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Acrosome Reaction

The mammalian acrosome reaction (AR) is the fusion, at
multiple points, of the outer acrosoma membrane with
the overlying plasma membrane. This fusion causes the
release of acrosomal contents and the exposure of the
inner acrosoma membrane. The time taken for this pro-
cess to occur is not accurately known. Estimates for AR
in mouse spermatozoa vary from ~2 minutes after stim-
ulation with solubilized zona to 130 minutes with intact
zona (Lee and Storey, 1989; Rockwell and Storey, 2000).
In the human, latencies of 15-60 minutes have been ob-
served with intact zona (Morales et al, 1994). Fusion of
the plasma and outer acrosomal membranes in the human
appears to progress in a different way from that of the
rodent and other mammals, but the final result is the same
(Nagae et al, 1986; Yanagimachi, 1994). Release of ac-
rosomal enzymes (including hyaluronidase and acrosin),
combined with vigorous sperm motility, has been postu-
lated to enable sperm penetration through the zona, a-
lowing binding of the sperm to the oolemma, the egg
plasma membrane (Talbot, 1985). It should be noted that
experiments with mouse genetic knockouts have shown
that zona penetration and fertilization can still occur in
the absence of acrosin (Baba et al, 1994). Receptors re-
vealed on the surface of the spermatozoon (after the ves-
icle and outer acrosomal membrane have been shed) are
important in oolemma binding. After binding, the sperm
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is able to fuse with the oocyte (Yanagimachi, 1994; Snell
and White, 1996; Myles and Primakoff, 1997).
Interaction of Sperm With Owvulated Oocytes and In-
duction of AR—Before reaching the oocyte, human sperm
may come into contact with periovulatory follicular fluid
or oviductal fluid. Both of these have a demonstrated AR
induction capability that is decreased by protein kinase A
(PKA) and protein kinase C (PKC) inhibitors (De Jonge
et al, 1993). A hyauronic acid—rich layer of cumulus cells
surrounds the ovulated oocyte. Although the cumulus is
the first egg vestment to be penetrated by the spermato-
zoon, we know remarkably little about this process. The
cumulus oophorus consists of 2 different structures, an
outer cell layer/mass (cumulus cells) and an inner layer
(cells of the corona radiata), both of which secrete ste-
roids (Laufer et al, 1984; Osman et al, 1989) and proteins
(Tesarik et a, 1988). The cells of the human corona ra-
diata are contiguous with the zona pellucida (ZP) and pass
through it. Corona cells have many gap junctions with
each other and the oocyte, which allow molecules and
calcium ion (Ca*) signals to propagate. These junctions
are known to be important in signaling during oocyte
growth (Motta et al, 1994, 1995; Mattioli and Barboni,
2000). At ovulation, the links between the cumulus and
oocyte are thought to be reduced or completely lost
(Gregory et a, 1994; Motta et a, 1994, 1995), but the
cumulus cells still have projections running throughout
the zona to near the oolemmal surface (Motta et a, 1994).
The effects of cumulus cells on spermatozoa in vivo
are yet to be established. However, it appears likely that
passage through the cumulus mediates or prepares the
cells for AR (Tesarik et al, 1988). Frequency of AR in
human spermatozoa is reported to increase significantly
from control (spontaneous) levels of 14.5% plus or minus
1.5% to 24.5% plus or minus 1.9% when incubated with
cumulus mass; a further increase to 49% plus 3.3% was
reported for cells incubated with mature cumulus con-
taining an oocyte (Carrell et a, 1993). These findings
agree with earlier data (De Jonge et al, 1988) demonstrat-
ing an induction of AR in sperm incubated with vested
human oocytes. A likely cause of the AR-inducing activ-
ity of the cumulus is progesterone (P), a hormone pro-
duced at levels of 5-10 pM, in the cumulus during ovu-
lation (Osman et al, 1989). High levels of cumulus-se-
creted P have been directly correlated to significantly in-
creased rates of fertilization and polyspermy in vitro
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(Hartshorne, 1989), possibly reflecting more successful
penetration of the ZP. The effects of P on spermatozoa
include rapid activation of Ca* influx (see below) and
appear to be mediated nongenomically. Sperm membrane
receptor(s) for P are yet to be definitely identified (Bray
et al, 1999), but 2 binding sites have been detected (K,
= 0.06 and 26 uM; Luconi et al, 1998). Attempts to block
P-induced signaling with guanosine triphosphatase bind-
ing protein (G protein) modulators have not been suc-
cessful, suggesting that other downstream pathways may
be involved (Tesarik et al, 1993). Studies of various mam-
mals, including the human, suggest that, as well as B
prostaglandins, sterol sulfates, glycosaminoglycans, and
estrogen are present in follicular fluid and cumulus cell
secretions (Lenz et a, 1983; Hartshorne, 1989; Zaneveld
et al, 1991). Prostaglandin E, in particular, has been dem-
onstrated to mediate elevation of intracellular Ca&* con-
centration ([Ca*];) and AR via a G protein—coupled re-
ceptor mechanism (Schaefer et al, 1998). An estrogen re-
ceptor has recently been discovered on mature human
sperm (Luconi et al, 1999), and estrogen has been dem-
onstrated to induce Ca2* influx and to modulate P-induced
responses (Luconi et al, 1999; Baldi et al, 2000). These
effects of estrogen may be due to direct modulation of
voltage-operated calcium channel (VOCC) components,
as demonstrated by Espinosa et a (2000).

