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ABSTRACT The sperm cell has a characteristic polarized morphology and its surface is also highly
differentiated into different membrane domains. Junctional protein ring structures seal the
surface of the mid-piece from the head and the tail respectively and probably prevent random
diffusion of membrane molecules over the protein rings. Despite the absence of such lateral
diffusion-preventing structures, the sperm head surface is also highly heterogeneous. Furthermore, lipid and membrane protein ordering is subjected to changes when sperm become
capacitated. The forces that maintain the lateral polarity of membrane molecules over the sperm
surface, as well as those that cause their dynamic redistribution, are only poorly understood.
Nevertheless, it is known that each of the sperm head surface regions has specific roles to allow
sperm to fertilize the oocyte: a specific region is devoted to zona pellucida binding, a larger area
of the sperm head surface is involved in the acrosome reaction (intracellular fusion), while yet
another region is involved in egg plasma membrane binding and fertilization fusion (intercellular
membrane fusion). All three events occur in the area of the sperm head where the plasma
membrane covers the acrosome. Recently, lipid ordered microdomains (lipid rafts) were discovered in membranes of many biological specimens including sperm. In this review, we cover the
latest insights about sperm lipid raft research and discuss how sperm lipid raft dynamics may
relate to sperm-zona binding and the zona-induced acrosome reaction.
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Introduction
The mammalian sperm cell at the ejaculated stage has a highly
differentiated morphology, which is reflected at its surface. Here
the sperm head, mid-piece and tail are divided by the posterior
ring and the annular ring structures, respectively (Eddy and
O’Brien, 1994; Yanagamachi, 1994). These structures are supposed to function as a kind of junctional barrier for lipid exchange
between the mid-piece and the head or tail. In particular, the
sperm head surface shows lateral surface heterogeneity where at
least four surface regions can be distinguished: the apical ridge
area, the pre-equatorial surface area, the equatorial and the post
equatorial surface areas (Fig. 1). In this context the sperm head
does not contain junctional barriers to maintain these regions (De
Leeuw et al., 1990) and thus to explain the lateral separation of
many proteins and lipids that are observed (for review see Flesch
and Gadella, 2000).
During sperm capacitation the membrane protein and lipid
organization changes dramatically (Yanagimachi, 1994; Myles
and Primakoff, 1984; Harrison et al., 1996; Suzuki-Toyota et al.,

