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Asterosap-induced elevation in intracellular pH is indispensable for
ARIS-induced sustained increase in intracellular Ca2+ and following
acrosome reaction in starfish spermatozoa
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Summary

In the starfish, Asterias amurensis, the cooperation of three components of the egg jelly, namely ARIS
(acrosome reaction-inducing substance), Co-ARIS and asterosap, is responsible for the induction of
acrosome reaction. For the induction, ARIS alone is enough in high-Ca2+ or high-pH seawater, but,
besides ARIS, the addition of either Co-ARIS or asterosap is required in normal seawater. Asterosap
transiently increased both the intracellular pH (pHi) and Ca2+ ([Ca2+]i), while ARIS slightly elevated the
basal level of [Ca2+]i. However, a sustained elevation of [Ca2+]i and acrosome reaction occurred if sperm
were simultaneously treated with ARIS and asterosap. EGTA inhibited the sustained [Ca2+]i elevation
and acrosome reaction. The sustained [Ca2+]i elevation and acrosome reaction were highly susceptible
to SKF96365 and Ni2+, specific blockers of the store-operated Ca2+ channel (SOC). These results suggest
that sustained [Ca2+]i elevation, mediated by the SOC-like channel, is a prerequisite for the acrosome
reaction. In high-pH seawater, ARIS alone induced a prominent [Ca2+]i increase and acrosome reaction,
which were similarly sensitive to SKF96365. The acrosome reaction was effectively induced by ARIS
alone when pHi was artificially increased to more than 7.7. Asterosap increased pHi from 7.6 ± 0.1 to
7.7 ± 0.1. Furthermore, the sustained [Ca2+]i elevation and acrosome reaction, induced by a combination
of ARIS and asterosap, were drastically inhibited by a slight reduction in pHi. Taking these results into
account, we suggest that an asterosap-induced pHi elevation is required for triggering the ARIS-induced
sustained [Ca2+]i elevation and consequent acrosome reaction.
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Introduction

The acrosome reaction, namely the exocytosis of the ac-
rosomal vesicle in the sperm head, is an essential event
for fertilization in many species (Tilney, 1985). The
acrosome reaction is initiated when a sperm interacts
with an egg investment. In many marine invertebrates,
including echinoderms, exocytosis is followed by the
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formation of an acrosomal process that projects from
the anterior tip of the sperm head (Dan, 1952). In the
starfish, Asterias amurensis, three components of the
egg jelly, namely ARIS (acrosome reaction-inducing
substance), Co-ARIS and asterosap, cooperatively
trigger the acrosome reaction of the sperm (Hoshi
et al., 1994). ARIS is a sulfated proteoglycan-like
molecule of an extremely large molecular size (Ikadai &
Hoshi, 1981b; Koyota et al., 1997), Co-ARIS is a
group of sulfated steroidal saponins (Nishiyama et al.,
1987) and asterosap is a group of equally active
isoforms of sperm-activating peptide (Nishigaki et al.,
1996). ARIS induces the acrosome reaction in coopera-
tion with Co-ARIS or asterosap in normal seawater,
whereas ARIS alone induces it in high-Ca2+ or high-pH
seawater (Matsui et al., 1986a). Thus, ARIS is regarded
as the major acrosome reaction-inducing molecule.
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An anti-asterosap antibody drastically reduces the
capacity of the egg jelly to induce the acrosome reaction
(Nishigaki et al., 1996). Furthermore, sperm did not
undergo the acrosome reaction in response to the egg
jelly if the asterosap-induced changes are blocked by
the pretreatment of sperm only with asterosap (Kawase
et al., 2004). Thus, it is clear that, besides ARIS, asterosap
is essential for the egg-jelly-induced acrosome reaction.

Asterosap transiently increases the intracellular
cGMP, pH (pHi) and Ca2+ ([Ca2+]i) via the activation
of asterosap receptor, guanylyl cyclase (Nishigaki et al.,
2000; Matsumoto et al., 2003), but these changes are not
sufficient for the induction of the acrosome reaction.
The ARIS-induced intracellular change has not yet been
clearly detected (Matsui et al., 1986a). On the other
hand, the egg jelly induces a transient elevation of pHi
and uptake of 45Ca2+ (Matsui et al., 1986a,b). The uptake
of Ca2+ is considered to be essential for the induction of
the acrosome reaction, because the acrosome reaction is
induced by a Ca2+ ionophore and the egg-jelly-induced
acrosome reaction is inhibited by Ca2+ channel blockers
(Matsui et al., 1986a). The egg-jelly-induced elevation of
pHi seems to facilitate the acrosome reaction, because
the sperm undergo the acrosome reaction in high-pH
seawater containing ARIS or in high-Ca2+, high-pH sea-
water, but not in high-Ca2+ seawater or high-pH sea-
water (Ikadai & Hoshi, 1981a; Matsui et al., 1986a).