A second function of the cumulus-corona may be re-
moval or selection of spermatozoa. Leukocytes are pre-
sent throughout the cumulus, and both they and corona
cells appear to phagocytose abnormal and/or supernu-
merary sperm (Nottola et al, 1998). When in vivo fertil-
ized eggs were examined, cumulus cells had phagocy-
tosed 31 of 36 sperm found in the main cumulus; only 5
of 36 were wedged in the matrix between, and all of these
were acrosome reacted with intact equatorial segments.
Of a further 7 sperm found in the corona and ZR, 6 had
lost their equatorial segments, and all were acrosome re-
acted (Pereda and Coppo, 1985). However, other authors
have reported low numbers of acrosome-intact human
sperm at the zona after cumulus penetration in vitro (Chen
and Sathananthan, 1986). The cumulus oophorus and fol-
licular fluid have aso been demonstrated to influence and
maintain the movement characteristics in subpopulations
of human sperm in ways that may be relevant in cumulus
penetration (Mendoza and Tesarik, 1990; Tesarik et al,
1990).

Having penetrated the cumulus mass, sperm bind to the
ZP a thick, highly glycosylated protein matrix secreted
during oogenesis, which surrounds the oocyte. Functions
of the ZP include prevention of polyspermy; protection
of the embryo before implantation; regulation of endo-
crine profiles during folliculogenesis; and blockade of
heterospecific fertilization (Yanagimachi, 1994). This last
role reflects the species-specific nature of sperm-ZP bind-

ing. If the sperm, upon reaching the ZP, have yet to ac-
rosome react, then the process of binding to the ZP may
induce acrosomal exocytosis. Exactly how sperm bind to
the zona is unknown. The murine ZP is thought to be
composed of at least 3 glycoproteins, ZP1, ZP2, and ZP3.
A revised model has recently been suggested for the hu-
man and, in al likelihood, other mammals (except ro-
dents) with the discovery of a fourth zona gene, now giv-
ing a classification of ZP1, ZPB, ZP2/ZPA, and ZP3/ZPC
(Hughes and Barratt, 1999). Mouse experiments suggest
that carbohydrate moieties (O-linked oligosaccharides) of
ZP3 are of particular importance in AR induction (Beebe
et a, 1992). A number of sperm ZP receptors or hinding
proteins have been suggested, such as trypsinlike pro-
teins, spermadhesins, B 1,4-galactosyltransferase, and a
56- and 95-kd protein (reviewed in Tulsiani et al, 1997).
Incubation of human sperm with P (simulating passage
through the cumulus) has been shown to enhance human
zona binding (by hemizona assay) and penetration of
hamster oocytes (Sueldo et al, 1993; Oehninger et a,
1994b). It also significantly enhances subsequent zona-
induced AR (Roldan et al, 1994).

Although Pis an effective inducer of AR, it isgeneraly
accepted that this steroid functions as a secondary or
coinducer (see above). The central role of ZP is based on
the concept that it provides species specificity in fertil-
ization via its role in induction of AR. However, we do
not know that AR is the mechanism by which such spec-
ificity is achieved, nor do we know the site at which AR
occurs during normal fertilization. It is yet to be estab-
lished whether the occurrence of AR at the surface of the
ZP is crucial to sperm penetration, a subject that is be-
yond the scope of this review. The possibility that *‘ cut-
ting thrust” rather than lytic events are the basis of eu-
therian ZP penetration has been thoroughly reviewed by
Bedford (1998) and is consistent with the recent data on
CatSper, a putative sperm cation channel that is localized
in a principal piece of the mature mouse sperm tail (Ren
et a, 2001). Mouse gene knockouts that are CatSper —/—
have poorly motile sperm that completely fail to fertilize
eggs unless the zonais removed (Ren et al, 2001), strong-
ly indicating a requirement for vigorous motility in zona
penetration. We are therefore not yet in a position to as-
sess whether induction of AR during penetration of the
cumulus should be regarded as *‘ premature.”