2000; Cross et al., 2003; Harrison and Gadella 2005). It is these
changes that most likely result in the capacitated state which
characteristically allows the sperm to bind to the zona pellucida
and immediately thereafter to acrosome react. It is obvious that
certain sperm surface regions have specific roles in mammalian
fertilization (see Fig. 2). For instance, the apical ridge is involved
in sperm-zona binding and contains specific zona binding proteins that are absent, or at least not functional, at other parts of the
sperm surface (O’Rand and Fischer, 1987). After zona binding,
the sperm undergoes a rapid induction of the multiple fusions
between the plasma membrane and the underlying outer acrosomal membrane, which is confined to the pre-equatorial surface
area. This part of the sperm surface will form mixed vesicles with
the outer acrosomal membrane during the acrosome reaction and
will be shed by the sperm head (for references see Yanagimachi,
1994). Meanwhile, the inner acrosomal membrane takes over the
function as the plasma membrane.
Abbreviations used in this paper: NSF, N-ethylmaleimide sensitive factor;
SNARE, soluble NSF attachment receptor.
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cellular membranes are constructed. In
this model the membrane is organized as
a bilayer of amphipathic phospholipids
with the hydrophobic moieties (acyl
chains) arranged next to each other and
the hydrophilic part (the phosphate head
groups) either at the cytoplasmic plasma
monolayer interface, or at the extracellular monolayer (luminal monolayer for intracellular membranes). Cholesterol also
behaves as an amphipathic molecule in
both monolayers and the free hydroxyl
group in cholesterol is the hydrophilic
part, whereas the entire steroid backbone is the hydrophobic part. Due to the
flat and non-flexible steroid backbone
cholesterol stabilizes the membrane bilayer (Chapham, 1975).
In the mid 1970s it was realised that
different membrane lipids were not randomly distributed over the transverse
membrane bilayer (Verkleij et al., 1973;
Hakomori and Igarashi, 1995). The
amino-phospholipids phosphatidylserine
(PS) and phosphatidylethanolamine (PE)
were predominantly in the inner (cytosoFig. 1. Schematic representation of the boar sperm cell. (A) A sectional view of the sperm cell.
lic) lipid leaflet of the membrane bilayer,
All solid lines represent membrane bilayers 1, plasma membrane; 2, outer acrosomal membrane;
while glycolipids and the choline-phos3, acrosomal enzyme matrix; 4, inner acrosomal membrane; 5, nuclear envelope; 6, nucleus; 7,
posterior ring and neck; 8, mitochondria; 9, proximal part of the flagellum; 10, annular ring; 11,
pholipids phosphatidylcholine (PC) and
fibrous sheath; 12, axoneme + outer dense fibers. (B) A surface view of the sperm head and midsphingomyelin (SM) were more confined
piece with the subdomains 13, apical ridge; 14, pre-equatorial; 15, equatorial; 16, post-equatorial.
to the outer/luminal leaflet of the mem(C) The acrosome reaction 17, the mixed vesicles formed during the acrosome reaction via multiple
brane bilayer. Active phospholipid transfusions between the plasma membrane and the outer acrosomal membrane. Note that the
porter proteins serve to establish or to
equatorial subdomain is not involved in such fusions. Modified from Gadella, 1994.
disrupt the transverse phospholipid asymmetry (for review see Devaux et al., 2006).
The equatorial surface area of the sperm head is not involved It was also shown that a large proportion of the phospholipids
in the acrosome reaction and a hairpin like structure traverses the were able to diffuse over the surface area of the membrane
posterior sperm head plasma membrane via the equatorial part of (lateral diffusion; Scandella et al., 1972). Under physiological
the outer acrosomal membrane to the inner acrosomal mem- conditions, the immobile phospholipid fraction was immobilized to
brane. Noteworthy is the observation that this hairpin structure is the cytoskeleton or to the extracellular matrix. The lateral diffusion
the site of the sperm surface that is able to bind to the egg plasma properties of the lipid bilayer depended on the lipid content (Blok
membrane followed by the fertilization fusion and oocyte activa- et al., 1975; Cullis, 1976): Both the amount of cholesterol and the
tion (for review see Yanagimachi, 1994). These processes are head group composition of the phospholipids, as well as the acyl
organized via delicate surface reordering processes and although composition determine the fluidity of the membrane. Below the so
we appreciate the functional importance of these events (we know called phase transition temperature, the fluid lipids will enter a
why the surface is organized like it is), we do not really understand frozen state in which they do not show lateral diffusion (Feigenson,
how the domains of the sperm surface are organized and subject 1976). The fluid mosaic model also predicted that intrinsic memto delicate rearrangements.
brane proteins –not associated to the cytoskeleton, the immobile
This review is intended to provide the latest insights into how lipid fraction or the extracellular matrix— were also able to diffuse
lipid ordered microdomains (lipid rafts) play a key role not only in over the surface of a membrane, although their lateral diffusion
the lateral heterogeneity properties of the capacitating sperm, but speed is considerably slower than phospholipids due to the
more explicitly are instrumental for both zona binding and the relative larger size of membrane proteins (Cherry, 1979).
zona-induced acrosome reaction.
The fluid mosaic model did predict a random lateral diffusion
over a membrane, whilst in sperm membrane biology, it became
Detection of lateral diffusion
apparent that both diffusible membrane proteins as well as lipids
where not randomly distributed and even showed a marked
In the early seventies, it was first recognized that membrane redistribution when sperm were incubated under in vitro capacicomponents show lateral diffusion. The fluid mosaic model (Singer tation conditions (Flesch and Gadella, 2000; Gadella and Visconti,
and Nicolson, 1972) was proposed as a prediction as to how 2006; Jones et al., 2007). Within the sperm membrane, the
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relatively low amount of cholesterol, as well as the typical composition of the hydrophobic part of most of the phospholipids (16:0,
22:6 fatty acids), may facilitate surface heterogeneity (Brouwers
et al., 1998). Another important aspect to consider is the almost
complete absence of cytosol in sperm (Eddy and O’Brien, 1994;
Flesch et al., 1998). This implies that the sperm plasma membrane is in almost direct contact with the diverse underlying
membranes or cytoskeletal structures, which are highly organized in a very polar fashion. For the sperm head this may explain
the different compositions of the post-acrosomal surface (in
contact with the nuclear envelope) from the other areas (in contact
with the outer acrosomal membrane) (Yanagimachi, 1994). The
mid-piece plasma membrane is in contact with the mitochondria,
whereas the flagellar plasma membrane is in contact with the
outer dense fibers (see Fig. 1).
However, the subdivision of the anterior area of the sperm
head into the equatorial region, the pre-equatorial region and the
apical ridge, cannot be explained by the intracellular organisation
of organelles. Despite the lack of a direct explanation as to the
precise causes of this organization, these sperm surface areas
are known to be involved in zona binding, the acrosome reaction
and the fertilization fusion (see Fig. 2). Freeze fracture replicas of
the sperm head membrane established that there is no bilayer
spanning structure to prevent mixing of diffusible membrane
proteins or lipids (de Leeuw et al., 1990). Nevertheless different
surface densities and clustering of membrane particles (remnants
of trans-membrane proteins in the replicas) were observed for the
above described sperm head surface regions during capacitation
(Suzuki and Yanagimachi, 1989). Also, the use of fluorescent
membrane probes indicated that the sperm surface is regionalized. The use of fluorescence recovery after photobleaching
(FRAP), showed that each of the sperm head surface areas has
its own lateral diffusion properties (Wolfe et al., 1998). More
recently, an advanced method making use of nanopipette delivery of individual fluorescent molecules into the sperm surface,
allowing single-molecule fluorescence tracking using a total internal reflection resonance fluorescence microscope (for specific
detection of surface oriented fluorescent molecules), showed the
same results (Bruckbauer et al., 2007).
A number of studies report on the polar distribution of sperm
surface proteins and lipids and their redistribution during in vitro
capacitation. For instance, the eutherian specific seminolipid was
highly enriched in the apical ridge area of the sperm head and
migrated towards the equatorial area during capacitation, whilst
cholesterol showed the retrograde movement (Gadella et al.,
1994, 1995). Models predicting that seminolipid (anionically
charged) prevents membrane fusion, does not support the hexagonal II phase of phospholipids required for hemifusion of the
plasma membrane with the acrosome membrane. Prior to capacitation, the apical ridge oriented seminolipid may prevent the
preliminary membrane fusion with the outer acrosomal membrane, while after capacitation the equatorial oriented seminolipid
indeed stabilizes this part of the plasma membrane and prevent
it from fusion with the outer acrosomal membrane. The equatorial
plasma membrane thus becomes continuous with the outer
acrosomal membrane and the inner acrosomal membrane (which
takes over the function of the apical plasma membrane which is
shed of the sperm head after the acrosome reaction (see Fig. 1).
The resulting equatorial plasma membrane contains molecules