In sea urchins, FSP (fucose sulfate polymer) in the egg
jelly (Alves et al., 1998) induces the sequential activation
of two Ca2+ channels of sperm (Guerrero & Darszon,
1989; Hirohashi & Vacquier, 2002a). After the binding
of FSP with its receptor, REJ (receptor for egg jelly;
Moy et al., 1996), the first channel opens transiently
and the second channel causes a sustained increase
in [Ca2+]i and the acrosome reaction, but the linkage
between these two channels is unclear (Guerrero &
Darszon, 1989). The second channel may be a store-
operated Ca2+ channel (SOC; González-Martı́nez et al.,
2001; Hirohashi & Vacquier, 2003). It is suggested
that the FSP-induced increase in pHi is essential for
the activation of the second channel (Garcı́a-Soto &
Darszon, 1985; Guerrero et al., 1998). Similarly, in
mammals, ZP (a complex of glycoproteins in the zona
pellucida) activates the SOC through the increase in
pHi and gives rise to the acrosome reaction (Arnoult
et al., 1996a; O’Toole et al., 2000). These observations
suggest the signal transduction system leading to the
acrosome reaction is widely preserved.

In starfish, the acrosome reaction is induced by the
cooperative action of multiple molecules, not by each of
them. In this report, we show that the sustained [Ca2+]i
elevation occurs via the SOC-like channel when sperm
is simultaneously treated with ARIS and asterosap. The
sustained [Ca2+]i elevation depends on the asterosap-
induced increase in pHi and is prerequisite for the
acrosome reaction. This report demonstrates that the

starfish shares the general intracellular mechanism
underlying the acrosome reaction with other animals,
even though starfish are the only group so far in which
the cooperation of multiple egg-coat components is
required for the acrosome reaction.

Materials and methods

Chemicals and the modified seawaters

SKF96365, 1-methyladenine, 9-aminoacridine and
Pluronic F-127 were purchased from Sigma Chemical
(St Louis, MO). Fluo-4 AM was purchased from Nacalai
Tesque (Kyoto, Japan). The synthetic asterosap isoform,
P15, was used throughout this study (Nishigaki et al.,
1996). The egg jelly and ARIS were prepared by a
previously reported method (Ushiyama et al., 1993).
ARIS and P15 were dissolved in H2O at 1 mg sugar/ml
and 100 µM respectively and diluted 100-fold at use.
The sugar concentration of ARIS was determined by
a resorcinol–sulfuric acid method (Monsigny et al.,
1988) using L-fucose as the standard. Artificial seawater
(ASW, pH 8.2) and seawater of pH 7.6 consisted of
430 mM NaCl, 9 mM CaCl2, 9 mM KCl, 23 mM MgCl2
and 25 mM MgSO4 in 10 mM EPPS (N-2-hydroxyethyl-
piperazine-N’-3-propane sulphonic acid) buffer. High-
Ca2+ seawater was prepared by adding CaCl2 into ASW
up to 70 mM and Ca2+-free seawater was prepared
by omission of CaCl2 from ASW. To prepare higher
pH (pH 8.7, 9.0 and 9.5) or lower pH (pH 6.8 and 7.1)
seawaters, 10 mM EPPS buffer in ASW was replaced
with 25 mM glycine buffer or 10 mM PIPES (piperazine-
N, N′-bis(2-ethane sulphonic acid)) buffer, respectively.

Animals and gametes

Starfish, Asterias amurensis, were collected from several
locations in Japan and Tasmania, Australia. The ani-
mals from Tasmania are known to be the offspring
of those invaded from Tokyo Bay (Byrne et al., 1997),
and no significant differences were observed between
the Japanese and Tasmanian animals except for the
breeding season. The mature eggs were collected in
ASW by treating the ovaries with 10 µM 1-methyla-
denine and sperm were obtained as ‘dry’ sperm by
cutting the testes and kept on ice before use.

