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ABSTRACT

Fertilization is a process involving multiple steps that
lead to the final fusion of one sperm and the oocyte to
form the zygote. One of the steps, acrosome reaction
(AR), is an exocytosis process, during which the outer
acrosome membrane fuses with the inner sperm mem-
brane, leading to the release of acrosome enzymes that
facilitate sperm penetration of the egg investments.
Though AR has been investigated for decades, the initial
steps of AR in vivo, however, remain largely unknown. A
well elucidated model holds the view that AR occurs on
the surface of the zona pellucida (ZP), which is triggered
by binding of sperm with one of the ZP glycosylated
protein, ZP3. However, this model fails to explain the
large number of ‘falsely’ acrosome-reacted sperms found
within the cumulus layer in many species examined. With
the emerging evidence of cross-talk between sperm and
cumulus cells, the potential significance of AR in the
cumulus oophorus, the outer layer of the egg, has been
gradually revealed. Here we review the acrosome status
within the cumulus layer, the cross-talk between sperm
and cumulus cells with the involvement of a novel sperm-
released factor, NYD-SP8, and re-evaluate the importance
and physiological significance of the AR in the cumulus
in fertilization.
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INTRODUCTION

Fertilization is a multi-step process that leads to eventual
interaction of sperm and oocyte and formation of a zygote. To

reach and fertilize an oocyte, millions of spermatozoa travel a
long way, through the cervix to the oviduct, in the female
reproductive tract, and undergo a series of critical events
including capacitation, acrosome reaction (AR), penetration
through the oocyte vestments, until one out of the millions of
spermatozoa fuses with and enters the oocyte to form the
zygote.

The mature oocyte is surrounded by two investments. The
outer layer is the cumulus oophorus composed of cumulus
cells and matrix, and the inner layer is known as the zona
pellucida (ZP) outside of the egg membrane. It is generally
accepted that in order to fertilize the egg, spermatozoa have
to go through the following sequence of events to penetrate
through egg investments: (1) sperm capacitation in the
fallopian tube/oviduct; (2) sperm penetration through the
cumulus; (3) binding of acrosome-intact sperm to ZP; (4) AR;
(5) penetrating ZP by acrosome-reacted sperm; and (6)
fusion with the egg (Yanagimachi, 1994).

Although sperm morphology differs in species, all sperma-
tozoa contain a single Golgi-derived secretory granule
located at their anterior head, called the acrosome. AR, one
of the critical events in mammal fertilization, is defined as the
fusion of the outer acrosome membrane with inner sperma-
tozoa plasma membrane in multiple sites (Yanagimachi,
1994; Brucker and Lipford, 1995; Ikawa et al., 2010). In
response to appropriate stimuli, the outer acrosome mem-
brane and the overlying sperm plasma membrane fuse and
vesiculate, leading to exposure of acrosomal contents. During
this exocytosis process, the hydrolytic enzymes such as
hyaluronidase and acrosin within acrosome are released from
spermatozoa as a result of AR (Tulsiani et al., 1998).

The mechanisms underlying AR have been extensively
investigated, which are believed to be mediated mainly via
extracellular calcium influx (Fukami et al., 2001; Breitbart
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et al., 2010); however, the initial steps of AR in vivo remain
largely unclear. Most researchers agree that AR occurs on the
surface of ZP layer of the oocyte when a capacitated sperm
encounters ZP, and is triggered by one of the glycosylated
protein, ZP3 (Cross et al., 1988; Lee et al., 1992; van Duin
et al., 1994; Gupta et al., 2009). This model assumes that the
acrosome is either intact or reacted when spermatozoa reach
ZP, and only those with intact acrosome can bind with ZP3
and carry out AR. The hydrolytic enzymes released from the
acrosome help the sperm penetrate the ZP layer and reach
the egg. However this model cannot explain why quite a
number of spermatozoa in the cumulus oophorus are already
acrosome-reacted, before they get to ZP (Bedford, 1972;
Cummins and Yanagimachi, 1982). Recently, accumulating
evidence of cross-talk between the cumulus oophorus and
spermatozoa has emerged (Yin et al., 2009; Tanii et al., 2011),
suggesting a more important role of the cumulus matrix and
cumulus cells in fertilization, which has been long overlooked.
Herein we re-examine evidences related to AR in the cumulus
oophorus, taking into account of the recent discovery of a
sperm factor, NYD-SP8, released upon sperm-cumulus
interaction, and discuss the molecular basis underlying the
interaction of sperm and the cumulus and its potential
physiological significance in fertilization.