that are allowing sperm-to-egg membrane binding, as well as the
intercellular membrane fusion (fertilization fusion). The retrograde movement of cholesterol to the area where the zona
binding, as well as the zona induced acrosome reaction takes
place, is not easily explained by the fluid mosaic model of cell
membranes.
As described above, the fluid mosaic model (Singer and
Nicholson, 1972) does not adequately explain the restricted
lateral diffusion of membrane molecules of the mammalian sperm
surface. Another not yet understood phenomenon is the capacitation-induced redistribution of lateral segregated molecules into
other surface specialised membrane areas. With the use of a
variety of membrane probes such as lipid fluidity markers
(merocyanin), and fluorescent phospholipid analogs, it was demonstrated that the capacitating sperm surface had an increased
disordering of the fatty acid chains of the phospholipids and
enhanced lateral fluidity as well as a distorted phospholipid
asymmetry (Harrison et al., 1996; Gadella and Harrison 2000;
Cross, 2003). It was postulated that the partial scrambling of
amino phospholipids in the plasma membrane of the apical area
of the sperm head is responsible for these phenomona (de Vries
et al., 2003).
Interestingly, the group of David Garbers created a null mouse

Fig. 2. Schematic representation of the sequence of interactions
between the male and female gamete leading to fertilization. (1)
Sperm binding to the zona pellucida (restricted to the apical ridge
subdomain area); (2) the acrosome reaction (fusions restricted to the
apical ridge and pre-equatorial subdomain areas); (3) the penetration of
the zona pellucida (note that the equatorial membranes remain intact and
that the mixed vesicles resulting from the acrosome reaction are shed
from the penetrating sperm); (4) binding and fusion with the egg plasma
membrane (restricted to the equatorial subdomain area); (5) activation of
the fertilized oocyte by a soluble sperm factors; (6) polyspemy block by
the cortical reaction. Modified from Flesch et al., 2000.