Electrophysiological measurements
and acrosome reaction assay

The measurement of [Ca2+]i was performed by using
Fluo-4 AM as previously reported (Kawase et al.,
2004). The level of pHi was monitored by using 9-
aminoacridine as previously reported (Matsui et al.,
1986b) with several modifications. Dry sperm (5 µl)
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was diluted with 2 ml of each seawater containing
0.17 µM 9-aminoacridine in a round cuvette and
the fluorescence intensity was monitored with a
Shimadzu Spectrofluorophotometer RF-540 (Shimadzu
Science, Tokyo, Japan) at 382 nm excitation and 454 nm
emission. To chelate the external Ca2+, 2 M EGTA in
6 M NaOH was added into the sperm suspension at a
final concentration of 11 mM. For the acrosome reaction
assay, 100 µl of sample was fixed by adding 20 µl of 5%
formaldehyde in ASW and stained with 3 µl of 0.5%
erythrosine in 70% ethanol. The acrosome reaction was
assayed under a Nomarski microscope by counting the
number of sperm that extruded the acrosomal process.
More than 200 sperm were scored for each experiment.

Results

Sustained [Ca2+]i elevation and the acrosome
reaction are induced by the cooperative action
of ARIS and asterosap P15

The [Ca2+]i change was monitored in Fluo-4-loaded
sperm. ARIS slightly elevated the basal concentration
of [Ca2+]i (Fig. 1, top trace). The ARIS-induced
changes in the sperm were clearly detected for the
first time in this study. P15 transiently increased the

Figure 1 Sustained increase in [Ca2+]i induced by the mixture
of ARIS and asterosap (P15). The effects of ARIS (black
arrowhead), P15 (white arrowhead) and ARIS plus P15 (white
arrow) on the [Ca2+]i level were monitored with Fluo-4-
loaded sperm. The fluorescence intensity was recorded at
516 nm; excitation was at 494 nm. ARIS was used at 10 µg
sugar/ml and P15 at 1 µM. The ratio of the acrosome reaction
was expressed at the end of each trace as the mean ± SE of
three independent experiments.

Figure 2 EGTA blocked the sustained [Ca2+]i elevation in-
duced by ARIS plus P15 and consequent acrosome reaction.
EGTA was added to the suspension of Fluo-4-loaded sperm
(black arrows) 3 min after (top trace), 30 s after (middle trace)
or 30 s before the addition of ARIS plus P15 (dotted line with
white arrow). ARIS was used at 10 µg sugar/ml and P15 at
1 µM. The ratio of the acrosome reaction was expressed at
the end of each trace as the mean ± SE of three independent
experiments.

level of [Ca2+]i and elevated its basal level (Fig. 1,
middle trace). Although neither ARIS-induced nor
P15-induced change in [Ca2+]i triggered the acrosome
reaction, the mixture of ARIS and P15 induced a
sustained [Ca2+]i elevation and the acrosome reaction
(Fig. 1, bottom trace). This result obviously shows
that the signal transduction system leading to the
acrosome reaction is sufficiently activated only by the
combination of ARIS and P15.

External Ca2+ is required for sustained [Ca2+]i

elevation the acrosome reaction

EGTA, a Ca2+ chelator, was added into the sperm
suspension to reduce the extracellular Ca2+ at various
times before or after the addition of ARIS and P15. If
EGTA was added after the sustained [Ca2+]i elevation
was accomplished (3 min after the addition of ARIS and
P15), the [Ca2+]i decreased and its elevation stopped,
but the acrosome reaction had already occurred prior
to the addition of EGTA (Fig. 2, top trace). However, if
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Figure 3 SKF96365 and Ni2+ inhibited the sustained [Ca2+]i elevation induced by ARIS plus P15. In the presence of 0–15 µM
SKF96365 (A) or 0–500 µM Ni2+ (B), Fluo-4-loaded sperm were treated with ARIS (dotted line with black arrowhead) or ARIS
plus P15 (dotted line with white arrow). In the presence of 15 µM SKF96365 or 500 µM Ni2+, the sperm were treated with P15
(dotted line with white arrowhead, C). ARIS was used at 10 µg sugar/ml and P15 at 1 µM. The ratio of the acrosome reaction
was expressed at the end of each trace as the mean ± SE of three independent experiments.