Ca?* and AR

AR is mediated by a complex interaction of cellular re-
sponses, which includes kinase activation and consequent
phosphorylation, gating of ion channels, and a plethora
of other poorly defined processes (Ward and Kopf, 1993;
Bielfeld et al, 1994a,b; Aitken, 1997; Breitbart and Spun-
gin, 1997). However, as with virtually all other forms of
stimulus-activated exocytosis, secretion of the acrosomal
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contents, whether activated by P or ZR is ultimately me-
diated by an elevation of [Ca?*];. In both instances, this
is composed of a transient Ca?* influx, followed by ac-
tivation of a sustained influx pathway (Thomas and Mei-
zel, 1989; Blackmore et a, 1990, 1991; Florman, 1994;
Arnoult et al, 1996a,b; Kirkman-Brown et al, 2000). The
P-induced [Ca?t]; response is detectable in uncapacitated
cells but is reportedly enhanced upon capacitation (Baldi
et al, 1991; Mendoza and Tesarik, 1993; Garcia and Mei-
zel, 1999). The evidence available at present is consistent
with participation of both VOCCs and C&* store-regu-
lated capacitative Ca&** entry (CCE) in the Ca* signal
leading to agonist-induced AR. Before reviewing this ev-
idence and comparing the ZP- and P-induced [Ca?*]; Sig-
nals, the evidence for the existence of these influx mech-
anisms in spermatozoa is briefly summarized.
VOCCs—There is little doubt that VOCCs are present
in mature spermatozoa and that they are of significance
in Ca2* signaling. In patch-clamped mouse spermatogenic
cells (spermatocytes and round spermatids), T-type (tran-
sient, low-voltage activated [LVA]) channels are the only
detectable VOCC current (Arnoult et al, 1996a; Santi et
a, 1996). T-type a, subunits (a; being the main pore-
forming subunit of the VOCC) have been detected in ro-
dent germ cells by RT-PCR (Serrano et al, 1999). T-chan-
nel «, subunit transcripts are present in human testis and
can be detected in germ cells using in situ hybridization
(Jagannathan et al, 2000a,b). Despite the efforts of many
laboratories, it has, to date, proved impossible to raise
specific antibodies to this class of channels. However,
small T-like VOCC currents have been detected in human
spermatogenic cells held under a whole-cell clamp (Ar-
noult, personal communication). Severa high-voltage—ac-
tivated o, subunits have also been detected in rodent sper-
matogenic cells and mature spermatozoa (Lievano et al,
1996; Serrano et al, 1999; Westenbroek and Babcock,
1999; Wennemuth et al, 2000). Novel splice variants of
alc (an L-type channel) have been reported by Benoff
(1998) and Goodwin et al (1997, 1998, unpublished data)
in germ cells of rodents and humans. We have observed
modulation of [C&*]; in human spermatozoa by specific
agonists and antagonists of L-type VOCCs (Kirkman-
Brown et al, unpublished data). We conclude that, apart
from the T-type channels, which will provide only atran-
sient Ca&* influx pathway, other functional VOCCs are
present in these cells that could provide a route for a
sustained Ca?** influx (Publicover and Barratt, 1999).
Ca?* Sores and CCE—There is evidence that at least
1 Ca&* store exists within mammalian spermatozoa, pos-
sibly located in the acrosome, specifically outlined as fol-
lows: 1) Inositol trisphosphate receptors (IP;Rs) have
been shown to be present in testes and male germ cells
(Walensky and Snyder, 1995; Tovey et al, 1997; Dragileva
et al, 1999; Kuroda et al, 1999); additionally, staining for
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IP;Rs in human spermatozoa has shown localization of
type IP;Rs to the acrosomal cap, but this staining is lost
after induction of AR (Kuroda et a, 1999). 2) Staining
with thapsigargin, an inhibitor of sarcoplasmic/endoplas-
mic reticulum Ca2* adenosine triphosphatases (ATPases)
(SERCAS), localizes primarily to the acrosome and mid-
piece, and acrosomal staining with thapsigargin, as with
staining of IP;Rs, is lost after AR (Rossato et al, 2001).
Finaly, 3) digitonin-permeabilized mouse spermatozoa
show adenosine triphosphate (ATP)-dependent uptake of
45Ca?*, which is inhibited by IP, (Waensky and Snyder,
1995).

It should be noted, however, that isolated acrosomes
from bovine spermatozoa were shown to accumulate Ca2*
in an ATP-dependent manner but did not release Ca* in
response to 10 uM [P; (Spungin and Breitbart, 1996).

