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Abstract The acrosome is not just a bag of enzymes, most of
which, if not all, are singly non-essential for sperm–oocyte
interaction. The Golgi-derived acrosomal cap reveals some
extraordinary development and structure particularities. The
acrosome of eutherian spermatozoa basically consists of two
parts, the anterior and equatorial segments; the present review
is devoted to the former, the initial actor in fertilization. Its
occasional fanciful morphological changes during epididymal
maturation are analyzed, together with its heterogeneous con-
tents: enzymes, zona binding proteins, structural proteins (ma-
trix) and yet to be chemically characterized crystalloids. The
plasma and acrosomal membranes present stabilized ordered
domains, whereas glycoprotein-free areas appear during ca-
pacitation and before fusion. Exocytosis, induced by the cu-
mulus oophorus and/or the zona pellucida, may generally start
proximally and progress anteriorly, resulting in the detach-
ment of a hybrid membrane shroud, whose entity is probably
maintained by the boundmatrix. Immediately released soluble
enzymes must be active during the first interactions of the
gametes, whereas other lysins, bound to the matrix or stored
as proenzymes, are only progressively released. Zona binding
is probably achieved via the shroud and/or the IAM (depend-
ing on species). Penetration along an incurved slit through the
stratified zona is allowed by the rigid and denuded head tip
and flagellar hyperactivity, and assisted by the local proteolyt-
ic activity of proteasomes bound to the IAM, the unique
essential zona lysin system.

Keywords Acrosome . Anterior segment . Ordered
structures . Zona binding . Zona penetration

Introduction

In the literature on secretory cell types, the germ-cells are not
commonly given as an example. However, both male and
female gametes generally contain vesicles or granules
originating from the Golgi apparatus that include
glycoproteins such as lytic enzymes, released by exocytosis,
as described below. If we restrict our scope to eutherian
mammals, the mature oocyte displays cortical granules
under the oolemma, which are typical small secretory
vesicles containing glycoproteins, as first shown at the light
and electron microscope level by Yanagimachi and Chang
(1961) and by Fléchon (1970), and enzymes (review by Liu
2011). Their exocytosis is induced by sperm–oocyte fusion
and results in the block of polyspermy (Austin and Braden
1956), demonstrated by the fertilizability of parthenogeneti-
cally activated oocytes where cortical granules are discharged
only subsequent to gamete fusion (Fléchon et al. 1975).

In male gametes, the acrosome is the only one secretory
vesicle located on the anterior part of the cell. As early as the
pachytene stage of meiosis, the Golgi apparatus of the sper-
matocyte produces secretory vesicles. Their contribution to
the formation of the acrosomal cap was followed by histo-
chemistry, such as the periodic acid–Schiff–PAS staining tech-
nique of the constitutive glycoproteins (Clermont and
Leblond 1955). Similar to a lysosome, the acrosome was
found to contain enzymes that were readily interpreted, by
comparison with invertebrates, as agents of egg coat penetra-
tion (Yanagimachi 1994).

As recent reviews have already been devoted to evolution-
ary (Bedford 2014) and biochemical aspects (Buffone et al.

* Jacques-Edmond Fléchon
jb.flechon@orange.fr

1 INRA, UMR 1198, Biologie du Developpement et de la
Reproduction, 78530 Jouy en Josas, France

Cell Tissue Res (2016) 363:147–157
DOI 10.1007/s00441-015-2238-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00441-015-2238-0&domain=pdf


2014; Miles and Sutowsky 2014) of mammalian fertilization,
the present synthesis will only deal with the structure of the
acrosome, the distribution of its heterologous contents before
and after exocytosis and their role during binding to and pen-
etration of the zona pellucida. Also excluded are metabolic
aspects such as sources of energy, role of ions, pH, etc.

