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abstract: The acrosome reaction is a unique event in the lifespan of sperm characterized by the exocytosis of the acrosomal content and the
release of hybrid vesicles formed by patches of the outer acrosomal membrane and the plasma membrane. This unique regulated exocytosis is
mediated by essentially the same membrane fusion machinery present in neuroendocrine cells. However, whereas secretion in neuroendocrine
cells occurs in less than a second, the acrosome reaction is normally assessed after several minutes of incubation with inducers. In this report, we
measured the kinetics of human sperm exocytosis triggered by two stimuli (calcium ionophore and progesterone) by using electron microscopy
and three different approaches based on the incorporation of fluorescent Pisum sativum agglutinin into the acrosome upon opening of fusion
pores connecting the extracellular medium with the acrosomal lumen. The results with the different methods are consistent with a slow kinetics
(t12 ¼ 14 min). We also manipulated the system to measure different steps of the process. We observed that cytosolic calcium increased with a
relatively fast kinetics (t12 ¼ 0.1 min). In contrast, the swelling of the acrosomal granule that precedes exocytosis was a slow process (t12 ¼ 13 min).
When swelling wascompleted, the fusion pore opening was fast (t12 ¼ 0.2 min). The results indicate that acrosomal swelling is the slowest step and
it determines the kinetics of the acrosome reaction. After the swelling is completed, the efflux of calcium from intracellular stores triggers fusion
pores opening and the release of hybrid vesicles in seconds.
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Introduction
The acrosome reaction is a regulated secretion with special characteris-
tics that plays a central role in the fertilization process in many species. In
particular, human spermatozoa possess a large flat granule covering the
anterior part of the nucleus (Yanagimachi, 1994). The outer acrosomal
membrane is in close proximity with the plasma membrane; however,
these two membranes do not interact until the sperm is stimulated in
the proximity of the mature oocyte to undergo the acrosome reaction.
The stimulus induces a complex signal cascade that triggers an increase
of calcium in the cytosol. The calcium signal is also complex, and presents
several components, including an initial transient increase that is often fol-
lowed bya sustained increase (Costello et al., 2009; Darszon et al., 2011).
Acrosomal exocytosis involves the opening of a large number of fusion
pores that expand in a particular manner leading to the release of
hybrid vesicles. Probably the most crucial role for the acrosomal

exocytosis is the change in the topology and composition of the limiting
membrane of the sperm (Inoue et al., 2011). The loss of the outer acro-
somal and a large region of the plasma membrane exposes the inneracro-
somal membrane to the medium and changes the composition of the
plasma membrane, especially at the equatorial region. These changes
are fundamental for the interaction and fusion of the sperm with the
oocyte (Yanagimachi, 1994).

According to this description, acrosomal exocytosis seems to be
different from other exocytic processes occurring in neuroendocrine
cells both in topology and kinetics. In neurons, small secretory vesicles
attached to specialized regions of the plasma membrane undergo fast
secretion milliseconds after a cytosolic calcium increase (Jahn and
Fasshauer, 2012; Sudhof, 2013). However, results from several labora-
tories, including ours, indicate that the membrane fusion machinery
involved in the opening of fusion pores in neuroendocrine cells and
in sperm share several components, including neurotoxin sensitive
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SNARE proteins (Ward et al., 1999; Michaut et al., 2000; Ramalho-
Santos et al., 2000; Tomes et al., 2002), SNARE complex interacting pro-
teins [such as NSF (Zarelli et al., 2009),aSNAP (Tomes et al., 2005; Batiz
et al., 2009), complexin (Roggero et al., 2007), synaptotagmin (Michaut
et al., 2001; Hutt et al., 2002, 2005), Munc18 (Rodriguez et al., 2012),
Munc13 (Bello et al., 2012)], Rab3 (Yunes et al., 2000) and Rab3 interact-
ing proteins [such as RIM (Bello et al., 2012)].

The acrosome reaction is not a fast process. Results from several la-
boratories have shown that the percentage of reacted sperm increases
with the time of incubation in the presence of physiological and pharma-
cological stimuli (Brewis et al., 1996; Henkel et al., 1998; Rockwell and
Storey, 2000; Caballero-Campo et al., 2006; Harper et al., 2006,
2008). The kinetics of the process is measured in minutes and depending
on the experimental conditions, it may require about 1 h to reach a
plateau.

In this report, we measured the kinetics of human sperm exocytosis
using four different approaches and two stimuli, a calcium ionophore
and progesterone. We also manipulated the system to measure the
kinetics of acrosomal swelling and fusion pore opening after the swelling
was completed. The results indicate that swelling is the slowest process
and it determines the kinetics of the acrosome reaction. After the swel-
ling is completed, secretion occurs in seconds.