476

B.M. Gadella et al.

for the sperm specific inward translocase for aminophospholipid
(flippase) (Wang et al., 2004). Consequently these mice lacked
the translocase establishing the transverse bilayer
aminophospholipid asymmetry. This renders the membrane
more fluid and thus more vulnerable for preliminary deterioration in the female genital tract. Sperm morphology and motility
were the same between null and wild-type littermates but
agents (merocyanine and annexin) that measure PS in the
outer membrane leaflet showed that PS already existed in the
outer leaflet of null spermatozoa before sperm capacitation.
Indeed the preliminary scrambling of phospholipids caused
fewer transporter(-/-) sperm bound tightly or having penetrated
the zona pellucida (ZP) and fewer underwent acrosome reactions. In vitro fertilization (IVF) was compromised, especially at
early time points, or at low sperm concentrations after mixing
null spermatozoa and eggs. Thus, a new aminophospholipid
transporter expressed, exclusively in spermatozoa is critical for
normal phospholipid distribution in the bilayer and for normal
binding, penetration, and signaling by the zona pellucida.
At the same time our group discovered that the normal
bicarbonate mediated scrambling of amino phospholipids in the
restricted apical part of the sperm head coincides with increased membrane fluidity and the noted lateral redistribution
of seminolipid and of cholesterol (Flesch et al., 2001). Note that
this is due to a bicarbonate sensitive activation of a sperm
specific scramblase while the translocase -/- mouse had preliminary exposure of PS in the entire sperm surface. The
bicarbonate mediated repacking of the sperm surface lipids
was essential to allow cholesterol efflux. At that time new
discoveries in the general field of membrane biochemistry led
to the concept that biomembranes contain lipid-ordered
microdomains also called lipid rafts (Simons and Toomre,
2000). Interestingly, those membrane structures were described
as being enriched in cholesterol. The importance of cholesterol
redistribution and depletion from capacitating sperm cells was
at that time already established (Cross 1998; Flesch et al.,
2001) and explains why the correlation of cholesterol with
sperm membrane raft organization is at the moment a hot
research field (see next section).

Sperm membrane microdomains
The problems a number of spermatologists had with the
prediction of the fluid mosaic model of cellular membranes at
physiological temperature, was partly explained by the refinement made in this model in the mid 1990s. At this time, the
concept of the so called lipid raft, a membrane microdomain
containing specific lipids and proteins, was launched (for a
review see Simons and Toomre, 2000). These small lipidordered microdomains were supposed to contain larger proportions of cholesterol, sphingomyelin, gangliosides, those phospholipids with saturated long-chain acyl chains, and also lipid
modified proteins such as GPI anchored proteins. A few marker
proteins were described for lipid rafts: caveolin which is a
cholesterol interacting protein involved in clathrin independent
endocytosis of caveolae (Elliott et al. , 2003; Nabi and Le, 2003)
and flotillin, whose function is not yet completely understood,
although it has a prohibitin homology (PHB) domain that is
supposed to interact with the raft by constituting a primordial