STATUS OF SPERM ACROSOME IN THE

CUMULUS: THE CONTROVERSY

To find out where AR is initiated in vivo, various methods have
been adopted to observe the morphology and the ultrastruc-
ture of acrosome at the head of spermatozoa located in the
ampulla of fallopian tube, the cumulus mass and the ZP layer
(Pereda and Coppo, 1985; Nakanishi et al., 1999; Hasuwa
et al., 2010). In spite of the differences in animal species
examined and methodologies adopted, it is consistently found
that the spermatozoa in the oviduct are acrosome-intact or
occasionally reacted, while the spermatozoa penetrating the
zona are acrosome-reacted. The experimental results vary,
however, as regard to the acrosome status of spermatozoa
within the cumulus or at the surface of the zona. Earlier
electron microscope studies of in vivo fertilization in the rabbit
have found that a majority of sperm passing between the
cumulus cells displayed various stages of AR, while only
occasionally intact sperms were present close to the ZP.
Besides, the contents of the acrosome were lost before the
sperm penetrated the ZP (Bedford, 1968). Similar to the
rabbit, human spermatozoa found in the cumulus cells were
all acrosome reacted under electron microscope with no
evidence of the presence of spermatozoa with intact
acrosome in the cumulus matrix (Pereda and Coppo, 1985).
On the contrary, electron microscope studies of spermatozoa
recovered from sheep and cow intracervical insemination
showed an opposite result. Remnants or vesiculated products

of AR were present at the ZP surface of every penetrated egg,
which indicated that the AR in sheep and cow occurs at the
surface of the ZP (Crozet and Dumont, 1984a; Crozet,
1984b). This is also consistent with in vitro studies in the
hamster, which suggested that fertilization in the hamster is
accomplished by a spermatozoon that undergoes an AR at
the surface of the ZP (Gwatkin et al., 1976). It is important to
note that at the time of recovery most of these ovulated
oocytes were corona cell free. The exclusion of the
spermatozoa within the cumulus from these studies might
cause a bias when analyzing the sites of AR in vivo, since the
cumulus cells are still present around the egg at the point of
fertilization in most species. Interestingly, using transgenic
mice that express GFP protein in sperm acrosome, it has
been feasible to observe the real-time process of AR in live
sperm excluding any exoteric treatment (Nakanishi et al.,
1999; Nakanishi et al., 2001; Hasuwa et al., 2010), which
shed new light on finding out initial site of AR in vivo.

Although the exact site of AR could not be concluded from
the above mentioned conflicting in vivo and in vitro results, it
does suggest that the cumulus and zona are the two most
possible candidate sites for AR. Correspondently, there are
two models of AR with regard to its initiation and sperm
penetration sites. The early model was that AR occurs in the
cumulus layer before sperm penetrate the zona layer. It is the
hydrolytic enzymes released following the AR that ensure
sperms to disperse the cumulus mass and reach the zona
layer (Talbot, 1985; Yanagimachi, 1988). Unfortunately, this
hypothesis is challenged by the observation that the expres-
sion of hydrolytic enzymes thought to facilitate sperm
penetration of the cumulus, PH-20 and Hyal5, were found
on the surface of sperm membrane but not within the
acrosome (Lin et al., 1994; Kim et al., 2005; Kimura et al.,
2009), which means sperm do not necessarily undergo AR to
release hydrolytic enzymes when passing through the
cumulus layer. Recent results obtained from PH-20 null
mice have revealed that mouse sperm lacking PH-20 are still
fertile with only delayed penetration through the cumulus
(Baba et al., 2002), while sperm lacking both PH-20 and
Hyal5 have not yet been studied. It is possible that other
hydrolytic enzymes on the sperm membrane might be
involved in passing the cumulus, or these membrane
enzymes are not sufficient for sperm penetration of the
cumulus. Nevertheless, this AR model still lacks the key
evidence for the underlying mechanisms, including the
molecules triggering AR within the cumulus and mediating
the interaction between sperms and the cumulus mass.

