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Objective: To determine extracellular calcium (Ca2�) requirements for the maintenance of human sperm
function in vitro.

Design: Prospective study.

Setting: Basic research laboratory.

Patient(s): Normozoospermic volunteers provided fresh semen samples; follicular fluid (human FF) and
oocytes were collected from women undergoing IVF-ET.

Intervention(s): Spermatozoa were incubated for �18 hours in media containing different CaCl2 concentra-
tions (maximum, 2.5 mM [control]).

Main Outcome Measure(s): Protein tyrosine phosphorylation patterns, development of hyperactivated
motility, induction of the acrosome reaction (AR) in response to human FF, and sperm interaction with
homologous zona pellucida (ZP).

Result(s): Cells maintained for 18 hours in medium containing �0.1 mM of Ca2� were able to undergo the
AR when exposed to human FF in the presence of 2.5 mM of Ca2�. Calcium concentrations of �0.22 mM
were sufficient to reach protein tyrosine phosphorylation levels and hyperactivated motility values similar to
those of controls. Higher Ca2� concentrations (�0.58 mM) were required to produce maximum human
FF–induced AR in previously capacitated cells and to obtain an adequate sperm–ZP binding.

Conclusion(s):Different steps of the fertilization process have distinctive Ca2� requirements. Whereas 0.22
mM of Ca2� is sufficient for the development of some capacitation-related events, human FF–induced AR and
sperm–ZP interaction require 0.58 mM of this cation. (Fertil Steril� 2003;79:1396–403. ©2003 by American
Society for Reproductive Medicine.)
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To acquire fertilization competence, mam-
malian spermatozoa must reside in the female
tract for a certain period of time. After ejacu-
lation, the male gamete must undergo several
metabolic and structural changes collectively
known as capacitation. This phenomenon has
been associated with modifications in plasma
membrane composition and fluidity, changes in
intracellular ion concentrations, an increase in
protein tyrosine phosphorylation, and alter-
ations in the oxidative metabolism. Changes at
the flagellum enable spermatozoa to develop
hyperactivated motility. In addition, modifica-
tions on the sperm head allow the occurrence
of the acrosome reaction (AR) in response to
an adequate stimuli such as the zona pellucida
(ZP) or follicular fluid components (for review,

see Yanagimachi [1] and Visconti and Ga-
lantino-Homer [2]).

Fertilization-related events can be accom-
plished in vitro by incubating spermatozoa un-
der specific conditions, which include a defined
culture medium. Sperm culture media have
been formulated to mimic the complex compo-
sition of the oviductal fluid and consist of bal-
anced salt solutions supplemented with appro-
priate concentrations of electrolytes, metabolic
energy sources, and serum albumin. Most cul-
ture media include millimolar concentrations
of calcium (Ca2�) ions. Several reports have
indicated that the presence of this cation is
required for successful fertilization in vitro (3,
4). However, different events of the fertiliza-

Received January 7, 2002;
revised and accepted
October 24, 2002.
Supported by grants from
the World Health
Organization (35 97175),
the Agencia Nacional de
Promoción de Ciencia y
Tecnologı́a (PICT97 00207),
and the Consejo Nacional
de Investigaciones
Cientı́ficas y Técnicas
(CONICET) of Argentina
(PIP 4404).
Presented at the VII
International Congress on
Andrology, Montréal,
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tion process could have specific Ca2� requirements, as de-
scribed in the mouse (4).

Numerous studies have shown the need for extracellular
Ca2� ions for the induction of the AR mediated by physio-
logic stimuli in all the species studied. An influx of this
cation is one of the first events described in the signal
transduction cascade leading to the acrosomal loss in re-
sponse to follicular fluid, progesterone, or ZP (5–9). Con-
trasting with these observations, there is a report suggesting
that Ca2� influx would not be totally required for ZP-
induced AR (10). Regarding Ca2� requirements for sperm
capacitation, although micromolar extracellular concentra-
tions of Ca2� ions are needed to achieve sperm capacitation
in the mouse (4), millimolar concentrations of this cation
allow the occurrence of some capacitation-related events in
the human (11, 12). Concerning sperm interaction with the
oocyte, it has been described that spermatozoa from several
species require Ca2� ions to bind and penetrate the ZP (13,
14) and to fuse with the oolemma (4). Nevertheless, specific
Ca2� concentrations needed for human sperm performance
in vitro are still unknown.