EGTA was added 30 s after the addition of ARIS and
P15, both the sustained [Ca2+]i elevation and acrosome
reaction were markedly inhibited (Fig. 2, middle trace).
The acrosome reaction was not induced despite the
initial [Ca2+]i spike. If EGTA was added 30 s before
the addition of ARIS and P15, the whole change in
[Ca2+]i and the acrosome reaction were drastically
inhibited (Fig. 2, bottom trace). The small [Ca2+]i spike
could be attributed to the remaining external Ca2+,
because it did not appear in Ca2+-free seawater (data
not shown). These results suggest that the sustained

[Ca2+]i elevation and ARIS- or P15-induced changes
depend on extracellular Ca2+ and that the sustained
[Ca2+]i elevation is essential for the acrosome reaction.

Sustained [Ca2+]i elevation induced by ARIS plus
P15 is highly susceptible to SOC blockers

We investigated whether the SOC-like channel was
involved in the sustained [Ca2+]i elevation induced by
ARIS and P15 by using the SOC blockers SKF96365
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and Ni2+ (Leung & Kwan, 1999; González-Martı́nez
et al., 2001). The sustained [Ca2+]i elevation and
acrosome reaction were remarkably inhibited by 5 µM
SKF96365 (IC50 values around 2.2 µM), although the
ARIS-induced [Ca2+]i elevation was not blocked unless
the concentration of SKF96365 was higher (IC50 values
around 8.2 µM; Fig. 3A). Similarly, the sustained [Ca2+]i
elevation and acrosome reaction were inhibited by
50 µM Ni2+ (IC50 values around 36 µM), whereas the
ARIS-induced signal was suppressed at much higher
concentrations (IC50 values around 400 µM; Fig. 3B).
Neither 15 µM SKF96365 nor 500 µM Ni2+ affected P15-
induced changes in [Ca2+]i (Fig. 3C). Cyclopiazonic
acid (CPA) is known as a drug reducing the Ca2+

concentration of the intracellular Ca2+ store and then
activating the SOC. The co-treatment of sperm with
CPA and ARIS induces the acrosome reaction (data
not shown). Because the sustained [Ca2+]i elevation
and the acrosome reaction are highly sensitive to the
blockers, they seem to be mediated via the SOC-like
channel.

ARIS induces a prominent [Ca2+]i increase
in high-pH or high-Ca2+ seawater

ARIS induces the acrosome reaction in high-pH or
high-Ca2+ seawater, although these seawaters them-
selves do not (Matsui et al., 1986a). A prominent
increase in [Ca2+]i and the acrosome reaction were
shown when sperm were treated with ARIS alone
in high-pH (pH 9.5) or high-Ca2+ seawater (Fig. 4).
However, in each condition the patterns of Ca2+ signal
were different: The speed of [Ca2+]i elevation was
slow in high-pH seawater but rapid in high-Ca2+

seawater, suggesting that the mechanisms involved in
the [Ca2+]i elevation are different in high-pH and high-
Ca2+ seawater.

ARIS-induced prominent [Ca2+]i elevation in
high-pH seawater is highly susceptible to SKF96365

If the Ca2+ channel activated by the combination
of ARIS and P15 in ASW is similarly activated by
ARIS in high-pH or in high-Ca2+ seawater, the ARIS-
induced prominent Ca2+ increases in these modified
seawaters should be highly sensitive to SKF96365.
The ARIS-induced prominent [Ca2+]i elevation in high-
pH seawater (pH 9.5) and the acrosome reaction were
drastically blocked by 5 µM SKF96365 (IC50 values
around 3.1 µM; Fig. 5A), while 15 µM SKF96365 was
required to suppress those in high-Ca2+ seawater (IC50
values around 7.3 µM; Fig. 5B). The ARIS-induced
prominent [Ca2+]i increase in high-pH seawater was
highly susceptible to SKF96365 as was the sustained
[Ca2+]i increase induced by ARIS and P15 in ASW
(Figs. 3A, 5A). Thus, it is suggested that the pHi

Figure 4 ARIS induced a prominent [Ca2+]i increase in high-
pH or high-Ca2+ seawater. Fluo-4-loaded sperm were treated
with ARIS (dotted line with black arrowhead) in high-pH
(pH 9.5, middle trace) or high-Ca2+ seawater (bottom trace).
ARIS was used at 10 µg sugar/ml. The ratio of the acrosome
reaction was expressed at the end of each trace as the
mean ± SE of three independent experiments.