Thapsigargin, which selectively releases Ca** from in-
tracellular stores by inhibition of the SERCASs (Thastrup
et al, 1990), elevates the [Ca?*]; of capacitated or unca-
pacitated mammalian spermatozoa and initiates AR (hu-
man: Blackmore, 1993; Meizel and Turner, 1993; Spungin
and Breitbart, 1996; bull and ram: Dragileva et al, 1999;
mouse: O'Toole et al, 2000). Doses of thapsigargin re-
quired to exert this effect vary. Some authors report that
the submicromolar (10—100 nM) doses will induce AR
and Ca?* mobilization (Meizel and Turner, 1993; Spungin
and Breitbart, 1996; Rossato et al, 2001), whereas others
(including ourselves) only see significant effects at 1- to
10-uM doses (Blackmore, 1993; Walensky and Snyder,
1995; Dragileva et al, 1999; O'Toole et al, 2000). Effec-
tive doses for blockade of SERCASs of somatic cells are
typically in the range of 1-100 nM, and micromolar doses
may have nonspecific effects (Treiman et al, 1998). The
actions of thapsigargin on spermatozoa when used in the
micromolar range, though probably acceptably specific,
should therefore be interpreted with some caution.

Although thapsigargin has been reported to cause a
marked elevation of [Ca2*]; in human spermatozoa in the
absence of extracellular Cea?* ([Ca**]l,)) (Rossato et al,
2001), most laboratories observe no effects of the drug
on [Ca*]; or AR under such conditions. This [Ca?*], de-
pendence indicates that the primary effect of the drug in
elevating [Ca?*]; is to induce an influx of Ca?+ across the
plasma membrane. The simplest interpretation of these
findings is that the Ca** store of spermatozoa does not
normally contain sufficient Ca?** to significantly elevate
[Ca2*]; but that, upon the emptying of this store, CCE is
activated. CCE is an as-yet poorly defined process by
which the emptying of an intracellular Ca?* store results
in activation of a ‘‘ store-operated channel (SOC)” in the
cell membrane, permitting Ca?* influx (Berridge, 1995;
Putney and McKay, 1999). On the basis of the available
evidence, 2 models have been proposed for the mecha-
nism by which the state of the Ca?* store is communicated
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to the SOC to activate CCE. The first involves direct cou-
pling between the Ca2* release channels on the store and
the Ca&?* entry (store operated) channels on the plasma
membrane, and the second requires the synthesis/release
of adiffusible *‘calcium influx factor’” from the depleted
store, which activates the SOC (Bootman et al, 2001). It
appears that there are a number of membrane channels
responsible for CCE (Putney and McKay, 1999; Bootman
et al, 2001). Though these are yet to be fully character-
ized, the strongest candidates are the transient receptor
potential (Trp) gene family, encoding C&** channel pro-
teins. Expressed, recombinant Trp channels vary in their
characteristics, but a number are known to form func-
tional CCE channels. Human Trp3 (hTrp3) has been
shown to interact functionally with IP;Rs, apparently as
part of direct Ca?*-store-plasmalemma coupling for CCE
(Kiselyov et al, 1998; Putney, 1999; see above). In the
context of the sustained Ca?+ influx of spermatozoa, it is
noteworthy that the acrosome (the putative Ca?+ store) is
located close to the plasmalemma and is thus ideally suit-
ed for direct coupling. In human testis, transcripts for
hTrpl (which, when expressed, acts as an SOC; Zitt et a,
1996) and hTrp6 are strongly expressed (Wes et al, 1995;
Hofmann et al, 1999). In the mouse, Trp2 is strongly ex-
pressed in testis (Vannier et al, 1999).

Mechanisms of Agonist-Induced Ca?* Influx

ZP-Induced Ca?* Influx in Mouse Spermatozoa—The ZP-
induced [Ca2*]; signaling pathway is best characterized in
the mouse, where there is an initial depolarizing cation
influx, followed by a 2-stage influx of Ca?* (Florman et
al, 1998). The first stage of Ca2* influx is brief (200-300
ms; Arnoult et al, 1999) and occurs through a dihydro-
pyridine-sensitive VOCC. The pharmacology of ZP-in-
duced Ca* influx closely resembles that of the LVA
channel in mouse spermatogenic cells (Arnoult et al,
1996a,b; Santi et al, 1996; Florman et al, 1998). This
initial signal is then followed by a sustained elevation of
[Ca*];, which is dependent on the initial [Ca?*]; transient
but occurs by a separate influx pathway (Florman et al,
1998; Darszon et al, 1999). Various mechanisms have
been proposed, but recent data strongly support the idea
that this second phase is mediated by CCE through SOCs
(O’ Toole et al, 2000; Jungnickel et al, 2001).