lipid recognition motif (Morrow and Parton, 2005). Both caveolin
and flotillin are present in mammalian sperm (Travis et al.,
2001; Cross, 2004; Sleight et al., 2005). In porcine sperm, both
proteins were detected in the plasma membrane over the
acrosome in a dispersed, punctuated pattern (van Gestel et al.,
2005a). Incubation of Percoll-washed sperm in an IVF medium
caused the redistribution of both lipid raft marker proteins into
the more confined region of the apical ridge and the labelling
appears as a clustering of the punctuated structures that were
observed prior to the incubation (van Gestel et al., 2005a).
Similar dynamics were described by other groups (Shadan et
al., 2004; Cross, 2004; Selvaraj et al. , 2007)
Interestingly, it is possible to isolate a detergent resistant
membrane (DRM) fraction at 4°C using 0.1% Triton X-100 or
similar detergent strength buffers. The non-solubilized membranes floated over a discontinuous density gradient and this
floating fraction containing the DRM. Although questionable, it
is proposed to represent the lipid raft fraction and is currently
the most widespread method to study membrane microdomains
(Lingwood and Simons, 2007). The DRM can also be isolated
from mammalian sperm (Cross 2004; Sleight et al., 2005;
Ermini et al., 2005; van Gestel et al., 2005; Legare et al., 2006;
Thaler et al., 2006). The fact that incubation with cyclodextrin
can causes solubilisation of the DRM (van Gestel, 2005b)
further substantiates that the DRM is reflecting sperm lipid
rafts. Cyclodextrin specifically extracts cholesterol from the
DRM which causes the solubilisation of this membrane fraction.
By means of lipidomics our group has also demonstrated that
the DRM is enriched in cholesterol and spingomyelin (van
Gestel et al., 2005b and unpublished results).
One could speculate that albumin might act in an analogous
fashion to cyclodextrin and induce lipid raft dissociation in
capacitating sperm. This idea was postulated by Flesch et al.
(2001). In fact, cyclodextrin treatments of sperm have been
suggested to induce sperm capacitation but a closer look gave
other indications. Albumin extracts some 20% of cholesterol
and only does this from the non-DRM fraction. The amount of
cholesterol in the DRM (and the amount of DRM protein)
remains similar prior to and after sperm capacitation (van
Gestel et al., 2005b and unpublished results). We now believe
that the extraction of non-DRM cholesterol provides the possibility of the rafts (represented in the DRM fraction) to aggregate
(see van Gestel et al., 2005a). However, cyclodextrin extracts
cholesterol from the non DRM and the DRM fraction, causing a
dissociation of the lipid rafts (up to 50% of total cholesterol). The
cyclodextrin concentrations where raft dissociation has been
observed have also been shown to result in cell death (van
Gestel et al., 2005b). Recently, these findings were independently confirmed by the group of Jones (Jones et al., 2007). On
the other hand, more subtle approaches to deplete cholesterol
from frozen-thawed murine sperm with the use of lower
cyclodextrin concentrations and restricted incubation times (30
minutes) were beneficial for mouse IVF using frozen thawed
epididymal sperm. The conditions used induced similar aggregation of lipid rafts (Jones et al., 2007) in the sperm plasma
membrane as has been shown to occur for albumin treated
sperm (van Gestel et al., 2005a). Therefore, care has to be
taken of the concentration and incubation duration with
cyclodextrins and the comparison of cyclodextrins –mediated
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alterations in lipid-ordered sperm membrane microdomains
and those affected by albumin.