Figure 5 SKF96365 inhibited the ARIS-induced prominent
[Ca2+]i increase in high-pH seawater. In the presence of 0–
15 µM SKF96365, Fluo-4-loaded sperm were treated with
ARIS (dotted line with black arrowhead) in high-pH (pH 9.5,
A) or high-Ca2+ seawater (B). ARIS was used at 10 µg
sugar/ml. The ratio of the acrosome reaction was expressed at
the end of each trace as the mean ± SE of three independent
experiments.

increase and ARIS action cooperatively activate the
SOC-like channel to trigger the acrosome reaction. On
the other hand, ARIS-induced [Ca2+]i elevations both
in ASW and in high-Ca2+ seawater were inhibited
by SKF96365 in a similar dose-dependent manner
(Figs. 3A, 5B). ARIS-induced [Ca2+]i influx seems to
be enhanced by a high concentration of extracellular
Ca2+. This conclusion agrees with the previous result
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Figure 6 P15-induced elevation of pHi. ARIS (black arrow-
head) or P15 (white arrowhead) was added to the sperm
suspension containing 9-aminoacridine. The fluorescence
intensity was recorded at 454 nm; excitation was at 382 nm.
ARIS was used at 10 µg sugar/ml and P15 at 1 µM. The pHi

was 7.6 ± 0.1 in ASW and increased up to 7.7 ± 0.1 (n = 4,
�pH = 0.1) after the addition of P15, but not ARIS.

Figure 7 Ratio of ARIS-induced acrosome reaction increased
steeply if the pHi was elevated to 7.7 or higher. The pHi was
measured using 9-aminoacridine when sperm were diluted
with seawater at pH 7.6 (n = 2, black rhombus), 8.2 (n = 6,
white triangle), 8.7 (n = 6, black square), 9.0 (n = 4, white
square) or 9.5 (n = 6, black triangle). The ratios of the ARIS-
induced acrosome reaction were counted in these conditions
and the correlation between the pHi levels and these ratios
was plotted. ARIS was used at 10 µg sugar/ml. Each ratio
of the acrosome reaction was normalized to that in seawater
with pH 9.5 as 100%.

showing that the elevation of pHi is not required for
the acrosome reaction induced by ARIS in high-Ca2+

seawater (Matsui et al., 1986b).

P15-induced elevation of pHi is enough to facilitate
ARIS-induced acrosome reaction

The change in pHi was measured using 9-amino-
acridine. The pHi was 7.6 ± 0.1 in ASW and it increased

Figure 8 Slight decrease in pHi reduced the capacity of
sperm to undergo the sustained [Ca2+]i increase and
subsequent acrosome reaction in response to ARIS plus P15.
Fluo-4-loaded sperm were treated with ARIS and P15 (dotted
line with white arrow) in seawater at pH 7.1, 7.6 or 8.2 (ASW).
ARIS was used at 10 µg sugar/ml and P15 at 1 µM. The ratio
of the acrosome reaction was expressed at the end of each
trace as the mean ± SE of three independent experiments.

up to 7.7 ± 0.1 (n = 4, �pH = 0.1) by adding P15, but
not ARIS (Fig. 6).

To determine whether the P15-induced elevation
of pHi is sufficient for ARIS to induce the acrosome
reaction, we investigated the correlation between the
level of pHi and the ratio of acrosome reaction induced
by ARIS alone (Fig. 7). The dry sperm was diluted in
seawaters at different pH (7.6–9.5) and tested for ARIS-
induced acrosome reaction. The ratio steeply increased
if the pHi was elevated more than 7.7, indicating that
ARIS action and P15-induced increase of pHi (up to
7.7 ± 0.1) cooperatively induce the acrosome reaction.

Slight decrease in pHi reduces the sperm capacity to
undergo the acrosome reaction in response to ARIS
plus P15

The sustained [Ca2+]i elevation and acrosome reaction
induced by ARIS and P15 were significantly inhibited
in low-pH seawater (pH 7.1 or 7.6; Fig. 8). In the
seawater at pH 7.6, the pHi was 7.4 ± 0.2 (n = 7) and
elevated 0.1 (n = 4) by P15. The slight reduction in
resting pHi level may be enough to prevent P15 from
facilitating the ARIS-induced acrosome reaction.