In the simplest model based on these data, the initial
[Ca*]; transient may activate phospholipase C (PLC),
which in turn generates IP, and diacylglycerol (DAG).
This would ultimately result in the emptying of intracel-
lular Ca2* stores and consequent CCE (O’ Toole et al,
2000). Though this model awaits firm verification, the
evidence available at present suggests that it is essentially
correct. For example, Fukami et a (2001) have reported
recently that disruption of the PLC84 gene in mice results
in few, small litters or complete sterility in the male. The

sperm were also unable to initiate AR in response to ZP.
Jungnickel et a (2001) have studied the role of Trp pro-
teins in the sustained calcium entry pathway induced by
ZP3 in mouse sperm. Using an antibody raised to mouse
Trp2, they have shown the presence of a 123-kd protein
in mouse sperm, localized primarily to the anterior of the
sperm head. Further experiments with this antibody have
shown that it blocks thapsigargin-activated CCE and de-
creases the ZP-evoked Ce?* influx rate. The location of
Trp2 to the anterior head of mouse sperm is ideal for
interaction with the adjacent IP;R that is present in the
acrosomal membrane (see above). Interestingly, in the
hamster, there may be a contribution of VOCCs to the
late component of Ca?* influx since this part of the signal
is selectively blocked by nifedipine (Shirakawa and Mi-
yazaki, 1999).

A neuronal glycine receptor/Cl- channel (GlyR) has
been identified on mammalian sperm plasma membranes,
and there is evidence for the role of a GlyR in the initial
ZP-evoked response (reviewed in Llanos et al, 2001). Ex-
periments on human, rodent, and porcine sperm suggest
involvement of GlyR channelsin zona-induced AR, GlyR
agonists promoting AR in a dose-dependent manner (Me-
lendrez and Meizel, 1995; Turner et al, 1997; Llanos et
al, 2001). In addition, bicuculline, strychnine, and other
GlyR antagonists severely impaired or abolished ZP-me-
diated AR (Llanos et a, 2001). Mice with mutations in
the GlyR « and B subunits (termed ‘‘spasmodic” and
“spastic,” respectively) have been shown to lack the abil-
ity to undergo either ZP- or glycine-mediated AR (Sato
et al, 2000). In addition, Sato and colleagues observed
that a GlyR antibody abolished ZP-induced AR in wild-
type mouse sperm. The relationship of the GlyR to the
model outlined above is uncertain, but one possibility is
that the channel provides a mechanism of chloride efflux,
and consequent depolarization, for activation of VOCCs
(Garcia and Meizel, 1999).

P-Induced Ca?* Influx in Human Spermatozoa—The
response to P is best characterized in the human. When
spermatozoa are treated with B there is a rapid (within
seconds), transient elevation of [Ca*]; lasting 1-2 min-
utes, which is observed both by fluorimetry and single-
cell imaging (Blackmore et al, 1990; Foresta et al, 1993;
Plant et al, 1995; Aitken et al, 1996; Tesarik et al, 1996;
Meizel et al, 1997; Kirkman-Brown et al, 2000). This
[Ca*]; transient is abolished in a low-Ca2* medium, in-
dicating that it reflects an influx of extracellular Ca?*
(Blackmore et al, 1990; Foresta et al, 1993; Plant et a,
1995; Aitken et al, 1996), and is accompanied by depo-
larization of the membrane potential (Forestaet al, 1993).
There has been considerable debate about the involve-
ment of VOCCs in this response. P-induced AR is sen-
sitive to modulators of VOCCs (Shi and Roldan, 1995;
O'Toole et a, 1996a; Kirkman-Brown et al, 2000, un-
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published data), but most authors report little, if any, ef-
fect of VOCC blockers on the amplitude of the Ca** tran-
sient (Thomas and Meizel, 1989; Foresta et al, 1993; Ait-
ken et a, 1996). More recently, this question has been
reexamined in light of the detection of T channels in
mouse germ cells (see above). Garcia and Meizel (1999),
using fluorimetric measurement of [C&**]; in human sper-
matozoa, observed inhibition of the P-induced [Ca*],
transient by pimozide and mibefradil, drugs that affect the
mouse spermatogenic cell T current (Arnoult et al, 1998)
and are known to show some selectivity for T channels
over other VOCCs. However, the effects were difficult to
interpret, the dose-dependency of these effects being in-
consistent both with the action of these drugs on mouse
spermatogenic cell T currents (Arnoult et al, 1998) and
with their effects on P-induced AR. Blackmore and Ei-
soldt (1999), using a similar approach, concluded that T
channels were not involved in the [Ca?*]; response to P
In contrast, Morales et a (2000) and Patrat et al (2000a,b)
both reported strong inhibitory effects of T-channel block-
ing drugs on the P-induced [Ca2*]; response. However,
inconsistencies between laboratories and the lack of spec-
ificity of the compounds used are such that it is difficult
to draw conclusions from these studies. Using single-cell
imaging, we have detected an effect of VOCC blockers
on the duration of the transient. Our data indicate that the
transient Ca&2* influx includes a “‘late” VOCC-mediated
component as well as an “early” non-VOCC component
(Kirkman-Brown et al, 2000, unpublished data). It is not
yet possible to determine whether the VOCC involved is
a T channel or one of the high-voltage—activated VOCCs
that are also present in spermatozoa (see above). How-
ever, progress in identifying the molecular nature of
sperm T channels may soon permit a comparison of the
pharmacologies of the “‘late”” P-induced transient and re-
combinant human sperm T channels. The nature of the
early component of the early P transient still remains elu-
sive, the only proven antagonist being lanthanum (La)3*
(Blackmore et a, 1990; Plant et al, 1995; Aitken et a,
1996). An intriguing possibility is that reported differ-
ences in susceptibility of the P-induced [C&**]; transient
to VOCC antagonists reflect differences in the contribu-
tions of the 2 components.