The objective of the present study was to determine the
extracellular Ca2� concentrations required to accomplish
human sperm capacitation, AR, and ZP binding in vitro.
Spermatozoa were incubated in the presence of increasing
concentrations of CaCl2. Acrosome reaction inducibility in
response to human follicular fluid (FF), protein tyrosine
phosphorylation levels, development of sperm hyperactiva-
tion, and sperm ability to interact with homologous ZP was
evaluated.

MATERIALS AND METHODS

In this study, all human samples used were obtained
under donors’ written consent, and the protocol was ap-
proved by the review board at the Argentine Society of
Clinical Investigation.

Culture Media
The standard medium used throughout the study was

human sperm medium (HSM) (15). It consisted of 117.5 mM
of NaCl, 0.3 mM of NaH2PO4, 8.6 mM of KCl, 0.49 mM of
MgCl2, 2 mM of glucose, 19 mM of sodium lactate, 25 mM
of NaCO3H, 0.25 mM of sodium pyruvate, 50 �g/mL of
penicillin, and 75 �g/mL of streptomycin. The HSM me-
dium not supplemented with CaCl2 was called HSM(�).
When this medium was supplemented with 2.6% globulin
fatty acid free bovine serum albumin (BSA; Sigma Chemical
Co., St. Louis, MO), it contained 0.1 mM of Ca2�, as
determined by atomic absorption. To prepare media with
increasing Ca2� concentrations, different amounts of a stock
solution of 22.5 mM of CaCl2 were added to HSM(�) �
2.6% BSA, giving the following final concentrations of
Ca2�: 0.22, 0.58, 1.5, and 2.5 mM. In some experiments,
HSM was supplemented with 2.5 mM of SrCl2 (HSM Sr2�).

All of these media had similar osmolarity (308–319 mOsm).
Control experiments with HSM(�) � 0.1 mM of ethylene-
glycol-bis(�-aminoethyl)-N,N,N�,N�-tetraacetic acid (EGTA)
were also carried out.

Follicular Fluid Preparation
Human oocytes were obtained during egg retrieval from

women undergoing assisted fertilization, following ovarian
stimulation protocols as described elsewhere (16). Follicles
were aspirated, and fluids were processed by centrifugation
for 15 minutes at 1,500 � g to remove cellular debris.
Aliquots from 10 human FF samples were pooled, inacti-
vated by heating at 56°C for 30 minutes, filtered through a
0.22-�m membrane, and stored at �20°C until further use.
Three different pools of human FF were used throughout the
study; these proved to be equally capable of inducing a
significant increase in the AR.

Semen Samples and Sperm Processing
Fresh semen samples were obtained from normozoosper-

mic volunteers according to World Health Organization
standards (17). In each experiment, ejaculates from different
men were used. After complete liquefaction, samples were
diluted with HSM(�) supplemented with 2.6% BSA and
processed by two centrifugations at 300 � g for 10 minutes.
Washed spermatozoa were resuspended in the same medium
and filtered through glass wool columns (Microfibre Man-
ville, Denver, CO) to recover highly motile cells (18).

Sperm concentration was adjusted to 1.5 � 106 cells/mL,
and 2-mL aliquots were incubated in different media at
37°C, 5% CO2 in air for different periods of time for up to
18 hours. Postincubation motility was determined by obser-
vation under light microscopy (�400 magnification; Alpha-
phot-2 YS2, Nikon, Tokyo, Japan) as indicated (17).

Acrosome Reaction Induction
In the present study, experimental conditions for capaci-

tation were selected according to the protocol described by
Calvo et al. (18). These authors demonstrated that the use of
globulin–fatty acid free BSA and sperm incubation for �8
hours are required to obtain maximal AR in response to
human FF.

To determine minimum Ca2� requirements for human
sperm capacitation, aliquots of 0.75 � 106 spermatozoa were
incubated in media containing increasing concentrations of
CaCl2 (total Ca2� concentration from 0.1 to 2.5 mM). After
an 18-hour incubation, appropriate volumes of a 22.5 mM of
CaCl2 stock solution were added to reach a final fixed
concentration of 2.5 mM of Ca2�, and cells were exposed to
10% human FF (human FF–induced AR) or buffer (sponta-
neous AR) for 45 minutes at 37°C, 5% CO2 in air.

