanut lectin (B, E) and ERK immunostaining by TRITC-labeled secondary antibody (C, F). A and D show light
transmission microscopy photographs of the spermatozoa in B and C and E and F, respectively. The upper panels show an acrosome-intact spermatozoon
as evidenced by the staining at the acrosomal level of FITC-labeled peanut lectin; the lower panels show an acrosome-reacted one as evidenced by
staining of FITC-labeled peanut lectin at the equatorial level. Note ERK staining in the neck region in the acrosome-intact sperm and at the equatorial
level in the acrosome-reacted sperm. A-F, x750.

RESULTS

Localization of ERKs in Human Spermatozoa and Testis

Immunohistochemical staining of fixed and permeabil-
ized ejaculated human spermatozoa with the polyclonal an-
tibody aIIcp42 revealed a selective localization of ERKs to
the postacrosomal region of the sperm head (Fig. 1A),
while the acrosome and the tail were unreactive. Similar
results were obtained with the monoclonal anti-ERK-2 an-
tibody (data not shown). Western blot analysis of sperm
proteins immunoprecipitated with otIIcp42 antibody, and
blotted with the same antibody, detected a single band of
approximately 42 kDa (Fig. 1C), which was not present in
the control sample (immunoprecipitation with nonimmune

rabbit serum [Fig. 1C]). We also performed immunohisto-
chemistry of human spermatozoa after stimulation with
A23187, which induced the acrosome reaction in a high
percentage of live, reacted spermatozoa (ranging from 30%
to 50%). Under this condition, oxIIcp42 antibody staining
was mostly localized to the equatorial region of the plasma
membrane in the central region of the sperm head (Fig. 1B).
These results, confirmed also using the monoclonal anti-
ERK-2 antibody (Fig. 1D), and consistently observed in 5
experiments, suggest a translocation of the enzyme during
the acrosome reaction. Similar results were obtained when
the acrosome reaction was stimulated with progesterone
[34], a well-known physiological inducer of the acrosome
reaction [35].
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FIG. 4. Electron microscopy of human
spermatozoa. Transmission electron micro-
graphs of human sperm heads submitted
to 18 h of capacitation. A shows a longitu-
dinal section of a sperm head and C a
cross section at the level of the equatorial
segment. Gold particles are associated
with the surface of the cell overlying an
intact acrosome (A) or with the remnants
of plasma membrane in a head with fuzzy
acrosomal matrix (C). B and D show en-
largements of regions indicated by arrows
in A and C, respectively. E) Longitudinal
section of an acrosome-reacted head that
shows gold particles associated with the
surface overlying the anterior part of the
postacrosomal region at the equatorial lev-
el. F shows an enlargement of the region
indicated by arrow in E. Gold particles (10
nm) were used in A-F. Scale bar = 0.2
CIm in A, C, E; 0.1 ,Im in B, D, F.

Indirect immunofluorescence confocal microscopy anal-
ysis of spermatozoa double stained for ERKs and DNA
confirmed a high density of ERK staining in the postacro-
somal region of untreated spermatozoa (Fig. 2A) and in the
equatorial segment of A23187-treated spermatozoa (Fig.
2B). Despite the presence of immunoreactivity for ERK at
the nuclear level in germ cells (see Fig. 5A), confocal mi-
croscopy scanning did not reveal any positive staining of
the nucleus of mature sperm and indicated surface local-
ization of the antigen.

Confirmation that ERK localization at the equatorial seg-
ment occurs in acrosome-reacted spermatozoa was obtained
in experiments in which these cells were double-stained

with peanut lectin and anti-ERK2 antibody. The upper pan-
els of Figure 3 show an acrosome-intact spermatozoon with
FITC-labeled peanut lectin localized to the acrosome (panel
B) and ERK2 in the neck (panel C), while the lower panels
show an acrosome-reacted spermatozoon with both FITC-
labeled peanut lectin (panel E) and ERK2 (panel F) local-
ized in the equatorial segment. Panels A and D show light
transmission microscopy photographs of the spermatozoa
in panels B-C and E-F, respectively.