General knowledge of the acrosome

Although the spermatozoa, sometimes considered one of the
most specialized cell types, display common body plan and
parts, defined by Fawcett (1975), they show, as illustrated by
Retzius (1909), an extraordinary variety of shapes as a result
of evolution. In ejaculated spermatozoa, the acrosome looks
schematically like a flat cap enveloping the anterior part of the
sperm head. It is limited by a single membrane called the outer
acrosomal membrane (OAM) under the plasma membrane
(PM) and the inner acrosomal membrane (IAM) around the
nucleus, or more precisely the perinuclear theca and its ante-
rior tip, the perforatorium, also named by analogy with
invertebrates (Austin and Bishop 1958). The acrosome in eu-
therians basically consists in two parts, the big anterior seg-
ment (AS) and the smaller and thinner posterior segment,
located in the median part of the sperm head and therefore
called the equatorial segment (ES). Contrary to the cortical
granules, the acrosome participates in the initial interaction
of the gametes at fertilization. The acrosome reaction occurs
at the start of the gamete interaction. It consists in the fusion of
the PM with the OAM, initially described as a simple exocy-
tosis of essentially proteolytic enzymes collectively termed
egg coat lysins (Barros et al. 1967; Yanagimachi 1994).

Acrosomal modifications during epididymal sperm
maturation

Morphological changes

Among modifications occurring in spermatozoa during epi-
didymal transit, the reshaping of the acrosome is sometimes
one of the most obvious, with exceptions. In man, where the
acrosome is very thin and closely wraps the nucleus, or in
Muridae where it is falciform, there is not much change. In
paddle-shaped acrosomes of Artiodactyla, Perissodactyla and
Lagomorpha, the shape of the anterior margin is modified and
becomes asymmetrically bulbous; this anterior rim (AR) is
clearly evident in rabbit (Bedford and Nicander 1971). The
most spectacular change is epitomized by spermatozoa of the
guinea pig (Fawcett and Hollenberg 1963), the musk shrew
(Cooper and Bedford 1976; Phillips and Bedford 1985) and
the squirrel (Breed et al. 2011). Head elongation may be the
result of an evolution related to sperm competition

(Tourmente et al. 2011). In cauda epididymis, guinea pig
sperm heads are stacked in Brouleaux^ by their large apical
segments bound by unique junctional zones (paracrystalline
glycocalix) and the PM and OAM are bound on the ventral
side of this segment (Friend and Fawcett 1974). There is no
notable morphological change during ejaculation, storage and
capacitation in the female genital tract.

Segregation of intra-acrosomal material

The acrosomal vesicle, partly derived from and containing the
components of, the spermatid proacrosomal granule, is al-
ready heterogeneous at the secretory phase (review by
Buffone et al. 2008). During epididymal transit, a dense body
(DB) appears in the ventral face of the thickened AR in
paddle-shaped sperm heads (Nicander and Bane 1966).
Hamster spermatozoa show a different electron density of
dorsal and ventral contents of the AS (Olson et al. 1998). In
the large AS of mature guinea pig spermatozoa, several com-
partments are visible (Fawcett 1975). The heterogeneous as-
pect of the materials in the AS may reflect different degrees of
protein glycosylation. If we rely on phosphotungstic acid
(PTA) staining at a very low pH of thin sections in a hydro-
philic embedding medium, glycoproteins appear preferential-
ly located at a short distance from the OAM and not in the area
of the DBs, e.g., in rabbit sperm (Fléchon 1979). Glycoprotein
staining in superficial intra-acrosomal material, using labeled
lectins, was effectively observed and used as a test of acro-
some reaction, on spermatozoa of several species, as described
and reviewed by Marti et al. (2000). Some of these glycopro-
teins were indeed characterized (see below). The DBs are
essentially proteinaceous material, readily extracted by
pronase treatment of thin methacrylate sections (Fléchon
1975).

The origin of the ES has been followed in man from the
acrosomal vesicle of round spermatids, where a segment-
specific protein was detected, up to the fully differentiated
spermatozoon step of spermiogenesis (Wolkowicz et al.
2003). With the PTA technique, the contents of the ES of
mature rabbit sperm are no longer stained (Fléchon 1979).
The thin layer of material in the ES appears striated in trans-
verse sections, evocating a septate junction and this ordered
structure is supposed to tightly bind the OAM to the IAM
(Moore and Bedford 1978, Russel et al. 1980). Accordingly,
these membranes display a hexagonal pat tern of
intramembrane particles (Fléchon et al. 1986).