To determine Ca2� concentrations needed to support ac-
rosomal exocytosis, two sets of experiments were carried
out. First, cells were incubated in the presence of 0.22 mM
of Ca2� for 18 hours at 37°C, 5% CO2 in air. Then, the
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suspension was divided into aliquots that were supplemented
with different concentrations of CaCl2, and spermatozoa
were exposed to human FF or buffer. Spermatozoa that were
incubated during the whole period in HSM containing 2.5
mM of CaCl2 (HSM Ca2�) were included as a control.

In the second set of experiments, spermatozoa were in-
cubated overnight in HSM in which 2.5 mM of CaCl2 was
replaced by 2.5 mM of SrCl2, resulting in a condition that
allows capacitation but does not support human FF–induced
AR (19). After an 18-hour incubation, different volumes of
the CaCl2 stock solution were added, and cells were exposed
to human FF or buffer. Two aliquots served as controls:
spermatozoa maintained for the whole period in HSM con-
taining either 2.5 mM of SrCl2 (HSM Sr2�) or 2.5 mM of
CaCl2 (HSM Ca2�).

After the AR induction procedure, spermatozoa were
fixed, and the acrosomal status was evaluated by staining
with fluorescein isothiocyanate–labeled Pisum sativum ag-
glutinin (Sigma Chemical Co.), as described elsewhere (19).

Detection of Tyrosine-Phosphorylated
Proteins

Proteins from spermatozoa incubated for 4 or 18 hours in
media containing different concentrations of CaCl2 were
analyzed by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and Western immunoblotting, using a mono-
clonal antiphosphotyrosine antibody (Upstate Biotechnology
Inc., Lake Placid, NY), as described elsewhere (19).

Hyperactivation Analysis
Spermatozoa were incubated in media containing increas-

ing concentrations of CaCl2 for 4 hours at 37°C, 5% CO2 in
air. The proportion of hyperactivated cells was estimated
using an IVOS V10.8s CASA instrument (Hamilton-Thorne
Research, Danvers, MA). The settings used during the anal-
ysis were as follows: number of frames analyzed per second
� 30, frame rate � 50 Hz, minimum contrast � 85, mini-
mum cell size � 3 pixels, and minimum static contrast � 30.
The kinematic values of �200 motile spermatozoa were
analyzed in each sample, and cells with curvilinear velocity
of �150 �m/s, lateral head displacement of �7 �m, and
linearity of �50% were considered hyperactivated (20).

Hemizona Assay
Human oocytes were obtained during egg retrieval from

women undergoing assisted fertilization, following ovarian
stimulation protocols as described elsewhere (16). Nonin-
seminated, surplus oocytes were incubated for 6–8 hours in
human tubal fluid medium (Irvine Scientific, Santa Ana, CA)
for maturation. Cumulus cells were removed by treatment
with 80 IU of hyaluronidase (Sigma Chemical Co.) for 20
seconds, followed by washing with phosphate-buffered sa-
line. Oocytes in metaphase II were placed in a 0.1-M Tris
(tris[hydroxymethyl]aminomethane), 1.5-M (NH4)2 SO4,
and 0.5% dextran, pH 7 solution at 4°C until use (21).

Twelve hours before performing the hemizona assay
(HZA), oocytes were washed four times by pipetting on
phosphate-buffered saline and were placed in a Petri dish
(BWR Scientific Products, Bridgeport, NJ) at 37°C. Oocytes
were immobilized with holding pipettes (Cook, Queensland,
Australia) and bisected into two equal halves using a micro-
manipulator (Narishigue, Tokyo, Japan) coupled to an in-
verted microscope (Nikon, Diaphot, Tokyo, Japan). Each
hemizona was placed in a 100-�L drop of a suspension
containing 6 � 104 motile spermatozoa resuspended in the
corresponding medium [HSM(�) and 0.22, 0.58, or 1.5 mM
of Ca2�], previously supplemented with 3.5% BSA. The
counterpart hemizona was always incubated with cells re-
suspended in HSM Ca2� (control hemizona). After a 4-hour
incubation, hemizonae were washed by repeated vigorous
pipetting, and the number of spermatozoa tightly bound to
the outer surface was counted under a �400 magnification
using Hoffman interference optics (Modulation Optics Inc.,
Greenvale, NY) (22).