Taking all results into account, we conclude that the
P15-induced increase in pHi is required for the ARIS-
induced sustained elevation in [Ca2+]i, which in turn
leads to the acrosome reaction.

https://doi.org/10.1017/S0967199405003011 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199405003011


Cooperative action of ARIS and asterosap 69

Discussion

The sustained increase in [Ca2+]i is essential for the
acrosome reaction of sperm in mammals (Arnoult et al.,
1996a; O’Toole et al., 2000) and sea urchins (González-
Martı́nez et al., 2001). In mammals and sea urchins, two
distinct Ca2+ channels are required for the induction of
acrosome reaction (Guerrero & Darszon, 1989; Arnoult
et al., 1996b). The second channel, which is presumably
the SOC, is somehow activated by the increase in [Ca2+]i
through the first channel and causes the sustained
[Ca2+]i elevation (Guerrero & Darszon, 1989; Arnoult
et al., 1996b; O’Toole et al., 2000; Hirohashi & Vacquier,
2002a). Similarly, we demonstrated that a sustained
[Ca2+]i elevation was induced by the cooperation of
ARIS and P15 and essential for the acrosome reaction.
The sustained [Ca2+]i elevation was highly susceptible
to SKF96365 (IC50 values around 2.2 µM). Because it
is widely accepted that SKF96365 inhibits the SOC
with IC50 values from 1 to 4 µM (Leung & Kwan,
1999; Hirohashi & Vacquier, 2003), the sustained [Ca2+]i
elevation seems to be mediated by SOC-like channel
also in starfish sperm. The assumption was supported
by its high sensitivity to Ni2+. On the other hand,
ARIS slightly elevated the basal level of [Ca2+]i and
P15 caused the [Ca2+]i spike. We do not know whether
the ARIS-induced, the P15-induced [Ca2+]i change
or both are essential for the acrosome reaction. To
answer this question, two events must be inhibited
and/or estimated separately, which is not practical at
present.

In sea urchins, the FSP-induced increase in pHi
is essential for the sustained [Ca2+]i elevation and
consequent acrosome reaction (Garcı́a-Soto & Darszon,
1985; Guerrero et al., 1998). An inositol triphosphate
(IP3) receptor-like protein purified from sea urchin
sperm attaches with IP3 strongly in the high-pH
condition (Zapata et al., 1997). In mammals, the
increase in pHi is accompanied by the ZP-induced
acrosome reaction and facilitates the Ca2+ influx,
although the relation between pHi and [Ca2+]i is
not clear (Arnoult et al., 1996a). In starfish, the pHi
elevation is suggested to promote the acrosome
reaction induced by ARIS alone (Matsui et al., 1986a).
We found that the P15-induced increase in pHi was
sufficient to facilitate the ARIS-induced sustained
[Ca2+]i elevation and consequent acrosome reaction.
The acrosome reaction was induced by ARIS alone in
high-Ca2+ seawater, but it was sheer artifact lacking
the elevation of pHi and the activation of SOC-like
channel. Therefore, the signal transduction leading to
the acrosome reaction is similar in all animals so far
studied including starfish, though the starfish is the
only one so far in which multiple inducers are known.

Only a single molecule, FSP in sea urchin or
ZP3 in mouse, is taken up as the major acrosome-

reaction-inducing molecule and the above-mentioned
mechanism has been proposed (Darszon et al.,
2001). Both FSP-induced and ZP3-induced signals are
branched and complex, but not separable. In the case of
starfish, the roles of ARIS and asterosap may be clearly
separated. Thus, ARIS and asterosap would be suitable
tools to investigate the detailed steps leading to the
acrosome reaction. The black box at present would
be elucidated by using the starfish, namely how the
sustained [Ca2+]i elevation is mediated by the pHi.

In the physiological environment for fertilization,
several molecules are probably involved in the
induction of the acrosome reaction. Although ARIS and
astersoap are indispensable for the egg-jelly-induced
acrosome reaction, the ratio of acrosome reaction in-
duced by the egg jelly is quite high compared
with that by ARIS and asterosap. It suggests that
Co-ARIS or undetermined factors are involved in
the physiological induction (Nishigaki et al., 1996).
In a sea urchin, Hemicentrotus pulcherrimus, speract
promotes the induction of acrosome reaction by acting
as a cofactor of FSP (Yamaguchi et al., 1987, 1989).
In another sea urchin, Strongylocentrotus purpuratus,
sialoglycan and speract in the egg jelly potentiate the
FSP-induced acrosome reaction in low-pH seawater
(Hirohashi & Vacquier, 2002c) and sialoglycan reduces
the concentration of FSP required for the induction in
normal seawater (Hirohashi & Vacquier, 2002b). Both
sialoglycan and speract seem to facilitate the acrosome
reaction through the elevation of pHi. In mammals,
ANP (atrial natriuretic peptide) and progesterone in the
follicular fluid initiate the acrosome reaction (Osman
et al., 1989; Zamir et al., 1995; Rotem et al., 1998). The
pretreatment of sperm with progesterone promotes the
ZP-induced acrosome reaction (Roldan et al., 1994).
Furthermore, the human reproductive tract has a nitric
oxide (NO)-generating system (Rosselli et al., 1998) and
exogenous NO induces the acrosome reaction (Revelli
et al., 2001). All these data suggest that, even though
the acrosome reaction is induced in vitro by a single
molecule such as FSP or ZP3, multiple molecules act
on sperm for the induction of the acrosome reaction.
Thus, the analysis of their cooperation is an important
issue in understanding what happens in nature.
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González-Martı́nez, M.T., Galindo, B.E., de De LaTorre, L.,
Zapata, O., Rodrı́guez, E., Florman H.M. & Darszon, A.
(2001). A sustained increase in intracellular Ca2+ is required
for the acrosome reaction in sea urchin sperm. Dev. Biol. 236,
220–9.