A new AR model, which holds the opinion that AR is
initiated at the surface of the ZP, has gradually gained
acceptance with the identification of a responsible protein
involved (Yanagimachi, 1994). A glycoprotein of the ZP, ZP3,
has been proved to induce the reactionary events when it
binds to the membrane receptor of acrosome-intact sperm
(Bleil and Wassarman, 1980; Bleil and Wassarman, 1983).
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One of the most persuasive proofs is that only acrosome-
intact spermatozoa can bind to and penetrate ZP for further
fusion with the inner oocyte (Miller et al., 1992), suggesting
that AR must occur after binding to ZP. Thus, this widely
accepted model considers the observed acrosome-reacted
sperm traversing the cumulus as “false-reacted” or “sponta-
neous reacted” which might stick to the cumulus mass and
eventually be phagocytosed by the cumulus cells. However, a
recent capillary-cumulus model found that acrosome-reacted
sperm could penetrate the cumulus in the capillary instead of
trapping in the cumulus mass (Rijsdijk and Franken, 2007). It
has also been observed that the dispersal of acrosome
content persists at least for 15min after the initiation of AR in
vitro, indicating that the status of acrosome is neither OFF
(intact) nor ON (acted), but includes a series of intermediate
states (Hardy et al., 1991; Kim et al., 2001; Kim and Gerton,
2003; Sutovsky et al., 2010). Moreover, this model fails to
explain why there exists such a large percentage of false or
spontaneous acrosome-reacted sperm in almost all species
examined so far. If the acrosome enzymes, released as a
consequence of the acrosome reaction, are not necessary for
sperm to penetrate the cumulus, we should expect to see
much more sperm with intact acrosomes, both within the
cumulus and on the ZP. Apparently this is not the case when
the eggs are surrounded by cumulus, and therefore, the
present AR model is obviously inadequate for explaining all
the events of acrosome reaction.

CROSS-TALK BETWEEN SPERM AND CUMULUS

CELLS

Controversy still exists regarding the role of the cumulus
during fertilization, especially during sperm penetration
through the cumulus mass. The role of the cumulus in
sperm-egg interaction remains unclear. It should be noted
that most in vitro experiments have been focusing on the zona
layer with the cumulus cells removed, which might have
neglected or overlooked the importance of the cumulus in
fertilization. Growing evidence has emerged unfolding the
cross-talk between sperm and the cumulus cell and matrix,
which requires the re-evaluation of the role of the cumulus in
sperm penetration and fertilization.

Facilitated AR in the presence of cumulus layer

Although the notion that AR occurs in the cumulus layer has
been denied for decades, the interaction between sperm and
the cumulus mass has been observed constantly. Several
lines of evidence have emerged showing that the cumulus
could increase sperm AR or even directly induce AR in vitro.
In the presence of human cumulus oophorus, a significant
enhancement of human sperm AR was observed after 5 h
preincubation with the capacitation medium in vitro (Tesarík,
1985). A study examining the effect of cumulus matrix and

cumulus cells on sperm penetration revealed that, compared
to cell-depleted matrix, more sperm could penetrate the intact
cumulus complex, with a higher percentage of normal
morphology, AR and motility (Hong et al., 2009). Fragments
of preovulatory human cumulus were washed 3 times and
incubated for 24 h, and the spent media and washes were
assayed for their ability to initiate human sperm AR in vitro.
AR activity was present in the first two washes but not the
third wash; however, AR activity was recovered after 3
washes and incubation for 24 h. The percentage of acrosome
reacting human sperm was significantly increased if human
sperm were incubated with the cumulus mass (Carrell et al.,
1993). These findings suggest that interaction of sperm with
the cumulus mass could result in AR, or that the cumulus
mass may facilitate sperm to undergo AR.