Expression of Results and Statistical Analysis
Data were expressed as mean � SE. To assume normal

distribution, percentages were converted to ratios and sub-
jected to the arcsine square root transformation. Acrosome
reaction results were expressed as AR inducibility (% human
FF–induced AR minus % spontaneous AR), and HZA data
were presented as follows: [1] number of spermatozoa bound
per hemizona and [2] hemizona index (� number of sper-
matozoa bound in the “treated” hemizona [assay performed
in the presence of �1.5 mM of Ca2�]/number of spermato-
zoa bound in control hemizona [in the presence of HSM
Ca2�]). Acrosome reaction inducibility and hemizona index
values, as well as percentages of hyperactivated spermato-
zoa, were compared by using Student’s t test or one-way
ANOVA and Student-Newman-Keuls multiple comparison
test. The number of spermatozoa bound in the HZA was
compared using the paired Student’s t test. Statistical anal-
yses were done with an IBM-compatible computer using the
GraphPad InStat program (GraphPad Software, San Diego,
CA).

RESULTS

Calcium Requirements for Human Sperm
Capacitation–Related Events

Sperm ability to undergo acrosomal exocytosis in re-
sponse to human FF was first used as an indicator of com-
pletion of the capacitation process (18). Spermatozoa incu-
bated for 18 hours in HSM(�) or media containing from
0.22 to 2.5 mM of Ca2� and then exposed to human FF in the
presence of 2.5 mM of CaCl2 showed similar AR inducibil-
ity values (Fig. 1).

To further determine whether Ca2� ions are actually
needed for the capacitation process, spermatozoa were incu-
bated for 18 hours in HSM(�) with or without the addition
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of EGTA (0.1 mM). When the Ca2� chelator was added to
the capacitation medium, AR inducibility was significantly
diminished, compared with the case of the control condition
[4 � 2% vs. 26 � 1% for HSM(�) � EGTA and HSM(�),
respectively, P�.001, n � 4]. These results could not be
attributed to a difference in the percentage of spontaneous
AR because values were similar in both aliquots [16 � 6%
in HSM(�) vs. 21 � 4% in HSM(�) � EGTA].

The requirement of Ca2� for the occurrence of early
capacitation-related events (protein phosphorylation and de-
velopment of hyperactivated motility) was also examined.
The analysis of tyrosine-phosphorylated protein patterns re-
vealed high levels of phosphorylation in spermatozoa main-
tained for 4 hours in HSM(�) (Fig. 2, lane A). When cells
were incubated in the presence of increasing concentrations
of Ca2� (�0.22 mM), a lower signal was found (Fig. 2;
compare lane A with lanes B to E). Similar results were
obtained in spermatozoa incubated under these conditions
for 18 hours (data not shown). Phosphorylation was specific
for tyrosine residues, as immunoreactivity was completely
abolished when the antibody was previously blocked with
O-phosphotyrosine (data not shown).

The computer-assisted analysis showed negligible per-
centages of hyperactivated cells (3% � 2%) after 4-hour
incubation in medium not supplemented with CaCl2. Con-
versely, maximum percentages of hyperactivated cells were
obtained when spermatozoa were incubated in the presence
of �0.22 mM of Ca2� [15 � 2% for 0.22 mM, 14 � 3% for
0.58 mM, 14 � 2% for 1.5 mM, 12 � 3% for 2.5 mM of
Ca2�, P�.01 vs. HSM(�), n � 4]. This Ca2� concentration
was sufficient for the maintenance of progressive motility
after overnight incubation (data not shown).

Calcium Requirements for Human Sperm AR
To determine the extracellular Ca2� concentration suffi-

cient to support human sperm AR in response to human FF,
cells were first incubated for 18 hours in the presence of 0.22
mM of Ca2�, and then aliquots were supplemented with
different concentrations of CaCl2 before human FF expo-
sure. Figure 3 shows that spermatozoa incubated overnight

F I G U R E 1

Acrosome reaction inducibility in human spermatozoa prein-
cubated in media with different Ca2� concentrations. Motile
spermatozoa were maintained for 18 hours at 37°C, in HSM
containing different concentrations of CaCl2 (as specified
beneath the bars) and exposed for 45 minutes to 10% human
FF (human FF–induced AR) or buffer (spontaneous AR) in the
presence of 2.5 mM of CaCl2. Acrosome reaction inducibility
was calculated as % human FF–induced AR minus % spon-
taneous AR. Results are expressed as mean � SE, n � 8.