After the initial P-induced [Ca**]; transient, a second,
sustained elevation of [Ca*]; occurs. This sustained
[Cat]; elevation is primarily, but not exclusively, ob-
served in cells that show the initial transient (Kirkman-
Brown et al, 2000). We have recently found that this sus-
tained response to P is partially occluded by pretreatment
with thapsigargin (an activator of CCE) and is reduced in
amplitude in the presence of 2-aminophenyl borate (an
inhibitor of Ca?* store depletion and consequent down-
stream events; Punt et al, 2001, in preparation). Since it
is aready known that the treatment of human or mouse
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sperm with P stimulates turnover of phosphoinositides
and generation of IP; and DAG (Thomas and Meizel,
1989; Roldan et al, 1994; O’ Toole et al, 1996b), it appears
likely that the sustained phase of the P-induced [Ca*],
response is supported by CCE.

Similar to the putative role of the GlyR/Cl- channel in
ZP-induced AR, the P-mediated calcium influx and AR
may involve a y-aminobutyric acid (GABA) receptor/Cl-
channel. GABA induces AR in human spermatozoa in a
dose-dependent manner, this response being inhibited by
GABA, receptor antagonists such as bicuculline and, to
alesser extent, by GABA; receptor blockers such as bac-
lofen (Wistrom and Meizel, 1993; Calogero et al, 1999).
Inhibition of P-induced AR by hicuculline is also ob-
served in the mouse (Roldan et al, 1994). Sperm incu-
bated with B, and then chalenged with GABA, show a
significant increase in AR compared to sperm incubated
with P alone (mouse: Roldan et al, 1994; human: Calo-
gero et al, 1999). GABA and P may act through the same
receptor or converge on a similar signaling pathway, as
their AR-inducing abilities are not simply additive (Cal-
ogero et a, 1999). Blockade of Cl- channels with pic-
rotoxin is reported to inhibit both the GABA- and P-in-
duced AR (Calogero et a, 1999; Kuroda et al, 1999). In
addition, ClI- efflux has been shown to take place during
the P-induced AR (Turner and Meizel, 1995). As with the
ZP-GlyR system, the subsequent membrane depolariza-
tion could activate a VOCC. There is aso evidence to
suggest that the activation of the GABA receptor may
increase the activity of a sodium/bicarbonate ion cotrans-
porter, leading to increased bicarbonate ion concentrations
within the sperm cytosol (Turner and Meizel, 1995).
However, it should be noted that not all laboratories detect
effects of GABA receptor manipulation on [Ca**]; or AR
(eg, Baldi et al, 1991; Blackmore et al, 1994). Blackmore
et a (1994) showed no correlation between the ability of
a number of modified steroids to initiate Ca* influx in
human spermatozoa and to modify Cl- uptake or CI- cur-
rents in human embryonic kidney (HEK)-293 cells trans-
fected with GABA, subunits. In addition, P-mediated
Ca* influx was unaffected by a series of GABA, recep-
tor/chloride channel modulators (Blackmore et al, 1994).
This conflicts with the data of Meizel et a (1997), who
observed a strong inhibition of P-induced Ca2* influx by
picrotoxin. Finally, it must be noted that in the 2 studies
that have investigated the actions of GABA itself and
GABA agonists on [C&**]; in human spermatozoa, no cal-
cium-mobilizing effect was observed (Blackmore et al,
1994; Aitken et al, 1996).