Immunoelectron microscopy was performed in 18-h-ca-
pacitated unstimulated spermatozoa. These studies demon-
strated that anti-ERK antibodies were associated with the
surface of the sperm heads, although the omission of sam-
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FIG. 5. Localization of ERK immunoreactivity in human testis. A) Testis section from a man with obstructive azoospermia and normal spermatogenesis
showing high positivity for ERKs in germ cells within the tubules, including spermatozoa (*). Note the presence of positive staining in endothelial cells
(E) and myoid cells (M) and absence of staining in Leydig cells (L). Representative of similar experiments performed in different subjects (n = 3). B) In
this detail, results similar to those in A are shown. Note the absence of staining in Leydig cells (L) and presence of staining in a few Sertoli cells (S).
Peritubular myoid (M) and endothelial (E) cells are also positive for ERKs. Note the presence of positive mature spermatozoa (*). C) Testis section from
a man with azoospermia due to tubular damage, showing ERK positivity in connective elements around tubular walls. Immunostaining was performed
with anti-ERK allcp42 antibody and peroxidase-conjugated secondary antibody as described in Materials and Methods. Representative of similar results
obtained from different subjects (n = 4). D) Control section stained with normal rabbit serum. A and D, x80; B and C, X250 (reproduced at 81%).
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FIG. 6. Comigration of tyrosine-phosphorylated p42 with ERK-immu-
noreactive proteins in capacitating spermatozoa. Sperm cells were incu-
bated under capacitating conditions for the indicated times, and proteins
in cell extracts were separated by 10% SDS-PAGE. The blot was first
probed for tyrosine-phosphorylated proteins with peroxidase-conjugated
PY20 antibody (A) and then for ERK-immunoreactive proteins with
allcp42 antibody (B) followed by ECL detection. An exact alignment of
the blots indicates a comigration of the p42 tyrosine-phosphorylated band
with the p42-immunoreactive band. Molecular weight markers (x 103)
are indicated to the left of the blots.

pie osmification did not allow an appropriate visualization
of cellular membranes. Clusters of gold particles were as-
sociated with the surface of cells overlying the intact ac-
rosome at the level of the equatorial region (Fig. 4, A and
B) and with the remnants of plasma membrane at the level
of the equatorial region in sperm heads that showed an
initial dispersion of acrosome matrix (Fig. 4, C and D). In
acrosome-reacted spermatozoa, gold particles were associ-
ated with the surface of sperm heads at the level of the
equatorial segment in the anterior part of the postacrosomal
region (Fig. 4, E and F). No labeling was observed in the
sperm tail (data not shown). These results confirm local-
ization of ERKs at the level of the equatorial region of
acrosome-reacted spermatozoa and indicate, in agreement
with the results of confocal microscopy analysis, a surface
localization of the antigen.

In testis sections from three different men with obstruc-
tive azoospermia but normal spermatogenesis that were
stained with anti-ERK IIlcp42 antiserum, specific and in-
tense immunoperoxidase staining was detected mainly in
germ cells localized to the nuclei (Fig. 5A). Mature sper-
matozoa also showed positive staining. A higher-magnifi-
cation detail of a testis section from the same man as in
Figure 5A is shown in Figure 5B. In testis sections from
men (n = 4) with azoospermia due to tubular damage,
staining for ERKs was restricted to connective elements
around the tubular walls (Fig. 5C). No positivity was ob-

FIG. 7. Immunoprecipitation of phosphorylated p42 and p44 ERKs in
capacitating spermatozoa. The callcp42 antibody was used to immuno-
precipitate (I.P.) p42 and p44 ERKs from spermatozoa at 1- and 24-h
capacitation, and the blot was first probed with PY20 antiphosphotyrosine
antibody (immunoblotting = I.B.) (A), then washed thoroughly and reprobed
with alcp44 antibody (I.B.) (B). As control, 2 ILg ERK-2 recombinant pro-
tein was run in the lane marked ERK-2rec, showing a band at the ex-
pected 50-55-kDa molecular mass. The protein band at about 55-60 kDa
present in both blots is the heavy chain of the antibody used to immu-
noprecipitate. Molecular weight markers (x 103) are indicated to the left
of the blots. Fold increase in the ratio between autoradiographic signals
of PY20 and alcp44 decorated bands at 24-h vs. 1-h capacitation was,
respectively, 1.73 for the p44 and 4.6 for the p42. Representative of 2
similar experiments.

served in control sections treated with nonimmune rabbit
serum (Fig. 5D).