Materials and Methods

Reagents
A23187 was from Alomone Labs (Jerusalem, Israel). Progesterone, fluores-
cein isothiocyanate conjugated with Pisum sativum agglutinin (FITC-PSA),
poly-L-lysine, and bovine serum albumin (BSA) were from Sigma-Aldrich
Argentina SA. o-nitrophenyl-EGTA-acetoxymethyl ester (NP-EGTA AM),
1,2-bis-(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid-acetoxymethyl
ester (BAPTA-AM), Fluo-3 AM and Fluo-5N AM were from Molecular
Probes (Invitrogen Argentina). Xestospongin C and acetone were from
Calbiochem (MERCK Quı́mica Argentina SAIC). All electron microscopy
supplies were from Pelco (Ted Pella, Inc., CA, USA).

Sperm preparation
Human semen samples were provided by masturbation from healthy volun-
teer donors. The informed consent signed by the donors and the protocol for
semen sample handling were approved by the Ethics Committee of the
School of Medicine, National University of Cuyo. After sample liquefaction
(20–30 min at 378C), highly motile sperm were recovered by swim-up sep-
aration for 1 h in human tubal fluid media (HTF; as formulated by Irvine Sci-
entific, Santa Ana, CA, USA) supplemented with 5 mg/ml BSA at 378C in an
atmosphere of 5%CO2/95% air. Sperm suspensionswere diluted to 10 × 106

sperm/ml with HTF-BSA and incubated 3–4 h to promote capacitation.

Acrosome reaction assays
Acrosome reaction (AR) was evaluated using the real-time, direct method
and flow cytometry techniques described previously (Zoppino et al.,
2012). These methods are based on the incorporation of a fluorescent
lectin (FITC-PSA) upon opening of fusion pores connecting the extracellular
medium with the acrosomal lumen. The lectin prevents the diffusion of the
acrosomal content after the vesiculation of the granule.

Real time
Capacitated sperm (5 × 106 cells/ml) were immobilized in poly-L-lysine
(0.01% w/v) precoated coverslides. Samples were mounted in a chamber

at 378C and overlaid with HTF-BSA medium supplemented with 5 mg/ml
FITC-PSA. The AR was induced with 10 mM ionophore (A23187) or
15 mM progesterone (Pg). Images were collected in an Olympus FV1000
confocal microscope or an Eclipse TE300 Nikon microscopy (2 frames/
min). Image analysis was performed using the software Image J (National
Institutes of Health, http://rsb.info.nih.gov/ij/). Background subtraction
was performed using a region of interest placed as close as possible to the
sperm of interest. Any incompletely adhered sperm that moved during the
course of any experiment were discarded. Fluorescence measurements in in-
dividual sperm were made by manually drawing a region of interest around
the head of each cell. When required, raw intensity values were expressed
as relative fluorescence normalized to the maximum fluorescence obtained
after the A23187 or Pg addition. The time of acrosome reaction initiation was
recorded for each cell and a cumulative frequency was calculated (number of
reacted sperm at time t/number of reacted sperm after 1 h *100).

Direct method and flow cytometry
Capacitated sperm (10 × 106 cells/ml) were incubated in HTF-BSA supple-
mented with 5 mg/ml FITC-PSA at 378C and acrosome reaction induced by
10 mM A23187 or 15 mM Pg. At the end of the experiment, cells were fixed in
2% w/v paraformaldehyde in PBS for 10 min at room temperature. For direct
method, the cells were then washed and resuspended at 10 × 106 cells/ml,
spotted on slides, and air-dried. At least 200 cells were scored as ‘reacted’
(green acrosome) or ‘not reacted’ (not-stained acrosome) using a Nikon
microscope equipped with epifluorescence optics. Negative (not stimulated)
and positive (stimulated with 10 mM A23187 or 15 mM Pg) controls were
included in all experiments. Ranges for reacted sperm after 15 min incuba-
tion: negative controls, 7–11%; A23187, 38–49%; Pg, 19–23%. For flow
cytometry, fixed and washed cells were resuspended in PBS at 5 × 106

cells/ml. The preparation was analyzed (10 000 events) in a FACSAria flow
cytometer (Becton Dickinson). The data were analyzed by FlowJo software.
Negative (not stimulated) and positive (stimulated with 10 mM A23187) con-
trols were included in all experiments. Ranges for reacted sperm after 60 min
of incubation: negative controls, 5–21%; A23187, 41–84%; Pg 27–41%.
Acrosomal exocytosis index was calculated by subtracting the number of
reacted spermatozoa in the negative control from all values. The resulting
values were expressed as a percentage of the AR observed in the positive
control at the largest incubation time assayed in the particular experiment.

Transmission electron microscopy
Capacitated sperm (10 × 106 cells/ml) were incubated in HTF-BSA supple-
mented, when required, with 10 mM A23187 or 15 mM Pg and 5 mg/ml
FITC-PSA. Samples were fixed in 2.5% v/v glutaraldehyde in PBS overnight
at 48C and prepared for electron microscopy as previously described
(Zanetti and Mayorga, 2009). Ultrathin sections were observed and photo-
graphed under a Zeiss 902 electron microscope at 50 kV.