Guerrero, A. & Darszon, A. (1989). Evidence for the activation
of two different Ca2+ channels during the egg jelly-induced
acrosome reaction of sea urchin sperm. J. Biol. Chem. 264,
19593–9.

Guerrero, A., Garcı́a, L., Zapata, O., Rodrı́guez, E. & Darszon,
A. (1998). Acrosome reaction inactivation in sea urchin
sperm. Biochim. Biophys. Acta 1401, 329–38.

Hirohashi, N. & Vacquier, V.D. (2002a). High molecular mass
egg fucose sulfate polymer is required for opening both
Ca2+ channels involved in triggering the sea urchin sperm
acrosome reaction. J. Biol. Chem. 277, 1182–9.

Hirohashi, N. & Vacquier, V.D. (2002b). Egg sialoglycans
increase intracellular pH and potentiate the acrosome
reaction of sea urchin sperm. J. Biol. Chem. 277, 8041–7.

Hirohashi, N. & Vacquier, V.D. (2002c). Egg fucose sulfate
polymer, sialoglycan, and speract all trigger the sea urchin
sperm acrosome reaction. Biochem. Biophys. Res. Commun.
296, 833–9.

Hirohashi, N. & Vacquier, V.D. (2003). Store-operated calcium
channels trigger exocytosis of the sea urchin sperm acro-
somal vesicle. Biochem. Biophys. Res. Commun. 304, 285–92.

Hoshi, M., Nishigaki, T., Ushiyama, A., Okinaga, T., Chiba,
K. & Matsumoto, M. (1994). Egg-jelly signal molecules for
triggering the acrosome reaction in starfish spermatozoa.
Int. J. Dev. Biol. 38, 167–74.

Ikadai, H. & Hoshi, M. (1981a). Biochemical studies on the
acrosome reaction of the starfish, Asterias amurensis. I.

Factors participating in the acrosome reaction. Dev. Growth
Differ. 23, 73–80.

Ikadai, H. & Hoshi, M. (1981b). Biochemical studies on the
acrosome reaction of the starfish, Asterias amurensis. II.
Purification and characterization of acrosome reaction-
inducing substance. Dev. Growth Differ. 23, 81–8.

Kawase, O., Minakata, H., Hoshi, M. & Matsumoto, M.
(2004). Guanylyl cyclase and cGMP-specific phospho-
diesterase participate in the acrosome reaction of starfish
sperm. Zygote 12, 345–55.

Koyota, S., Wimalasiri, K.M.S. & Hoshi, M. (1997). Structure
of the main saccharide chain in acrosome reaction-inducing
substance of starfish, Asterias amurensis. J. Biol. Chem. 272,
10372–6.

Leung, Y.M. & Kwan, C.Y. (1999). Current perspectives in
the pharmacological studies of store-operated Ca2+ entry
blockers. Jpn. J. Pharmacol. 81, 253–8.

Matsui, T., Nishiyama, I., Hino, A. & Hoshi, M. (1986a).
Induction of the acrosome reaction in starfish. Dev. Growth
Differ. 28, 339–48.

Matsui, T., Nishiyama, I., Hino, A. & Hoshi, M. (1986b).
Intracellular pH changes of starfish sperm upon the
acrosome reaction. Dev. Growth Differ. 28, 359–68.

Matsumoto, M., Solzin, J., Helbig, A., Hagen, V., Ueno,
S., Kawase, O., Maruyama, Y., Ogiso, M., Minakata, H.,
Godde, M., Kaupp, U.B., Hoshi, M. & Weyand, I. (2003).
A sperm-activating peptide controls a cGMP-signaling
pathway in starfish sperm. Dev. Biol. 260, 314–24.