Capacitation Stimulates Tyrosine Phosphorylation and
Activity of ERKs in Human Spermatozoa

Previous investigators reported a progressive increase
in tyrosine phosphorylation of several proteins in a wide

FIG. 8. Western blot analysis of the ERK-2 tyrosine-phosphorylated form
during capacitation. Sperm cells were incubated under capacitating con-
ditions for the indicated times, and proteins in cell extracts were separated
by 10% SDS-PAGE. The blot was first probed with an antibody for the
tyrosine-phosphorylated form of ERK-2 (A, indicated by the arrows) and
then for ERK-2-immunoreactive proteins with edlcp42 antibody (B, indi-
cated by the arrows) followed by ECL detection. Molecular weight mark-
ers (x 103) are indicated to the left of the blots.
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FIG. 9. ERK activity during capacitation of spermatozoa. A) Sperm cell extracts, obtained at the indicated capacitation times, were run in 10% SDS-PAGE containing the ERK substrate MBP (in-gel kinase renaturation assay). ERK activity was measured as described in Materials and Methods. Molecular
weight markers (x 103) are indicated to the right of the blot. An increase of p44 and p42 MBP phosphorylation is evident at any time in capacitation
as compared with noncapacitated sperm cells (NC). B) Average phosphorylating activity of p42 and p44 bands at different times of capacitation in 4different MBP-containing gel experiments. C) MBP kinase activity at various capacitation times in immunocomplexes obtained after immunoprecipitation
of ERKs with oxlcp44 antibody (immunokinase assay) as described in Materials and Methods.

molecular weight range during in vitro capacitation of hu-
man [10-12, 14] and mouse spermatozoa [9, 13], includ-
ing proteins in the 40-50-kDa molecular mass range.
Since ERKs are activated by phosphorylation both on ty-
rosine and threonine residues [15], we evaluated whether
the increase in tyrosine phosphorylation during sperm ca-
pacitation was present in these proteins by Western blot
analysis using anti-phosphotyrosine antibodies and anti-
ERK antibodies. As shown in Figure 6A, among the pro-
tein bands that showed a capacitation-dependent increase
in tyrosine phosphorylation, two were located at about 42
and 44 kDa (indicated by the arrowheads) and thus were
in the expected range of ERK isoforms [15]. In order to
ascertain whether the phosphoprotein at 42-kDa molecular
mass corresponds to ERK-2, the same blot was stripped
and reprobed with tIIcp42 antibody, showing the presence
of a single band at 42 kDa (ERK-2) comigrating with the
p42 phosphorylated on tyrosine during capacitation (Fig.
6B). The olIIcp42 antibody has been shown to recognize
mainly or only the ERK-2 isoform in Western blot analysis
[27, 36]. After the same blot was washed and reprobed
with oIcp44 antiserum, which recognizes both ERK-1 and
ERK-2 isoforms [27, 36, 37], the staining showed two
bands, respectively, at 42- and 44-kDa molecular mass
(not shown), that comigrated with those revealed by the