NP-EGTA AM assays
Capacitated sperm were incubated with 20 mM NP-EGTA AM at 378C
during 15 min in presence of FITC-PSA in the incubation medium. Acrosomal
exocytosis was then initiated by adding 10 mM A23187 or 15 mM Pg during
15 min at 378C. NP-EGTA AM was inactivated by UV light during 30 s. The
reaction were stopped after 30, 60 and 120 s by fixation with 2% w/v paraf-
ormaldehyde in PBS for 10 min at room temperature (Direct Method and
flow cytometry) or 2.5% v/v glutaraldehyde/PBS overnight at 48C (Trans-
mission Electron Microscopy). For real-time assays, the sperm were
treated attached to the coverslips and the chelator inactivated under the
microscope. Images were recorded at 2 frames/min during 15 min (before
the UV flash) and at 1 frame/2.4 s during 2 min (after the flash).
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[Ca21]i measurements
Capacitated sperm (10 × 106 cells/ml) were incubated with 2 mM Fluo-3
AM in the dark at 378C during 30 min. Cells were washed once with HTF,
immobilized on poly-L-lysine (0.01% w/v) precoated coverslips and
mounted in a chamber at 378C. Images were collected in an Olympus
FV1000 confocal microscope (1 frame/2 s). The raw intensity values were
normalized using the equations [(F/Fo)-1], where F is fluorescence intensity
at time t and Fo is the mean of F taken during the control period. The resulting
values were expressed as relative fluorescence normalized to the maximum
fluorescence obtained after the A23187 or Pg addition.

Modeling with COPASI
A set of four differential equations were generated in the COmplex PAthway
SImulator (COPASI) modelling program (http://www.copasi.org) (Hoops
et al., 2006), describing the ‘capacitation’, ‘activation’, ‘swelling’ and ‘exocyt-
osis’ processes. Simple mass action for irreversible reactions was used for the
kinetics of all reactions. The kinetics parameters introduced in the model
were obtained from the t12 in Fig. 4G (ka ¼ ln2/t12). Experiments conducted
with NP-EGTA AM were simulated introducing a condition where ka(exocy-
tosis) was set to zero for times shorter than ‘light/time’ (an external param-
eter that can be changed for each simulation). Similarly, ka(capacitation)
was set to zero unless A23187 was present and ka(activation) was set
to zero unless A23187 or Pg were present. The ka(capacitation) refers to
the changes induced by incubation with A23187 as reported by Tateno
et al. (2013).

Results

Kinetics of acrosomal exocytosis
We have recently reported that FITC-PSA added to the incubation
medium stains the acrosome of reacting sperm as it permeates into
the secretory granule through the fusion pores connecting the extracel-
lular medium with the acrosomal lumen (Zoppino et al., 2012). The acro-
somal matrix remains associated with the sperm head probably because
the lectin cross-links and stabilizes this highly glycosylated structure. The
method is suitable to follow acrosomal exocytosis in real time. When a
population of cells attached to a coverslip was challenged with the
calcium ionophore A23187, reacting sperm incorporated the fluores-
cent lectin. One striking observation was that not all sperm underwent
exocytosis at the same time (Fig. 1A, blue circles). Sperm stimulated
with ionophore, continued reacting for about 1 h after stimulation.
Notice that all cells incorporated the fluorescent lectin with similar
kinetics, suggesting that there were not major differences in the velocity
of opening and expansion of the fusion pores. In contrast with the asyn-
chrony of the acrosomal reaction, when the calcium entrance was
imaged in sperm loaded with the Fluo-3 AM, most cells became fluores-
cent almost simultaneously upon addition of A23187 (Fig. 1A, light blue
circles). When sperm were stimulated with progesterone (Fig. 1B, red
squares), the acrosome reaction was also asynchronic, despite the fact
that the rise in cytosolic calcium occurred in the first minute after stimu-
lation (Fig. 1B). These observations indicate that initiation of the acroso-
mal exocytosis has a slow kinetics with a remarkable asynchrony that is
not tightly coupled to the cytosolic calcium increase.

The cumulative frequency for sperm undergoing acrosome reaction at
different times after A23187 stimulation was plotted in Fig. 2A. There
was a striking difference in the kinetics between cytosolic calcium in-
crease and acrosomal reaction. Most cells incorporated calcium in the

first minute after A23187 addition (Supplementary Fig. S1) whereas
acrosome reaction started in some sperm .30 min after stimulation
(Fig. 2A and B, Supplementary Movie S1). The number of reacting cells
that can be followed in real time is limited. Thus, we fixed the prepara-
tions at different times after stimulation and estimated the percentage
of sperm with green acrosomes (reacted sperm) by regular fluorescence
microscopy (Fig. 2C and D). With this static method, a similar kinetics of
exocytosis was observed. The number of reacted sperm increased with
time and a plateau was reached after about 1 h of incubation. To improve
the estimation, similar experiments were performed and analyzed by
flow cytometry. The population of reacted sperm was estimated count-
ing 10 000 cells per condition. As shown in Fig. 2E and F, the number of
reacted sperm increased with time, indicating that sperm that were intact
at short times after challenging with the calcium ionophore, underwent
exocytosis as the incubation continued.