Marı́n-Briggiler. Calcium ions and human sperm function. Fertil Steril 2003.

F I G U R E 2

Protein tyrosine phosphorylation patterns in human sperma-
tozoa incubated in media with different Ca2� concentrations.
Motile spermatozoa were resuspended in HSM containing
increasing concentrations of CaCl2 [A � HSM(�); B � 0.22
mM of Ca2�; C � 0.58 mM of Ca2�; D � 1.5 mM of Ca2�; E
� 2.5 mM of Ca2�] and incubated for 4 hours at 37°C. Sperm
protein patterns were analyzed by Western immunoblotting
using a monoclonal antiphosphotyrosine antibody. Molecular
weight markers (MWM) are indicated on the left. A typical
experiment is shown. This experiment was performed three
times, obtaining similar results.

Marı́n-Briggiler. Calcium ions and human sperm function. Fertil Steril 2003.
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and exposed to human FF in the presence of 0.22 mM of
Ca2� were unable to undergo AR. In contrast, cells incu-
bated with human FF in media containing Ca2� concentra-
tions of �0.58 mM displayed AR inducibility values similar
to those of the control group (HSM Ca2�).

These results are in agreement with those obtained when
spermatozoa were incubated for 18 hours in HSM Sr2�,
followed by exposure to human FF in the presence of in-
creasing concentrations of CaCl2. Cells treated with human
FF in HSM supplemented with Ca2� concentrations of
�0.58 mM showed an AR inducibility comparable to that of
those incubated in HSM Ca2� (Fig. 4). These values were
significantly higher (P�.001) than those obtained with sper-
matozoa that were kept in HSM Sr2� or that were incubated
with human FF in the presence of 0.22 mM of Ca2�.

Calcium Requirements for Sperm–ZP
Interaction

To evaluate Ca2� requirements for human sperm interac-
tion with homologous ZP, the HZA was carried out. When

the assay was performed either in HSM(�) or in medium
containing 0.22 mM of Ca2�, the number of spermatozoa
bound to the hemizona was significantly lower than that in
the control [5 � 3 for HSM(�) vs. 20 � 7 for HSM Ca2�,
P�.01, n � 5; 12 � 4 for 0.22 mM vs. 27 � 7 for HSM
Ca2�, P�.05, n � 6]. In the presence of Ca2� concentrations
of �0.58 mM, the number of cells bound per hemizona was
similar to that in controls (17 � 4% for 0.58 mM vs. 21 �
5 for HSM Ca2�, n � 6; 15 � 8 for 1.5 mM vs. 14 � 7 for
HSM Ca2�, n � 4). When expressed as hemizona index
(Fig. 5), significantly reduced values (P�.01) were obtained
with HSM(�) or 0.22 mM of Ca2� compared with 0.58 or
1.5 mM of Ca2�.

DISCUSSION
The present report provides evidence that different as-

pects of human sperm function in vitro have distinctive
extracellular Ca2� requirements. Although 0.22 mM of Ca2�

ions are needed for the occurrence of several capacitation-
related events, a concentration of �0.58 mM of this cation is

F I G U R E 3

Acrosome reaction inducibility in human spermatozoa ex-
posed to human FF in the presence of different Ca2� con-
centration. Motile spermatozoa were incubated for 18 hours
at 37°C in HSM containing 0.22 mM of Ca2� and then ex-
posed for 45 minutes to 10% human FF (human FF–induced
AR) or buffer (spontaneous AR) in the presence of different
concentrations of CaCl2 (as indicated beneath the bars). In a
control aliquot, spermatozoa were maintained in HSM sup-
plemented with 2.5 mM of CaCl2 (HSM Ca2�) throughout the
experiment. Acrosome reaction inducibility was calculated as
% human FF–induced AR minus % spontaneous AR. Results
are expressed as mean � SE; n � 4. aP�.001 vs. other
conditions.

Marı́n-Briggiler. Calcium ions and human sperm function. Fertil Steril 2003.