Chemoattractants released from cumulus cells

Another communication between sperm and the cumulus
oophorus appears to be the chemotaxis, an important
mechanism that enables high forward motility of sperms in
the ampulla of fallopian tube, the egg storage site after
ovulation, and guides them to the ovulated oocyte. Although
the attractants and the molecular mechanism of sperm
chemotaxis in mammals are not yet known, sperm chemo-
taxis to follicular fluid, the mature oocyte and the surrounding
cumulus oophorus have been reported by a number of
studies (Jeon et al., 2001; Wang et al., 2001; Sun et al., 2005;
Gil et al., 2008; Guidobaldi et al., 2008; Oren-Benaroya et al.,
2008). It has been postulated that the chemoattractants,
including heparin, progesterone, atrial natriuretic peptide
(ANP), adrenaline, oxytocin, calcitonin and acetylcholine,
might also be originated from the cumulus oophorus (Sliwa,
1993; Sliwa, 1994; Anderson et al., 1995; Sliwa, 1995;
VillanuevaDíaz et al., 1995).

Involvement of a sperm-released factor in induction of
AR by progesterone of cumulus cells

Among the potential chemoattractants, it is interesting to note
that progesterone is also a potent inducer of AR in vitro. In
many species, progesterone is present in the preovulatory
follicular fluid and released to the oviduct during ovulation,
which might be one of the sources of local progesterone at the
site of fertilization (Osman et al., 1989; Thomas and Meizel,
1989). The cumulus cells have also been reported to secret
progesterone after ovulation, which is thought to be involved
in both sperm chemotaxis to the cumulus oophorus and
cumulus-induced acrosome reaction (Witte and Schäfer-
Somi, 2007; Guidobaldi et al., 2008). Therefore progesterone
has been suggested to be the trigger of AR in the cumulus
layer in vivo. Unfortunately, this process still remains elusive
since it is not clear how spermatozoa interact with cumulus
cells and trigger the production/release of progesterone,
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although there have been reports that calcium mobilization is
responsible for progesterone production (Jezová et al., 2001;
O’Donnell et al., 2004).

Our recent discovery of a sperm factor, which can be
released upon sperm-cumulus interaction and induce
calcium-dependent progesterone release (Yin et al., 2009),
has shed new light into our understanding of AR process
during sperm penetration of the cumulus. NYD-SP8 is a
glycosylphosphatidylinositol (GPI)-anchored protein localized
to the posterior head of human and mouse sperm. When
sperm were treated with phosphatidylinositol specific phos-
pholipase C (PI-PLC), which specifically cleaves GPI-
anchored protein from the membrane, NYD-SP8 could be
detected in the supernatant. Moreover, the cumulus cells,
which do not express endogenous NYD-SP8, showed a
positive NYD-SP8 fluorescent immunostaining after incuba-
tion with sperm for six hours, suggesting that NYD-SP8 can
be cleaved from sperm membrane upon sperm-cumulus
interaction and bind to the cumulus cells. Recombinant NYD-
SP8 protein significantly increased intracellular calcium in
cumulus cells, and induced progesterone production of
cumulus cells. This induction could be inhibited by NYD-
SP8 antibody or calcium chelator BAPTA-AM, suggesting that
binding of NYD-SP8 to cumulus cells may lead to production
of progesterone in a calcium dependent manner. Moreover,