The experiments were repeated using progesterone as a physiological
inducer (Fig. 2A and 2B, Supplementary Movie S2, 2C, 2D and 2E). The
percentage of sperm undergoing acrosome reaction was lower com-
pared with the A23187 stimulus, independently of the method used to
evaluate exocytosis. For example, reacted sperm ranged between 36
and 63% above the unstimulated control for A2318760min, and
between 12 and 28% for Pg60min (evaluated by flow cytometry).
However, the kinetics of the process was similar. The normalized
percentages are shown in Fig. 2A (AR cumulative frequency), 2C

Figure 1 Kinetics of cytosolic calcium increase and acrosome reac-
tion in real time. Cytosolic calcium increase and acrosomal exocytosis
were followed in real time upon stimulation with 10 mM calcium iono-
phore (A23187) or 15 mM progesterone (Pg). To detect acrosomal
exocytosis, capacitated human sperm were incubated in presence of
fluorescein isothiocyanate conjugated with Pisum sativum agglutinin
(FITC-PSA) in the incubation medium and then stimulated with
A23187 (blue circles, left panel) and Pg (red squares, right panel). The
cells were recorded at 2 frame/min during 60 min (n ¼ 400 cells ana-
lyzed). To follow the increase of cytosolic calcium upon stimulation,
capacitated human sperm were loaded with 2 mM Fluo-3 AM for
30 min at 378C and the fluorescence intensity was measured before
and after A23187 and Pg addition (light blue circles, A and B). Data
were collected during 5 min at a frequency of 1 frame/2 s (n ¼ 20
cells analyzed).
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Figure 2 Acrosomal exocytosis in live cells recorded in real time and in fixed cell analyzed by fluorescent microscopy or by flow cytometry (FACSAria
flow cytometer). Capacitated human sperm were incubated in presence of fluorescein isothiocyanate conjugated with Pisum sativum agglutinin (FITC-PSA)
and the acrosome reaction was induced with 10 mM calcium ionophore (A23187) or 15 mM progesterone (Pg). Fluorescent lectin incorporation into the
acrosome of live cells was monitoring atdifferent times after stimulation under a confocal microscope (A and B), or in fixed cells by fluorescence microscopy
(C and D) and flow cytometry (E and F). (A) Cumulative frequencies of 80 sperm undergoing acrosomal reaction at different times after stimulation with
A23187 (blue circles) and Pg (red squares). (B) Representative FITC fluorescence changes in live cells after adding A23187 or Pg (top and bottom panel,
respectively). (C) Acrosome reaction index at different times after stimulation with A23187 (blue circles) and Pg (red squares) measured by fluorescence
microscopy in fixed cells. Values represent the mean+ SEM of three independent experiments. (D) Photomicrographs of FITC-labeled spermatozoa at
0 and 60 min after stimulation with A23187 or Pg (top and bottom panels, respectively). (E) Acrosome reaction indexatdifferent times after stimulation with
A23187 (blue circles) and Pg (red squares) analyzed by flow cytometry in fixed cells. Values represent the mean+ SEM of three independent experiments.
(F) Histogramsof FITC-PSAfluorescence intensity atdifferent times after stimulation with A23187. (G) A simplified scheme for acrosomal exocytosis repre-
sented by a sequence of reactions. The estimated t12 for calcium entrance and global acrosome reaction are shown.
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and 2E (AR index), red squares. In conclusion, physiological and pharma-
cological acrosome reaction inducers triggered exocytosis in responsive
cells with a slow kinetics. All the experimental data were fitted to
exponential curves, ideally corresponding to first order reactions.
The kinetic constants from the fitting were transformed to half-time
parameters (t12; time to reach 50% of the maximum). The t12 are
shown in Fig. 2A, C and E. The estimation for the kinetics was in the
8–15 min range. This slow kinetics contrasts with the t12 for sperm
undergoing a calcium increase upon stimulation estimated in 0.1 min
(Supplementary Fig. S1).