Sperm membrane microdomains and the zona binding
Recently, we have used a nitrogen cavitation method to isolate
the apical plasma membrane fraction of mammalian sperm (APM;
Flesch et al., 1998). We have used the APM preparations to detect
which proteins were involved in the primary binding of sperm to
the zona pellucida. A whole sperm homogenate cannot be used
as it is loaded with secondary zona binding proteins from the
acrosome. As is described in section 1, the sperm makes initial
contact with the zona pellucida with the apical tip of the sperm
head. If other membrane areas of the sperm cells were involved
in zona recognition this would (from an ergonomic point of view)
frustrate sperm zona drilling.
This purification of APM results in membrane preparations of
the area that is exclusively involved in zona recognition and is a
valuable tool to enrich for those molecules devoted to primary
sperm zona binding. The APM preparations were incubated with
zona ghosts isolated from mature porcine follicles. Those proteins
with affinity for the zona ghosts were identified using proteomic
techniques (protein separation by 2D electrophoresis and protein
identification by tandem mass spectrometry) (van Gestel et al.,
2007). In a parallel study, we isolated DRM from sperm and
identified the most prominent proteins in the DRM that were not
detectable in the non-DRM (van Gestel et al., 2005a). Interestingly, a number of proteins that were detected as zona binding
proteins from the APM were highly specific for the clustered DRM.
These identified proteins were also described in the literature as
zona binding proteins, including: AQN-3 (also known as
spermadhesin; Calvete et al., 1996), P47 (the porcine homologue
of SED1, Ensslin et al., 1998; Ensslin and Shur, 2007) and fertilin
beta (Yamagata et al., 2002). Fertilin-beta is a transmembrane
protein thought to function as an adhesion molecule for the zona
pellucida; it was shown to have no function in sperm-egg membrane fusion as reported previously (Yamagata et al., 2002). The
other two zona binding proteins AQN-3/spermadhesin and P47/
SED-1, are secretory proteins from the epididymidal epithelium.
Both proteins become firmly attached to phospholipids of the
outer lipid leaflet of the sperm surface and remain there after
Percoll washing and IVF incubation, or even after treatment with
high salt. Both proteins have a restricted distribution in the
anterior tip of the sperm head surface (i.e. the area involved in
initial sperm-zona binding) (Petrunkina et al., 2003; Ensslin et al.,
1998)
Likewise, it has been recently demonstrated that many GPI
anchored proteins, which are highly exclusive for the DRM, and
thus considered to be specific for lipid rafts (for review see
Hooper, 1999), are acquired by the surface of the maturing sperm
cell by epididymosomes (Sullivan et al., 2007). Epididymsomes
are apocrine-secreted, tiny membraneous vesicles, also called
exosomes, that originate from the epithelium of the epididymal
tract (Frenette and Sullivan, 2001; Hermo and Jacks, 2002). It has
been demonstrated that GPI-anchored proteins from
epididymososmes can be linked to the sperm surface after
surface contact and that mouse sperm contain epididymal originated GPI anchored proteins. Examples are CD52 (also called
HE5) for human sperm (Yeung et al., 2001; Ermini et al., 2005)

and SPAM-1 (also called PH20, P26h,P25b) in a variety of
mammalian species (Phelps et al., 1988; Thaler and Cardullo,
1995; Zhang and Martin-Deleon, 2003; Frenette and Sullivan,
2001). It is of interest that we determined the protein carbonyl
reductase as one of the zona binding proteins (van Gestel et al.,
2005a). In the hamster this enzyme is in the same fraction as P26h
(Montford et al., 2002), which may indicate that carbonyl reductase is another GPI anchored protein involved in zona binding. It
is not yet clear how these GPI-anchored proteins are placed in the
sperm surface, although there are indications from other biological specimens that lipoprotein particles are mediating transfer of
GPI-anchored proteins from a donor to a target membrane
(Neumann et al., 2007). The high enrichment of zona binding
proteins in the DRM and the clustering of raft markers in the apical
ridge area of the sperm head, exactly matching the sperm-zona
recognition area, indicate that the redistribution of lipid ordered
membrane domains in sperm cells are contributing to the zona
binding event.