antiphosphotyrosine antibody-indicating that both ERK-
1 and ERK-2 isoforms are present in human spermatozoa
(see also Fig. 10, right panel, for presence of ERK-1).
These data were confirmed by immunoprecipitation ex-
periments in which sperm proteins obtained at 1- and 24-
h capacitation were immunoprecipitated with (xIIcp42 an-
tibody and then blotted with PY20 antibody (Fig. 7A),
stripped, and reprobed with aIcp44 antibody (Fig. 7B). In
these conditions, two tyrosine-phosphorylated bands of
42- and 44-kDa molecular mass corresponding to ERK-2
and ERK-1 (Fig. 7, A and B) were detected. This result
is in agreement with those of Wang et al. [27], who
showed the presence of both ERK-1 and ERK-2 after im-
munoprecipitation with this antibody. Incubation in ca-
pacitating conditions increased tyrosine phosphorylation
in both proteins (Fig. 7A), as indicated the increase in the
ratio between autoradiographic signals of PY20 and
ctIcp44 decorated bands at 24-h versus 1-h capacitation
(respectively, 1.7-fold increase for p44 and 4.6-fold in-
crease for p42). For comparison, recombinant ERK-2 was
run in the lane marked ERK-2rec (Fig. 7), showing a band
at the expected 50-55-kDa molecular mass range. The
presence of tyrosine-phosphorylated ERK-2 during capac-
itation was further confirmed by using an antibody di-
rected against the tyrosine-phosphorylated form of ERK-
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FIG. 10. Western blot analysis of MEK-1 in human sperm lysates. Sperm
cells lysates, prepared as described, were separated by 10% SDS-PAGE.
The blot was first probed with an antibody for MEK-1 (left panel, indicated
by the arrow) and then for ERK-1- and ERK-2-immunoreactive proteins
with xldcp44 antibody (right panel, indicated by the arrows) followed by
ECL detection. Molecular weight markers (x 103) are indicated in the
center of the blots.

2 [38]. Figure 8A shows a capacitation-dependent increase
in the tyrosine-phosphorylated form of ERK-2. No other
protein bands were detected (not shown). When the same
blot, after stripping, was reprobed with dlIIcp42 antibody,
a single band comigrating with the tyrosine-phosphorylat-
ed form of ERK-2, with equal intensity in each lane, was
observed (Fig. 8B).

To determine whether the increased tyrosine phosphor-
ylation observed during sperm capacitation was associated
with an increase in ERK activity, we carried out in-gel
renaturation kinase assays with MBP as substrate (in-gel
kinase assay). We observed a time-dependent increase in
MBP kinase activity migrating at 42 and 44 kDa (Fig. 9A,
see also Fig. 1 1B2) during sperm capacitation, which was
similar to the time-dependent increase in tyrosine phos-
phorylation seen in Figures 6A and 8A. Mean MBP kinase
activity of these protein bands, detected in four different
in-gel experiments performed in different subjects, is
shown in Figure 9B. An additional MBP kinase activity
migrating at 38 kDa was observed in these experiments
(Figs. 9A and 1 B); however, this kinase does not appear
to be modulated during capacitation, showing similar ac-
tivity in noncapacitated and capacitated spermatozoa
(Figs. 9A and 1 lB). The time-dependent increase in ERK
activity during capacitation of human spermatozoa was
also confirmed by immunokinase assays of sperm lysates
immunoprecipitated with aIcp44 antibody (Fig. 9C). Since
this antibody recognizes both ERK-1 and ERK-2 [27],
MBP kinase activity detected with this method is likely to
be due to both ERK isoforms.

Effect of Inhibition of ERK Activation on Human Sperm
Capacitation

PD098059 is a recently developed compound, able to
inhibit MEK activity and therefore phosphorylation and ac-
tivation of ERKs [31, 32]. Figure 10 shows Western blot
analysis using an antibody directed against MEK-1 of hu-