To perform a simplified analysis of the kinetics of the acrosome reac-
tion, we represented this process in Fig. 2G. ‘Re’ stands for ‘responsive
cells’ and ‘AR’ for ‘acrosome reacted’ cells and the arrows indicate
known and unknown steps that lead to acrosomal exocytosis. Some
steps were included in the model. Ca indicates the rise in cytosolic
calcium that initiates acrosomal exocytosis. ‘Sw’ stands for the swelling
and deformation of the acrosomal granule that promote the docking of
the outer acrosomal and the plasma membranes before membrane
fusion (Zoppino et al., 2012). The triple arrows before Sw indicate that
the mechanism connecting the calcium increase and swelling is not
known. The estimated kinetics parameters were included in the
model. For the global process, we chose the parameter that we consid-
ered more reliable (flow cytometry upon A23187 stimulation).

Kinetics of swelling
Acrosomal exocytosis requires dramatic changes in the topology of the
fusing membranes. We have reported that swelling of the acrosome is
part of the process by which the outer acrosomal membrane and the
plasma membrane form tight appositions that are stabilized by the forma-
tion of trans SNARE complexes (Zanetti and Mayorga, 2009). We won-
dered whether the swelling in preparation for secretion could be a
rate-limiting step for exocytosis. To analyze the kinetics of swelling after
stimulation with A23187, exocytosis was blocked by adding an IP3-
dependent calcium channel inhibitor (xestospongin C). The rationale
behind these experiments is that the ionophore affects mostly the
plasma membrane causing a strong increase of cytosolic calcium but has
a minor effect on the acrosomal membrane, preserving a functional acro-
somal calcium store. Experiments performed to assess directly these
assumptions validated the assay (Supplementary Fig. S2). We and many
others have previously shown that the release of calcium from intracellular
stores, presumably the acrosome, is necessary for the final membrane
fusion step leading to acrosomal vesiculation (De Blas et al., 2002, 2005;
Herrick et al., 2005). Inhibitors of IP3-sensitive calcium channels do not
block acrosomal swelling (Zanetti and Mayorga, 2009). Samples were
fixed at different times after stimulation and the acrosome morphology
evaluated by electron microscopy. The percentages of sperm with intact
acrosomes, swollen acrosomes and no acrosomes (reacted sperm) as a
function of time are shown in Fig. 3A. Micrographs in Fig. 3B represent
examples of sperm with intact, swollen, vesiculated and lost acrosomes.
The experimental data were fitted to exponential curves corresponding
to first order reactions. The half-life of the process was in the order of
13 min, similar to the t12 of the acrosome reaction (Fig. 2G), suggesting
that swelling is a slow process that can strongly influence acrosomal
exocytosis kinetics. We then added one more kinetics parameter to the
model (Fig. 3C).

Kinetics of membrane fusion and acrosomal
vesiculation
In neuroendocrine cells, the exocytosis of secretory granules attached to
the plasma membrane is a fast event. However, the last step in the acro-
some reaction is unique. It requires the opening and expansion of mul-
tiple fusion pores to release hybrid vesicles formed by patches of outer
acrosomal and plasma membranes. We wondered whether the reso-
lution of the exocytosis in sperm whose acrosomes were already
swollen was a fast process. For these experiments, exocytosis was
blocked loading the sperm with the photosensitive calcium chelator
NP-EGTA AM (De Blas et al., 2005). The incubation and concentration
of the chelator was adjusted to allow the compound to accumulate in the
acrosomal granule (Herrick et al., 2005; Lopez et al., 2007). We assumed
that stimulation with A23187 would overcome the chelating capacity of
the NP-EGTA AM retained in the cytoplasm, but would not be able to
induce exocytosis because calcium in intracellular stores would be che-
lated. Experiments performed to assess directly these assumptions vali-
dated the assay (Supplementary Figs S3 and S4). We observed that
sperm under these conditions underwent swelling but not exocytosis.
Notice that the depletion of intracellular calcium stores is equivalent to
preventing the release of calcium with the IP3-sensitive calcium channel
inhibitor used in the experiments in Fig. 3. The advantage here is that
the inhibition is reversible. When the chelator was photoinactivated,
the secretory process resumed. The kinetics of this step was followed
in fixed cells counting the percentage of sperm with green acrosomes
(reacted sperm) by fluorescence microscopy and flow cytometry
(Fig. 4A and C, respectively). In striking contrast to what was observed
without the calcium chelator, exocytosis was accomplished in seconds
after photoinactivation of NP-EGTA AM (blue circles in Fig. 4A and
C). This observation indicates that the opening and expansion of the
fusion pores was not responsible for the slow kinetics of the acrosome
reaction. A similar kinetics was observed when sperm were stimulated
with progesterone (Fig. 4A, red squares).

In these experiments, to achieve fast exocytosis, sperm were stimu-
lated with A23187 in the presence of NP-EGTA AM for 15 min. We
then asked about the kinetics of acquisition of fast exocytosis. For
these experiments, the sperm were loaded with NP-EGTA AM and
swelling was induced by incubation with A23187 for different periods
of time (0, 5, 10 and 15 min). NP-EGTA AM was then inactivated by
UV light and sperm incubated for a short period of time (2 min) to
induce exocytosis only in pre-activated sperm (Fig. 4B and D). Acroso-
mal exocytosis was evaluated by fluorescent microscopy (Fig. 4B) and
by flow cytometry (Fig. 4D). Notice that the kinetics of acquiring fast exo-
cytosis characteristics was similar to the kinetics of swelling shown in
Fig. 3.