Neglected aspects of acrosome structure:
paracrystalline components

The significance of ordered structures in spermatozoa is gen-
erally overlooked; they are found, if we restrict the focus to the

148 Cell Tissue Res (2016) 363:147–157



acrosome region, in the PM, the OAM and IAM and inside the
acrosomal material. They first appear during epididymal mat-
uration, a phase of sperm cell condensation.

Plasma and acrosomal membranes: fusion problematics

The changes in the fine structure of sperm membranes were
studied during in vivo or in vitro capacitation, a necessary step
before gamete interaction (Yanagimachi 1994). In epididymal
and ejaculated spermatozoa, an ordered distribution of
intramembrane particles (IMPs) was revealed by freeze-
fracture in some areas of the sperm PM, OAM and IAM in
several species. Arrays of IMPs were observed in the PM
overlying the AR of ram spermatozoa (Fléchon et al. 1986),
the acrosome of monkey (Reger et al. 1985) and rat sperma-
tozoa (Toyama and Nagano 1988). A localized ordered distri-
bution of IMP was also found in several species in the OAM
(Friend and Fawcett 1974; Yanagimachi and Suzuki 1985;
Aguas and Pinto Da Silva 1989) and in the IAM (Koehler
1975; Huang and Yanagimachi 1985; Fléchon 1985; Olson
and Winfrey 1985a).

The IMPs of the PM were characterized as transmembrane
glycoproteins by freeze-fracture labeling (Aguas and Pinto Da
Silva 1983). Using this technique again, the same authors
(1985) found on the contrary that the OAM was relatively
poor in glycoproteins. Various labeled lectins and antibody
conjugates were used to respectively localize PM glucidic
surface residues and follow their intramembranous glycopro-
tein fluidity (discussed by Yoshida et al. 2010). However, no
more precise relationship with the IMP was found and all
surface markers (antibodies, etc.) may also have detected
binding and/or loss of molecules during the transit from epi-
didymis to the ampulla.

Before and/or during induced acrosome reaction in several
species, a redistribution of IMPs was observed in the PM
overlying the acrosome, resulting in the formation of areas
empty of particles (Fléchon 1985; Fléchon et al. 1986;
Yanagimachi and Suzuki 1985; Aguas and Pinto Da Silva
1989). If this is not a freezing artifact, it may be related to
the mobilization of glycoproteins and glycolipids (lipid rafts)
already occurring during capacitation (Van Gestel et al. 2005;
Khalil et al. 2006). Does the local ordered distribution of IMPs
mirror the presence of crystalloids inside the acrosome (see
below) or is it a sign of the probably less fusogenic ability of
these domains? The PM and underlying OAM were observed
to bind together in boar sperm AR with SNARE (attachment
protein receptor) proteins before any fusion during in vitro
capacitation (Tsai et al. 2010), although trans-SNARE com-
plexes were found everywhere in the PM. These complexes
result from loss of cholesterol, increased membrane fluidity
and aggregation of proteins involved in membrane fusion
(Ramalho-Santos et al. 2000). Filipin-labeled sterols are abun-
dant in the PM over the acrosome in epididymal and

ejaculated spermatozoa of the golden hamster (Toshimori
et al. 1987). Glycolipids are migrating from the AR to the
ES domain of pig spermatozoa before the acrosome reaction
(Gadella et al. 1995), while an increase of bound sterols la-
beled by polymyxin B (and again formation of empty patches)
was observed in the PM overlying the AS of in vitro capaci-
tated human spermatozoa and similar results obtained in other
species were discussed by Tesarik and Fléchon (1986). Many
molecules were proposed to individually play a role in mem-
brane fusion (Yoshida et al. 2010); however, only the synergy
of several of them may be efficient (Jones et al. 2007). These
authors also found that large lipid domains, contrary to single
lipids, were not able to move outside the intra-acrosomal do-
main. Such a Bmolecular filter^ between the acrosomal and
postacrosomal regions evokes the limit between the basal and
apical domains in epithelial secretory cells.