F I G U R E 4

Acrosome reaction inducibility in human spermatozoa ex-
posed to human FF in the presence of different Ca2� con-
centration. Motile spermatozoa were incubated for 18 hours
at 37°C in HSM containing 2.5 mM of SrCl2 and then ex-
posed for 45 minutes to 10% human follicular fluid (human
FF–induced AR) or buffer (spontaneous AR) in the presence
of different concentrations of CaCl2 (as indicated beneath the
bars). In control aliquots, spermatozoa were maintained in
HSM supplemented with either 2.5 mM of SrCl2 (HSM Sr2�)
or 2.5 mM of CaCl2 (HSM Ca2�) throughout the experiment.
Acrosome reaction inducibility was calculated as % human
FF–induced AR minus % spontaneous AR. Results are ex-
pressed as mean � SE; n � 4. aP�.01 vs. other conditions.

Marı́n-Briggiler. Calcium ions and human sperm function. Fertil Steril 2003.
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required to promote the human FF–induced AR and to
support adequate sperm interaction with homologous ZP.

Previous studies have analyzed Ca2� requirements for
human sperm capacitation by determining the rate of spon-
taneous AR (11) or by using the chlortetracycline fluores-
cence assay (12). In the present study, we assessed the need
of Ca2� ions for the occurrence of early events of sperm
capacitation (i.e., development of protein tyrosine phosphor-
ylation and hyperactivated motility), as well as for the com-
pletion of this process by evaluating the sperm ability to
undergo AR in response to human FF. Our results showed
that spermatozoa incubated overnight in the presence of 0.1
mM of Ca2�, that is, HSM(�), were able to respond to
human FF in medium containing 2.5 mM of CaCl2. Such a
low amount of Ca2� ions appears to be adequate to accom-
plish sperm capacitation because the addition of EGTA
during the 18-hour incubation period prevented the AR, even
in the presence of 2.5 mM of Ca2�. However, it cannot be
ruled out that a partial sperm capacitation took place in

HSM(�) and that this process was completed when 2.5 mM
of Ca2� was added during the AR procedure.

The enhancement in protein tyrosine phosphorylation lev-
els observed when spermatozoa were incubated in the pres-
ence of low Ca2� concentrations would support the exis-
tence of a down-regulation mechanism mediated by Ca2�, as
previously suggested by other investigators (in human: Car-
rera et al. [23] and Luconi et al. [24]; in boar: Kalab et al.
[25]). Such increase in phosphorylation has been attributed
to an excessive activity of a tyrosine kinase (24). On the
other hand, the lower levels of tyrosine phosphorylation
obtained in cells capacitated in media containing high CaCl2
concentrations could result from an activation of a Ca2�-
calmodulin–dependent tyrosine phosphatase (23) (see the
following paragraphs). These mechanisms would be specie
specific, because in other species, such as the mouse, an
increase of protein tyrosine phosphorylation is dependent on
the presence of Ca2� ions (26). Considering that human
sperm capacitation seems to be associated with a gradual rise
in the intracellular Ca2� concentration (27–29), it is possible
that this cation exerts a temporal regulation of the capacita-
tion process by limiting phosphorylation on tyrosine resi-
dues.

Some of the proteins phosphorylated on tyrosine residues
during capacitation, such as AKAP82 and pro-AKAP82 (23,
30), are localized on the sperm flagellum. In addition, the
occurrence of tyrosine phosphorylation has been associated
with the development of motility and hyperactivation (23,
31). Our results showed that cells incubated in medium with
�0.22 mM of Ca2� ions displayed decreased levels of
protein tyrosine phosphorylation, which were accompanied
with maximal percentages of progressive motility and hy-
peractivation. These events might be regulated by a Ca2�-
calmodulin–dependent tyrosine phosphatase, known as cal-
cineurin (32), which would be activated in the presence of
this amount of Ca2�, maintaining an appropriate level of
phosphorylation in proteins involved in sperm motion.

The assessment of minimal extracellular Ca2� require-
ments for the induction of the AR revealed that 0.22 mM of
Ca2�, a concentration found to support the occurrence of
several capacitation-related events, was not sufficient to ob-
tain maximum acrosomal exocytosis in response to the hu-
man FF. After overnight incubation in HSM containing this
amount of Ca2� or, alternatively, 2.5 mM of Sr2�, sperma-
tozoa required �0.58 mM of Ca2� to reach maximum AR
inducibility levels in the presence of human FF.