The NP-EGTA AM protocol was also used to follow exocytosis in real
time. As shown in supplementary data (Supplementary Fig. S5), exocyt-
osis started immediately after illumination, strikingly faster than when
sperm were not preincubated under conditions that promote swelling.
Notice that kinetics of incorporation of FITC-PSA were similar to
those observed with the regular assay, suggesting that when exocytosis
was initiated, the opening and expansion of fusion pores followed a
similar kinetics under both conditions.

Finally, the NP-EGTA AM assay was followed by electron microscopy
(Fig. 5). The sperm were stimulated for 15 min with A23187 in the pres-
ence of NP-EGTA AM and the samples fixed at short times after
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photoinactivation of the chelator. Observations of samples incubated
with A23187 before NP-EGTA AM inactivation confirmed that these
conditions promoted swelling (percentage of sperm with swollen acro-
somes at zero time, Fig. 5A). After photoinactivation of the chelator, the
percentage of sperm with vesiculated acrosomes increased rapidly. An
important observation was that as the percentage of reacted sperm
increased, the population of sperm with swollen acrosomes decreased,
suggesting that these sperm were undergoing the acrosome reaction.

The percentage of reacted sperm observed under these conditions
after 2 min of incubation was similar to the one recorded in the same
samples stimulated for 15 min with A23187 in the absence of
NP-EGTA AM (Fig. 5A, bars). This indicates that the incubation with
the photosensitive chelator was not affecting the percentage of sperm
capable of undergoing acrosomal exocytosis. Electron microscopy
images showing sperm in different stages of hybrid vesicle formation
are shown in Fig. 5B. In conclusion, the results using the photosensitive

Figure 3 Kinetics of acrosomal swelling after stimulation with A23187. Capacitated sperm were stimulated with 10 mM of calcium ionophore (A23187)
in the presence of 1 mM xestospongin C (to prevent acrosomal exocytosis). The reaction was stopped with 2.5% v/v glutaraldehyde and then processed for
electron microscopy. (A) Percentage of sperm with intact acrosomes (white circles), swollen acrosomes (gray squares) or reacted sperm (dark gray rhom-
boids). The data represent the mean+ range of two experiments. Electronmicrographs in (B) illustrate different stages of acrosome reaction (intact,
swollen, or vesiculated acrosome, and reacted sperm). a, acrosome; iam, inner acrosomal membrane; oam, outer acrosomal membrane; n, nucleus;
nm, nuclear membrane; es, equatorial segment; av, intra acrosomal vesicle; hv, hybrid vesicle. Bars: 100 nm. (C) Simplified scheme for acrosomal exocytosis
where the estimated t12 for acrosomal swelling was included.
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calcium chelator indicate that the opening and expansion of the fusion
pores are relatively fast processes that are completed in a few
seconds. This new kinetic parameter was then added to the model
(Fig. 4E). In conclusion, the cytosolic calcium increase and the acrosome

vesiculation steps are relatively fast processes, whereas acrosomal
swelling has a slow kinetics with at t12 similar to the one of the AR.

Discussion
Spermatozoa undergo many changes from the moment they are stimu-
lated until exocytosis is completed. Initially, the secretory stimulus trig-
gers a still not well-characterized signaling cascade leading to a calcium
increase in the cytosol. This is a fast process. Seconds after progesterone
or a calcium ionophore is applied, calcium signals are detected in real-
time experiments (Harper et al., 2003; Jimenez-Gonzalez et al., 2006;
Darszon et al., 2011; Sanchez-Cardenas et al., 2014). Calcium triggers
a complex intracellular cascade of events leading to the swelling of the
acrosome and docking of the acrosomal granule to the plasma mem-
brane at the protruding edges of deep invaginations of the outer acroso-
mal membrane (Zanetti and Mayorga, 2009). Finally, fusion pores open,
the acrosomal contents disperse and exocytosis is completed.