man sperm lysates. A band migrating at the expected 45-
kDa molecular mass was observed (Fig. 10, left panel),
indicating that MEK is present in human sperm. The ad-
ditional band at -70 kDa (Fig. 10, left panel) could be a
high molecular form of the enzyme and has been detected
also in mesangial cells by Wang et al. [39]. After washing,
the blot was reprobed with xIlcp44 antibody, demonstrating
the presence of ERK-1 and ERK-2 as expected (Fig. 10,
right panel). To determine the inhibiting activity of
PD098059 on activation of ERKs in spermatozoa, in-gel
MBP kinase activity of sperm lysates in the presence of the
inhibitor was evaluated at 24-h capacitation (since high ac-
tivity of both ERKs was observed at this time point). As
shown in Figure 11, PD098059 (10 VLM) inhibited the in-
crease of phosphorylation in ERK-2 (panel A), as well as
the MBP kinase activity of ERK-1 (panels B1 and B2) and
ERK-2 (evident in higher-exposure films, not shown) at 24-
h sperm capacitation. Therefore, we used PD098059 as a
pharmacological tool to study the involvement of ERKs in
the induction of the capacitation state in human spermato-
zoa. To this end, spermatozoa were selected by swim-up
procedure for 2 h at 37°C in complete, capacitating medium
or in the presence of PD098059 (10 and 100 pxM). No dif-
ferences were observed in motility or number of recovered
spermatozoa in control versus PD098059-treated samples
(data not shown). The occurrence of capacitation in the two
different conditions was evaluated by measuring the ability
of spermatozoa to undergo ARPC. Indeed, it has been re-
ported by several groups that response to progesterone does
not occur in noncapacitated samples [5, 40, 41] and thus
this parameter can be used as an assay to identify the oc-
currence of capacitation [14]. As expected, spermatozoa in-
cubated in capacitating complete medium were able to un-
dergo the acrosome reaction in response to progesterone,
as indicated by the ARPC value (Fig. 11 C). In contrast, the
steroid was almost ineffective when the swim-up procedure
was conducted in the presence of two different concentra-
tions of PD098059 (Fig. 11 C). The presence of the inhibitor
of ERK activation during the swim-up procedure did not
significantly modify spontaneous acrosome reaction (14.4
± 2.4% acrosome reaction in control vs. 14.8 5.7% in
10 jLM PD098059- and 18.0 3.8% in 100 iM
PD098059-treated samples). This result strongly suggests
that activation of ERKs plays an important role in the de-
velopment of the capacitation state of human spermatozoa.

DISCUSSION

The present paper shows the presence of ERKs in human
spermatozoa and establishes a biological role for these en-
zymes in sperm capacitation. Indeed, we demonstrate here
that in vitro capacitation stimulates a sustained and con-
comitant increase in tyrosine phosphorylation and kinase
activity of ERKs, indicating activation of these enzymes
during capacitation. Furthermore, our results suggest that
activation plays a biological role in the development of ca-
pacitation of human spermatozoa, since the ability of these
cells to undergo the acrosome reaction in response to pro-
gesterone is strongly inhibited when capacitation is per-
formed in the presence of the MAPK cascade inhibitor
PD098059. Our data also demonstrate the selective local-
ization of ERKs to the postacrosomal region of permeabil-
ized human spermatozoa and, after stimulation of the ac-
rosome reaction with ionophore (present study) and pro-
gesterone [34], to the extracellular face of the equatorial
region. Taken together, these findings are consistent with a
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FIG. 11. Effect of the MAPK cascade inhibitor PD098059 on human sperm capacitation. In A, the inhibitory effect of 10 M PD098059 on ERK-2
phosphorylation at 24-h capacitation is shown. Spermatozoa were capacitated for 24 h in the presence or absence of PD098059; after 10% SDS-PAGE,
the blot was probed with an antibody against the tyrosine-phosphorylated form of ERK-2 (p42*). Molecular weight markers (x 103) are indicated to the
left of the blot. B1 and B2 show the inhibitory effect of PD098059 (10 1±M) on MBP-phosphorylating activity of p44 at 24-h capacitation (evaluated by
in-gel kinase renaturation assay) in two different subjects. In B2, a time point at 2-h capacitation was also examined. Similar results were obtained ina third independent experiment. Molecular weight markers (x 103) are indicated to the right of the blots. C) Spermatozoa were capacitated by swim-
up procedure for 2 h in the presence or absence of PD098059 (10 F.M and 100 LM), washed, and reincubated with progesterone (10 M) for 1 h.Acrosome reaction was evaluated by fluorescence microscopy as described in the text. ARPC: acrosome reaction following progesterone challenge
(difference between percentage acrosome reaction after progesterone and basal percentage acrosome reaction).
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redistribution of ERKs during sperm activation. The ability
to translocate from one cell compartment to another in re-
sponse to extracellular signals is a common feature of
MAPKs [15]. Indeed, it has been shown that they are ca-
pable of translocation not only to the nucleus [15], but also
to the cell surface membrane [42]. Since MAPK substrates
may be located in different (and multiple) cellular com-
partments, it is conceivable that MAPKs could translocate
to multiple cell structures. This assumption may be partic-
ularly important when one considers highly differentiated
cells such as spermatozoa. In mature spermatozoa, the nu-
cleus plays only a marginal, if any, role in modulation of
their function, chromatin being condensed and little or no
protein synthesis occurring during the life of mature sper-
matozoa. In these conditions, a nuclear translocation of
ERKs seems unlikely. A similar situation can be found in
platelets, where activation of ERKs occurs in response to
stimuli that induce aggregation, such as thrombin [16]. In
contrast, in view of the fundamental role played by the
equatorial segment in sperm-oocyte interaction [1], trans-
location of ERKs at this level may be expected. Following
stimulation of the acrosome reaction, a conformational re-
arrangement of some proteins at the level of the equatorial
segment has been demonstrated [43]. These proteins appear
to play an important role in sperm-oocyte fusion [43]. Thus,
the presence of ERKs at the level of the equatorial segment
after the acrosome reaction might be related to the regula-
tion and/or activation of proteins that mediate binding and
fusion between sperm and egg plasma membranes. This
process involves interaction between a complex of sperm
surface antigens and integrins present on the egg surface
(for review, see [44]). In addition, several integrin chains
present in mammalian spermatozoa have been shown to
play a role in binding of spermatozoa to the oocyte, and
the expression of these molecules is regulated during ca-
pacitation [44]. The involvement of ERKs in regulation of
the integrin affinity state has been reported [45]. In this
scenario, sperm ERKs may regulate activity of these mol-
ecules during capacitation and the acrosome reaction, pos-
sibly by phosphorylation of downstream targets involved
in this process such as cytoskeletal molecules (see below).