When spermatozoa are exposed to ZP, human FF, or
progesterone there is a pronounced rise in intracellular Ca2�

concentrations that involves the activation of voltage-depen-
dent Ca2� channels as well as the release of Ca2� from
intracellular stores (33–36). Considering that a similar intra-
cellular Ca2� rise (three- to fourfold from basal levels) has
been reported after sperm treatment with either human FF or
ZP components (5, 7, 8), it can be speculated that both

F I G U R E 5

Sperm–ZP interaction in the presence of different Ca2� con-
centrations. Motile spermatozoa were resuspended in HSM
containing different concentrations of Ca2� (as indicated be-
neath the bars) and incubated 4 hours, with hemizonae
(hemizona) placed in the corresponding medium (“treated”
hemizona). Counterpart hemizona was incubated, and the
assay was performed in HSM Ca2� (control hemizona). Sper-
matozoa tightly bound to the outer face of each hemizona
were counted. Hemizona index was calculated as (number of
spermatozoa bound in the “treated” hemizona)/(number of
spermatozoa bound in control hemizona). Results are ex-
pressed as mean � SE, n � 4. aP�.01 vs. 0.58 and 1.5 mM
of Ca2�.

Marı́n-Briggiler. Calcium ions and human sperm function. Fertil Steril 2003.
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physiologic stimulants might require similar extracellular
Ca2� concentrations to provoke a maximal AR response. A
previous report showed that solubilized ZP is able to par-
tially induce the AR in a medium not supplemented with
Ca2� (10). In the study, however, capacitation was per-
formed in a medium containing 1.3 mM of Ca2�, and actual
Ca2� levels during the AR-induction period were not deter-
mined. Remnant Ca2� ions present in the medium could
have been sufficient to support the ZP-induced AR.

Regarding human sperm–oocyte interaction, our results
indicate that 0.58 mM of Ca2� ions are also needed to allow
adequate sperm binding to homologous ZP. In the present
study, the influence of ZP-induced AR on ZP binding levels
under each condition was not evaluated. However, because
sperm–ZP binding in �0.58 mM of Ca2� was comparable to
that found in medium with 2.5 mM of Ca2�, it could be
speculated that a similar acrosomal loss may have occurred
in both conditions, without affecting gamete interaction.

When the hemizona assay was done in media supple-
mented with lower Ca2�concentrations, a significant de-
crease in the number of cells bound to ZP was observed that
could not be attributed to a defective motility. Our results are
in agreement with those of a previous report showing that
when cells were incubated in a Ca2�-free medium, ZP bind-
ing and penetration were negatively affected (14). Calcium
requirements for sperm–ZP interaction may differ between
species; whereas the presence of these cations is required to
support this event in the mouse (13), hamster spermatozoa
are able to bind to the ZP in a Ca2�-deficient medium, even
in the presence of EGTA (37). In human and boar, it has
been shown that sperm–ZP interaction involves the partici-
pation of some Ca2�-dependent molecules, called selectins
(38, 39). Alternative molecular mechanisms may participate
in gamete recognition in other mammalian species and may
explain the observed differences in Ca2� requirements.

An adequate microenvironment plays a fundamental role
in gamete function. During their passage toward the site of
fertilization, spermatozoa are subjected to variations in the
ionic composition of the female genital tract fluids (40).
Concerning Ca2� ions, there are some reports indicating that
the human oviductal fluid contains around 1.5 mM of Ca2�

(41, 42). Such Ca2� concentration exceeds those found in
this study to be required for sperm function in vitro (0.22
mM for capacitation; 0.58 mM for ZP interaction and AR,
respectively). However, the actual Ca2� availability in the
fertilization milieu is currently unknown.

The results from the present study have shown the Ca2�

requirements for different aspects of human sperm function.
These evidences allow the dissociation of some steps of the
fertilization process, helping in the understanding of such
complex events. The extracellular Ca2� concentrations re-
quired for the development of sperm function in vitro rep-
resents approximately 10%–20% of the Ca2� ions found in
standard culture media. Considering that an excess of extra-

cellular Ca2� ions has been shown to accelerate the capac-
itation process of mouse and human spermatozoa (4, 11, 12),
the findings from this report may be of great clinical rele-
vance. The development of alternative culture media,
adapted to the specific ionic needs of the different fertiliza-
tion steps, may provide a new tool for a better diagnosis and
treatment of male infertility, especially for the so-called
fast-capacitators patients, who have abnormally accelerated
sperm capacitators (43, 44).
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