ZP- and P-Induced [Ca®* ], Responses—Untangling
Species and Agonist Differences

Comparisons between ZP- and P-induced C&* signaling
in spermatozoa are complicated by the nature of the data.
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Our understanding of ZP-induced [Ca?*]; signaling is pri-
marily derived from studies on the mouse. It has been
known for some time that solubilized zona induces AR
in the human (eg, Cross et al, 1988; De Jonge, 1996; Liu
and Baker, 1996; Henkel et al, 1998; Sabeur et al, 1998),
and it is clear that, as in the mouse system, this is asso-
ciated with arise in [Ca&*]; (Patrat et al, 2000b). Studies
using recombinant human ZP3 have also detected an €l-
evation of [Ca**]; and induction of AR in human sper-
matozoa (Brewis et al, 1996). AR in human spermatozoa
can even be induced by solubilized mouse ZP (Lee et dl,
1987). However, it is not yet known whether the [Ca2*],
signals in mouse and human spermatozoa are generated
in the same way. Fluorimetric records of ZP-induced
[Ca*]; signaling in populations of human spermatozoa
show a hiphasic response with asmall initial transient and
arather larger sustained phase, the kinetics being similar
to those of the response to P (Patrat et al, 2000b). Prelim-
inary studies suggest that both components of the re-
sponse are inhibited (but not abolished) by the VOCC
blocker pimozide (10 wM) (Patrat et al, unpublished data).
The AR and [C&**]; responses of human spermatozoa in-
duced by neoglycoproteins, which may activate the same
signaling pathway as ZP (Brandelli et a, 1995, 1996;
Blackmore and Eisoldt, 1999), are sensitive to blockers
of T-type VOCCs, consistent with a mechanism not un-
like that characterized in the mouse (Brandelli et al, 1996;
Blackmore and Eisoldt, 1999; Son et al, 2000). However,
the sensitivity to some of these blockers is strikingly dif-
ferent from that of the T channel in mouse spermatogenic
cells (Arnoult et al, 1998; Son et al, 2000). With regard
to the likely participation of SOCs downstream of the
initial Ca** influx, the human and murine responses must
differ somewhat, since Trp2, which is believed to support
CCE in ZP-stimulated mouse spermatozoa, is a pseudo-
gene in the human (Vannier et al, 1999). Since other Trp
channels (hTrpl and hTrp6) are believed to be expressed
in human testis (see above), one possihility is that, in the
human, the functional role of Trp2 is taken by another
member of the family. It thus appears that ZP-induced
Ce&* signaling in the human may be similar to that in the
mouse but is most unlikely to be identical.

Although it is known that P will induce AR in non-
human mammals (and even activate a Ca2*-dependent
AR-like response in octopus spermatozoa) (Tosti et al,
2001), the characteristics of the P-induced [Ca&*]; re-
sponse described above were derived entirely from human
studies. Kobori et a (2000) recently investigated the P-
induced [C&*]; signal in mouse spermatozoa. They
showed that the treatment of mouse spermatozoa with P,
as in the human, results in an elevation of [Ca*];,. How-
ever, there were clear species differences. Transient re-
sponses (similar to those observed in human spermato-
zoa) and more prolonged, plateaulike responses were

seen. Biphasic responses, as described in the human
(Kirkman-Brown et al, 2000), were not reported. Sensi-
tivity to P was low, less than 50% of cells responding at
a dose of 40 wM and less than 25% at 4 pM, a dose that
typically activates 80%—90% of human spermatozoa. Pro-
longed [Ce?*]; responses were only seen at the higher dos-
es. Use of VOCC blockers showed differential sensitivity
of the 2 components. Prolonged responses were abolished
by 1 uM pimozide (a dose that effectively blocks the T-
type current of mouse spermatogenic cells, Arnoult et al,
1998), but the transient responses were much less sensi-
tive. Neither of the response types was affected by 5 pM
verapamil, a blocker of L-type VOCCs. It appears likely
that, as with the response to ZP, the Ca?*-mobilizing ac-
tion of P is not identical in the 2 species but clearly has
similarities.