Monsigny, M., Petit, C. & Roche, A.C. (1988). Colorimetric
determination of neutral sugars by a resorcinol sulfuric
acid micro method. Anal. Biochem. 175, 525–30.

Moy, G.W., Mendoza, L.M., Schulz, J.R., Swanson, W.J., Glabe,
C.G. & Vacquier, V.D. (1996). The sea urchin sperm receptor
for egg jelly is a modular protein with extensive homology
to the human polycystic kidney disease protein, PKD1.
J. Cell Biol. 133, 809–17.

Nishigaki, T., Chiba, K., Miki, W. & Hoshi, M. (1996). Structure
and function of asterosaps, sperm-activating peptides from
the jelly coat of starfish eggs. Zygote 4, 237–45.

Nishigaki, T., Chiba, K. & Hoshi, M. (2000). A 130-kDa
membrane protein of sperm flagella is the receptor for
asterosaps, sperm-activating peptides of starfish Asterias
amurensis. Dev. Biol. 219, 154–62.

Nishiyama, I., Matsui, T., Fujimoto, Y., Ikekawa, N. & Hoshi,
M. (1987). Correlation between the molecular structure
and biological activity of Co-ARIS, a cofactor for acrosome
reaction-inducing substance. Dev. Growth Differ. 29, 171–6.

Osman, R.A., Andria, M.L., Jones, A.D. & Meizel, S. (1989).
Steroid induced exocytosis: the human sperm acrosome
reaction. Biochem. Biophys. Res. Commun. 160, 828–33.

O’Toole, C.M.B., Arnoult, C., Darszon, A., Steinhardt, R.A. &
Florman, H.M. (2000). Ca2+ entry through store-operated
channels in mouse sperm is initiated by egg ZP3 and drives
the acrosome reaction. Mol. Biol. Cell 11, 1571–84.

Revelli, A., Costamagna, C., Moffa, F., Aldieri, E., Ochetti, S.,
Bosia, A., Massobrio, M., Lindblom, B. & Dario, G. (2001).
Signaling pathway of nitric oxide-induced acrosome
reaction in human spermatozoa. Biol. Reprod. 64, 1708–12.

Roldan, E.R.S., Murasse, T. & Shi, Q. (1994). Exocytosis
in spermatozoa in response to progesterone and zona
pellucida. Science 266, 1578–81.

https://doi.org/10.1017/S0967199405003011 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199405003011


Cooperative action of ARIS and asterosap 71

Rosselli, M., Keller, P.J. & Dubey, R.K. (1998). Role of
nitric oxide in the biology, physiology and patho-
physiology of reproduction. Hum. Reprod. Update 4, 3–
24.

Rotem, R., Zamir, N., Keynan, N., Barkan, D., Breitbart,
H. & Naor, Z. (1998). Atrial natriuretic peptide induces
acrosome exocytosis of human spermatozoa. Am. J. Physiol.
274, E218–23.

Tilney, L.G. (1985). The acrosome reaction. In Biology of
Fertilization, vol. 2 (ed. C. B. Metz & A. Monroy), pp. 157–
213. Orlando, FL: Academic Press.

Ushiyama, A., Araki, T., Chiba, K. & Hoshi, M. (1993). Specific
binding of acrosome reaction-inducing substance to the
head of starfish spermatozoa. Zygote 1, 121–7.

Yamaguchi, M., Niwa, T., Kurita, M. & Suzuki, N. (1987). The
participation of speract in the acrosome reaction of Hemi-
centrotus pulcherrimus. Dev. Growth Differ. 30, 159–67.

Yamaguchi, M., Kurita, M. & Suzuki, N. (1989). Induction
of the acrosome reaction of Hemicentrotus pulcherrimus
spermatozoa by the egg jelly molecules, fucose-rich
glycoconjugate and sperm-activating peptide: I. Dev.
Growth Differ. 31, 233–9.

Zamir, N., Barkan, D., Keynan, N., Naor, Z. & Breitbart, H.
(1995). Atrial natriuretic peptide induces acrosomal exo-
cytosis in bovine spermatozoa. Am. J. Physiol. 269, E216–21.

Zapata, O., Ralston, J., Beltrán, C., Parys, J.B., Chen, J.L.,
Longo, F.J. & Darszon, A. (1997). Inositol triphosphate
receptors in sea urchin sperm. Zygote 5, 355–64.

https://doi.org/10.1017/S0967199405003011 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199405003011