The possible downstream targets of ERKs during capac-
itation of spermatozoa remain to be defined. As mentioned
above, capacitation is characterized by several biochemical
events, most of which require activation of enzymatic ac-
tivities, as well as rearrangement of cytoskeletal elements
[1]. Among the substrates of MAPK identified so far, pos-
sible candidates for phosphorylation by activated ERKs in
human spermatozoa are phospholipase A2 [46], which has
been demonstrated to play a role during sperm capacitation
[47], and cytoskeletal elements such as microtubule-asso-
ciated proteins (MAP), whose phosphorylation may be im-
portant in the cytoskeletal rearrangements occurring during
capacitation [7]. In particular, MAP-2 has been reported to
be phosphorylated in serine in bovine spermatozoa, and its
phosphorylation is regulated by agents that modulate ca-
pacitation and the acrosome reaction [7].

The occurrence of ERKs in sperm cells appears to be an
early event during spermatogenesis. We have demonstrated
the presence of ERKs in testicular germ cells at any stage
of sperm development. In these cells, ERKs were predom-
inantly localized to the nuclei, where they might regulate
gene transcription, maturation, and differentiation. In this
connection, the involvement of ERKs in the meiotic mat-
uration of female gametes has been recently demonstrated
[48, 49]. In particular, activation of ERKs in oocytes is

stimulated by mos oncogene, resulting in the modulation of
the various stages of oocyte development [49]. Recently, it
has been shown that regulation of expression of mos on-
cogene may play a role in spermatogenesis and that MAPK
is involved in this effect [50]. In addition, it has been re-
cently reported that MAP-2, a possible substrate for ERKs,
is abundant in the rat testis and is localized both in the
cytoplasm and, as in the case of ERKs in human testis, in
the nuclei of germ cells [51]. The lack of staining in tubules
of testis sections of azoospermic men is a further indication
of the possible role of ERKs in the maturation and differ-
entiation of germ cells.

In conclusion, our data demonstrate the presence of
ERKs in human spermatozoa and their direct or indirect
role in the capacitation process. Although further studies
are needed to clarify the signal transduction pathways in-
volved in their activation and the downstream targets of
their action, the present findings shed new light in the effort
to clarify the molecular mechanisms involved in capacita-
tion and fertilization processes.
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