In this report, we have measured the apparent rate constant corre-
sponding to the complete process from stimulation to acrosomal vesicu-
lation using four different approaches to measure the onset of acrosomal
exocytosis and two different stimuli, a calcium ionophore and progester-
one. Not all assays rendered the same half-life for secretion; the values
varied between 8 and 15 min. This range corresponds to a very slowexo-
cytic event when compared with secretion in neuroendocrine cells.
Other groups have assessed acrosomal exocytosis following the incorp-
oration of fluorescent probes into the acrosome after stimulation with
A23187 and progesterone. By using fluorescent soy bean trypsin inhibi-
tor (SBTI), Harper and collaborators (Harper et al., 2008) reported a
mean latency after stimulation of �15 min. Once exocytosis was
initiated, the uptake of the probe followed a kinetics similar to those
shown in Fig. 1A and B. SBTI does not stabilize the acrosomal matrix
and was slowly lost as the acrosomal content dispersed. Sanchez-
Cardenas and collaborators (Sanchez-Cardenas et al., 2014) followed
the incorporation of the membrane probe FM4-64 into acrosomal mem-
branes as the fusion pores opened. They also reported a similar delay in
acrosomal exocytosis. The probe permeated into the acrosomal mem-
branes with a kinetics similar to those shown in Fig. 1A and B. Our results
and those of these two laboratories using similar protocols but different
probes show a remarkable asynchrony in the onset of exocytosis and a
comparatively fast kinetics of incorporation of the probe into the
acrosomes, suggesting that the opening and expansion of fusion pores
occur in ,1 min.

One of the striking peculiarities of acrosomal exocytosis is the swelling
and deformation of the acrosomal granule leading to the formation of
deep invaginations of the outer acrosomal membrane. We set up condi-
tions to measure the kinetics of the swelling and we found that the
process also has slow kinetics. In contrast, when acrosomal swelling
was completed, the last steps of the exocytosis, corresponding to the
opening and expansion of the fusion pores to release hybrid vesicles,
were comparatively fast. The kinetics of a concatenated process is deter-
mined by the slowest step. For acrosome reaction, the swelling of the
acrosomal granule in preparation for membrane fusion is likely the
rate-limiting step.

Although the kinetics of acrosomal reaction triggered by the calcium
ionophore and progesterone were similar, the percentage of responsive
cells wasvery different. Progesterone induced exocytosis in a small popu-
lation of sperm, those that presumably had completed capacitation. The

Figure 4 Kinetics of pore opening after acrosomal swelling. Capaci-
tated human sperm were incubated for 15 min at 378C in the presence
of fluorescein isothiocyanate conjugated with Pisum sativum agglutinin
(FITC-PSA) without stimulation (control, black bar; A and C) or in pres-
ence of 10 mM calcium ionophore (A23187, black bar; A and C). Some
aliquots were loaded with 20 mM o-nitrophenyl-EGTA-acetoxymethyl
ester (NP-EGTA AM) for 15 min at 378C to chelate intra-acrosomal
calcium. Acrosomal exocytosis was then initiated by adding 10 mM
A23187 (blue circles, A and B) or 15 mM progesterone (Pg) (red
squares, A). (A and C) After 15 min incubation at 378C in the dark,
the chelator was photoinactivated and the cells fixed at different time
(0, 30, 60 and 120 s). The acrosome reaction was evaluated by fluores-
cence microscopy (A) or flow cytometry (C). (B and D) Sperm loaded
with NP-EGTA AM were stimulated for 0, 5, 10 or 15 min with 10 mM
A23187 in the presence of FITC-PSA in the dark. The chelator was
photoinactivated and the cells were fixed 2 min after the flash. The acro-
some reaction was evaluated by fluorescence microscopy (B) or flow
cytometry (D). Values represent the mean+ SEM of three independent
experiments. (E) Simplified scheme for acrosomal exocytosis where the
estimated t12 for fusion pore opening and expansion was included.
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calcium ionophore, in contrast, triggered secretion in a larger proportion
of sperm. The requirement to respond to A23187 may be different and
independent of capacitation or, alternatively, the high concentrations of
calcium in the cytosol may rapidly change the sperm to a responsive state.
Recently, it was shown that 10 min incubation with A23187 makes
mouse sperm capable of fertilizing mature oocytes (Tateno et al.,
2013). If sperm acquire exocytotic capability in the presence of the iono-
phore at a comparatively fast speed, the overall kinetics of the process
would be similar, but the percentage of responding cells, larger.

With the aim of reproducing the experimental data by using a simple
model with the kinetics parameters estimated in this report, the reac-
tions shown in Fig. 6D were modeled in COPASI (ww.copasi.org)
(Hoops et al., 2006). The reactions are listed in Fig. 6D, and the kinetic

constants for first order mass action reactions taken form the half time
shown in Fig. 4E. Speculating that A23187 switches sperm from an ‘un-
responsive’ to a ‘responsive’ state with a t12 of �1 min, the model can re-
produce the results shown in Fig. 2A, C and E, for both, A23187 and
progesterone stimuli (Fig. 6A). Adding an inhibitor that blocks the Sw
� AR reaction, the model reproduces the results in Fig. 3 (compare
Fig. 3A with Fig. 6B). Moreover, by programing a reversible inhibition
of this reaction, the model is consistent with the results obtained with
NP-EGTA AM observations shown in Fig. 4 (Fig. 6C, enlarged at the
right). Based on the results, a model for acrosomal exocytosis steps
and their kinetics is presented in Fig. 7.