The mouse ZP- and human P-induced [C&?*]; signaling
responses, although clearly different, do possess some
striking parallels. Both are multiphasic, with an initial,
transient phase that activates the later component(s). It is
likely that the transient phase in both instances includes
depolarization (which may involve Cl- efflux) and acti-
vation of VOCCs (though in the case of B, the response
is not totally dependent on VOCC activation). Down-
stream of the initial transient, there is, in both responses,
a sustained influx of Ca?*, probably due to activation of
SOCs. It is likely that key components of the 2 responses
(VOCCs, store emptying, and CCE) are at least similar.
The simplest model, on the basis of these observations,
would be that the initial receptors/responses for ZP and
P are separate but that the signals subsequently employ
common components (Figure). In this context, it is of
interest that Roldan et al (1994) observed that larger num-
bers of mouse sperm underwent AR when challenged
with solubilized ZP subsequent to P exposure than when
the mouse sperm were challenged by the agonists in the
inverse order or simultaneously. The authors suggested
that P primes the sperm to respond to ZP, a suggestion
that is consistent with convergence of the signa trans-
duction pathways.

An intriguing observation is that of Krausz et al (1995,
1996), who showed that the P-induced [C&*]; signal in
human spermatozoa is highly predictive of fertilization
success in vitro. Furthermore, Oehninger et a (1994a)
showed significant impairment of the [Ca?*]; response to
P in cases of teratozoospermia (normally associated with
subfertility). Two simple interpretations of these data are:
1) the Ca2* influx mechanisms activated by P and ZP in
human spermatozoa are largely similar such that, in cases
of impaired ZP-induced C&* influx, P acts as a good
predictor of the response to ZP, or 2) responsiveness to P,
during penetration of the cumulus, is a key factor in the
ahility to respond to and/or penetrate the ZP. An impaired
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ZP pathway progesterone pathway
{mouse) (human)
[1] cation channe! 2] GlyR ? {il GABA,R? {i] P -gated channel » {iv] ‘early’

transient

T-type VOéC) (T or L-type VOCC)

[v} sustained [Ca '),
signal (SOCs)

{4] sustained [Ca '),
signal (SOCs)

Proposed parallels between intracellular calcium ion concentration
([Ca?*]) signals induced by zona pellucida (ZP) in the mouse and pro-
gesterone (P) in the human. Shaded areas indicate key events occurring
in both pathways. Left-hand pathway represents ZP-induced signaling in
murine spermatozoa: an unidentified cation channel (1) and possibly ef-
flux of CI- through a glycine receptor (GlyR) (2) provide initial depolar-
ization (shading) leading to activation of a T channel (3). Downstream
generation of inositol trisphosphate (IP;) and depletion of calcium ion
(Ca?*) stores (shading) cause store-operated channel (SOC) activation
(4), which provides the sustained component of the signal. Right-hand
pathway represents P-induced signaling in human spermatozoa: activa-
tion of an unidentified P-gated channel (i) and possibly efflux of CI-
through a y-aminobutyric acid (GABA,) receptor (GABA, R) (ii) provide
initial depolarization (shading) leading to activation of a voltage-operated
calcium channel (VOCC) (iii). Additionally, the P-gated channel (i) carries
the “early” non-VOCC Ca?* influx (iv). Downstream of (iii) or (iv), gen-
eration of IP, and depletion of Ca?* stores (shading) cause SOC acti-
vation (v), which provides the sustained component of the signal.

response to P is thus itself a cause of male-factor infer-
tility.

It is not possible, from the data available at present, to
discount either of these suggestions.

Final Thoughts and Future Directions

In this review, we have tried to make clear that there is
still much that is poorly understood about the actions of
ZP and P in inducing AR, particularly in the human. Our
model for induction of AR in the human is very depen-
dent on lessons learned from studies on the mouse. We
have almost no direct evidence regarding the mechanism
of action of ZP in the human, and the large body of data
on the action of P is remarkably inconsistent. Further-
more, we know almost nothing of the induction of AR in
vivo or the role of the cumulus and P in this process.
An immediate aim for work on human spermatozoa
must be to investigate ZP- and P-induced [C&*']; signaling
to permit a detailed understanding of the events under-
lying Ca2* mohilization equivalent to that which has been
achieved (for ZP) in the mouse. A secondary aim must
be for workers to start to employ experimental protocols
more comparable to the in vivo situation. If either 1) or
2) outlined in the previous section is correct, the role of
the cumulus (and P in particular) in induction of AR and
fertilization deserves considerably more attention.
Recommended reviews include those by Tanghe et al
(2002) on functions of the cumulus; Bray et a (1999) on
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progesterone receptors; Patrat et a (2000b) on AR/ZP
receptors; Darszon et a (1999) and Publicover and Barratt
(1999) on VOCCs and sperm; and Ward and Kopf (1993),
Bielfeld et al (1994a,b), Aitken (1997), and Breitbart and
Spungin (1997) on other signals and AR.
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