Sperm microdomains and the acrosome reaction
Of course the next step en route to the fertilization event is the
zona-induced acrosome reaction. Since we have indications that
the lipid ordered membrane microdomains are clustering in the
apical ridge are of the sperm head and are also involved in the
zona recognition, we have looked for the distribution of proteins
involved in the acrosome reaction. This is a multiple membrane
point fusion event induced by the zona pellucida and takes place
between the plasma membrane and the outer acrosomal membrane (see Fig. 1). Like other examples of intracellular membrane
fusion, it is generally believed that soluble N-ethylmaleimide
sensitive factor attachment protein receptor proteins (SNAREs)
are involved in this process (for a recent review see Mayorga et
al., 2007). Many proteins involved in the regulation and formation
of a SNARE fusion protein complex in mammalian sperm have
been identified using streptolysin-treated sperm. Although useful
to identify putative candidates involved in the acrosome secretion, we recently published a more biochemical approach to
identify and localize two different syntaxins (syntaxin 1 and 2) in
the sperm plasma membrane (Tsai et al., 2007). Interestingly, the
syntaxins show similar lateral distribution as flotillin. They were
exclusively recovered in the APM and absent in the sperm tail and
mid-piece as well as in intracellular structures of the sperm head.
The syntaxins were distributed in a punctuated, dispersed pattern
over the acrosome overlying surface area of the sperm, but were
not present in the equatorial area of the sperm head, or in the postacrosomal area. After in vitro capacitation, these syntaxins migrated to the apical ridge area and a substantial proportion of
these syntaxins were recovered in the DRM fraction. These
observations confirm co-localisation of SNARE proteins and
caveolin as described earlier (Gamboa and Ramaho-Santos,
2005; Sousa et al., 2006). The syntaxins were not recovered in the
DRM fraction when in vitro capacitation was induced in the
absence of one or more of the capacitation factors: bicarbonate,
calcium ions and albumin. The SNARE proteins from the outer
acrosomal membrane (vesicle-associated membrane proteins
VAMP 1 and 2) also show a similar redistribution in the sperm
head as they migrated from the pre-equatorial surface towards
the apical ridge area and showed recovery in the DRM fraction
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(Tsai et al., 2007).
Current research is determining whether the acrosome membrane polarity of VAMP is caused by the docking of VAMP to
syntaxin (explaining its redistribution on the sperm surface and its
extraction in the DRM), or that the sperm acrosome also contains
lipid rafts that are subjected to capacitation induced redistribution.
For each of the two possibilities we have preliminary evidence
(Tsai et al., unpublished results). Besides the necessity of SNARE
proteins for the acrosomal fusion, the group of Ackermann et al.
(2007) described a lipid-raft associated scaffolding protein to be
involved in acrosome to plasma membrane docking and that the
syntaxins and VAMP were later (after tethering) involved in the
execution of the acrosomal fusions. An additional group has found
that Rab3A has a tethering role between the sperm plasma and
outer acrosomal membranes and plays a role in the SNARE
complex assembly and the Ca 2+ mediated activation of
synaptotagmin (Yunes et al., 2000; Mayorga et al., 2007; Lopez
et al., 2007). It is already clear that the sperm acrosome has a
differentiated membrane, because VAMP 1 and 2 are not present
in the equatorial part of the acrosome and are also absent in the
inner acrosomal membrane. After in vitro capacitation they are
even further restricted in the apical ridge area of the acrosome.
In this light it is interesting to note that the integral acrosome
membrane protein zonadhesin is also confined to specific parts of
the outer acrosomal membrane (Lea et al., 2001) and that after
capacitation a more restricted area of the outer acrosomal membrane is occupied with zonadhesin even under detergent conditions that were similar to those used to prepare DRM (Olson et al.,
2004). This may indicate that capacitation-dependent processing
and lateral redistribution of outer acrosomal membrane proteins
into the putative lipid-ordered domain of this membrane not only
contributes to the zona-induced acrosome reaction (by recruiting
VAMP proteins), but also recruits secondary zona binding proteins to the anterior part of the acrosome in order to guarantee
maximal secondary zona binding and zona penetration immediately after the acrosome reaction.

Conclusion
In this review we have aimed to emphasize the role of the
sperm membrane heterogeneity in the cascade of processes
leading to the fertilization of the oocyte. In particular, the formation
of lipid ordered microdomains in the sperm surface appears to be
relevant for sperm-zona binding and the zona-induced acrosome
reaction. Proteomic approaches have revealed that epididymal
maturation is an important process for the addition of phospholipid interacting and GPI anchored proteins. At least some of those
proteins that remain associated to the sperm after IVF treatments
have been shown to be involved in sperm-zona binding. We also
have indications that the lipid rafts are surface specialisations that
link sperm-zona binding to the zona induced acrosome reaction
as the plasma membrane and outer acrosomal membrane SNARE
proteins involved in this process migrate into the lipid rafts and
cluster in the apical ridge area.
However, we do not yet know how this IVF situation compares
to the physiological situation where sperm have to migrate to the
female genital tract and will interact with the cumulus oocyte
complex somewhere in the isthmus region of the oviduct. It is
certainly possible that the uterus and/or oviduct epithelium is

involved in further sperm surface remodelling allowing more
efficient sperm-zona interaction and the zona induced acrosome
reaction. Although such studies would involve more tedious
approaches to obtain relevant data, they may shed light on what
we normally bypass in the IVF clinic to achieve fertilization.
Further understanding of the role of uterus/oviduct proteins in
sperm-oocyte interactions may help us to define new strategies to
overcome infertility problems or to design new contraceptives to
prevent fertility.
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