sperm incubation with cumulus cells resulted in an increase
of acrosome reaction, and this increase could also be
inhibited by NYD-SP8 antibody but reversed by addition of
progesterone. These results provide clear evidence of cross-
talk between sperms and cumulus mass and cumulus-
induced acrosome reaction via a sperm membrane protein,
NYD-SP8. It is very likely that NYD-SP8 is cleaved from
sperm head upon its interaction with the cumulus and binds to
the cumulus cells, which results in calcium mobilization and
progesterone production in cumulus cells. The progesterone
secreted from cumulus cells subsequently initiates sperm AR
within the cumulus layer. The findings of our study have thus
provided, for the first time, the possible sequence of events
leading to AR in the cumulus (Fig. 1) (Yin et al., 2009).

POTENTIAL ROLE OF THE CUMULUS-INDUCED

AR IN FERTILIZATION IN VIVO

When all the above evidences are pooled together, it is clear
that the ZP may not be the only site of AR and that the
cumulus mass may also be a physiological site of AR. We
thus propose that some sperm initiate their AR when
contacting with the cumulus cells, while some of them remain
acrosome intact until they reach the ZP and bind to ZP3. This
modified model of AR suggests that the cumulus layer is a

Figure 1. Schematic representation of sperm releasing NYP-SP8 (SP8) and interacting with cumulus cells. As a result of

SP8 binding to cumulus cell surface, intracellular calcium of the cumulus cell increases and leads to progesterone release, which
subsequently triggers AR to facilitate sperm penetration of the cummulus.
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tighter barrier than previously thought, and it requires sperm
to undergo AR in order to penetrate through, as they do
penetrating ZP. This new AR model reconciles with the above
two models and provides a reasonable explanation for the
large number of acrosome-reacting or reacted sperm in the
cumulus mass observed in many species, which have been
previously thought to be “falsely” acrosome-reacted. How-
ever, the proposal of AR occurring in the cumulus has
encountered a difficulty since acrosome-reacted sperm could
not penetrate ZP and enter the egg. Traditionally, people
regard spermatozoa as a population but not a sum of millions
of individuals, and it is assumed that all sperm initiate their AR
at the same point and the same site. However, as individuals,
some spermmay initiate their AR in the cumulus and even die
before they reach the zona. False AR was proposed to
provide a possible explanation for the observed acrosome-
reacting or reacted sperms located within the cumulus mass.
However, it is hard to answer why such a large percentage of
sperm go through a wrong reaction. Therefore, a more
reasonable explanation might be that the AR initiated at the
site of the cumulus is for meaningful purposes that we are not
entirely sure at the moment. Obviously, these acrosome
reacted sperm may disperse the cumulus mass for other
sperm population and it is the sacrifice of the acrosome-
reacted sperm at the site of cumulus that paves the way for
other sperm to follow through without undergoing AR until
they reach ZP. This perhaps explains why millions of sperm
are required for successful fertilization. AR in the cumulus
may serve other purposes, which are still beyond our
understanding. For example, the cumulus-induced AR may
affect and modify the microenvironment of the cumulus mass,
which might have an impact on the other sperm and facilitate
them to fertilize the egg.

CONCLUDING REMARK

AR is an important step that sperm must undergo for
successful fertilization, but the exact site of AR in vivo
remains controversial. The accepted model that AR occurs at
the surface of ZP only upon acrosome-intact sperm binding to
ZP3 cannot explain the large number of acrosome-reacted
sperm found in the cumulus mass in many species and is
challenged by the recent finding of a sperm-released factor,
NYD-SP8, that initiates AR upon sperm interaction with
cumulus cells. We propose that the cumulus oophorus, in
addition to the ZP, is a site for AR initiation. This proposal has
suggested the involvement of a sperm protein in the initiation
of AR and a possible new role of the cumulus layer in
fertilization. Further studies investigating the cross-talk
between sperm and the cumulus layer are necessary to
confirm this newmodel and unraveil the mystery of AR in vivo.
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