The kinetics of human sperm acrosome reaction have been measured
by several groups using different experimental approaches (Brewis et al.,

Figure 5 Kinetics of pore opening after acrosomal swelling monitored by electron microscopy. The time course of acrosome reaction in swollen sperms
was evaluated by electron microscopy. (A) After capacitation, human sperm were incubated for 15 min at 378C without any treatment (control) or treated
with 10 mM calcium ionophore (A23187). The samples were fixed and processed for electron microscopy. The percentage of sperm with (unreacted,
yellow bars) or without (reacted, gray bars) acrosome was estimated for each condition. In the same experiments, some aliquots were loaded with
20 mM o-nitrophenyl-EGTA-acetoxymethyl ester (NP-EGTA AM) for 15 min at 378C to chelate intra-acrosomal calcium. Acrosomal exocytosis was
initiated by adding 10 mM A23187. After 15 min incubation at 378C in the dark, the chelator was photoinactivated and the samples were fixed in 2.5%
v/v glutaraldehyde at short times after the UV flash (0, 30, 60 and 120 s). The samples were processed for electron microscopy and the percentage of
sperm with intact acrosomes (white circles), swollen (light gray squares), and without acrosome (dark gray rhomboids) were estimated. The data represent
the mean+ range of two experiments. (B) Electronmicrographs in a–h illustrate different stages of the acrosome after inactivation of the calcium chelator.
a, sperm with a swollen acrosome; b, sperm in the first steps of vesiculation; c, sperm with a vesiculated acrosome; d, sperm that has completed the acro-
some reaction (as, acrosome swelling; n, nucleus; es, equatorial segment; hv, hybrid vesicle). e, to h, higher magnification of a to d images showing details of
the exocytic process. Bars, 500 nm (a–d) and 100 nm (e–h).
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1996; Henkel et al., 1998; Rockwell and Storey, 2000; Caballero-Campo
et al., 2006; Harper et al., 2006, 2008; Sanchez-Cardenas et al., 2014).
Although the dispersion of results is large, all studies reported values
compatible with a slow kinetics that requires several minutes to hours
to reach a plateau. Most studies showed that A23187 is a stronger
inducer of the acrosome reaction that triggers exocytosis in a larger per-
centage of cells than other more physiological stimuli (e.g. progesterone
or zona pellucida proteins). However, the reaction kinetics reported for
different inducers requires several minutes to be completed. Our results
indicate that acrosomal swelling in preparation for docking to the plasma
membrane is a slow process that can strongly influence the velocity of the

acrosome reaction. However, we are still far from understanding this
process. The asynchrony in secretion indicates that the swelling, or a
step within the swelling, is not completed at the same speed for all sperm-
atozoa. In real-time experiments measuring simultaneously cytosolic
calcium and the onset of acrosome reaction, it was reported that a
calcium peak is observed just before exocytosis (Sanchez-Cardenas
et al, 2014). This increase may be related to the release of calcium
from intracellular stores that trigger the opening of fusion pores. A
more detailed characterization of the swelling and its relationship with
calcium signaling will be necessary to fully understand the kinetics of
the acrosome reaction.

Figure 6 Kinetic model for the acrosome reaction. Acrosomal reaction was modeled in COPASI. The kinetic constants for ‘activation’ (entrance of
calcium), ‘swelling’ (deformation of the acrosome) and ‘exocytosis’ (fusion pores opening and expansion) were calculated from experiments shown in
Figs 2–4. The kinetics of ‘capacitation’ was estimated from results for mouse sperm reported in Tateno et al. (2013). (A) Proportion of reacted sperm
as estimated by the model (blue line, calcium ionophore (A23157); red line, progesterone (Pg)) together with the corresponding experimental results
from Fig. 2E. (B) Proportion of sperm with intact (yellow line), swollen (green line) or reacted (blue line) acrosomes as estimated by the model upon
A23187 addition in the presence of an inhibitor of the Sw � AR reaction. The corresponding experimental results from Fig. 3A are also plotted. (C) Pro-
portion of sperm with intact (yellow line), swollen (green line) or reacted (blue line) acrosomes as estimated by the model in the presence of a reversible
inhibitor of the Sw � AR reaction. The inhibitor was inactivated 5, 10 or 15 min after A23187 addition. An enlarged version for the first minutes is shown at
the right. The experimental results from Fig. 4C (blue circles) and 4D (gray circles) are also plotted. (D) A simplified scheme for acrosomal exocytosis in-
cluding the estimated t12 for all the reactions is shown on the left. The four reactions modeled in COPASI are shown on the right (unRe, unresponsive sperm;
Re, responsive sperm; Ac, activated sperm; Sw, sperm with swollen acrosome; AR, reacted sperm).
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Supplementary data
Supplementary data are available at http://molehr.oxfordjournals.org/
online.
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