The initiation of membrane fusion is said to occur at mul-
tiple points but there is yet to be agreement as to where it starts
and how it progresses, as it may depend on the species and the
mode of induction. Natural inducers, although analyzed
in vitro, are considered to be the cumulus oophorus, as de-
scribed in early studies on a few but varied species, analyzed
and reviewed by Siiteri et al. (1988), confirmed by Hiroashi
et al. (2011) and Jin et al. (2011) and underlined by Bedford
(2011) and/or the zona pellucida (Wassarman 2005), perhaps a
two-step security system. In the golden hamster, the acrosome
reaction is completed on the zona in a higher percentage of
spermatozoa when the cumulus is present (Cherr et al. 1986).
In contrast, it is well known that in livestock species the cu-
mulus is lost soon after ovulation. In both cases, the acrosome
exocytosis may be induced by the same mucopolysaccharides
and proteoglycans either constituting the cumulus matrix or
displayed on the surface of the zona. The deposition of this
mucous layer during oocyte maturation was described and
previous observations were reviewed by Fléchon et al. (2003).

In the peculiar case of the human spermatozoa, the fusion
of PM andOAMwas described as beginning at the anterior tip
of the very thin acrosome, after induction with follicular fluid
(Yudin et al. 1988) and an ionophore (Harper et al. 2008). The
acrosome reaction in mouse spermatozoa was observed
in vitro by confocal microscopy to start proximally when in-
duced by tubal fluid (Yoshida et al. 2010), which is not a
natural inducer of acrosomal exocytosis and distally when
induced by the zona pellucida (Satouh et al. 2012).
Similarly, exocytosis started randomly in mouse spermatozoa
when induced by an ionophore and distally when induced by
solubilized zona in vitro (Buffone et al. 2009b). In the guinea
pig spermatozoa, the induced fusion starts in the huge anterior
segment and progresses across the principal segment, along
the branching arrays of hybrid membrane tubules, as revealed
by transmission electron microscopy (Flaherty and Olson
1991). The Ca2+-ionophore treatment of ram spermatozoa
initiates the acrosome reaction at the posterior limit of the
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AS as observed after freeze-fracture (Fléchon 1985, Fléchon
et al. 1986); fusion proceeds towards the AR as branching
tubules following hexagonal patterns similar to that of the
IMPs in the IAM. Ionophore-induced membrane fusion in
the boar spermatozoa starts in the same place and progresses
in the same direction as shown by the electron-micrographs of
Topfer-Pedersen et al. (1985). In their work on induced acro-
some reaction in the boar, Aguas and Pinto Da Silva (1989)
conceded that it is difficult to capture the onset of fusion by
freeze-fracture and they gave almost no evidence of mem-
brane fusion into the AS. Interestingly, in these studies on
ram and boar spermatozoa, fusion did not progress in the
ES, or at least to a posterior part of it, particularly in boar
spermatozoa and was stopped along similar arborescent tu-
bules. The existence of a mini-ES, called the lunula, was first
observed in ram spermatozoa by scanning electron microsco-
py (Schulte-Wrede and Wetzstein 1972); moreover, atomic
force microscopy of spermatozoa undergoing epididymal
maturation in Artiodactyla detected the appearance of a rough
semi-circular surface area in the posterior part of the ES, called
the equatorial subsegment (Ellis et al. 2002). After induced
acrosome reaction, the subsegment persisted and exhibited
anterior finger-like projections in ram spermatozoa, reminis-
cent of the aforementioned freeze-fracture images. The
subequatorial segment is probably a general feature in euthe-
rian spermatozoa; it may appear during epididymalmaturation
and becomes more evident after capacitation. The plasma and
acrosomal membranes display there a high fusion ability
(Jones et al. 2008).

The posterior initiation model fits well with the observed
detachment, along a line of dehiscence, of the reacted AS from
the head, looking like a perforated glove finger, habitually
called the shroud or ghost. Along this line is also maintained
the cell integrity by the fusion of the PM and OAM of the ES
(Bedford et al. 1979) and the initial site of sperm–oocyte fu-
sion following zona penetration (Yanagimachi 1994).

Acrosome crystalloids

The first electron microscope observations of an ordered
structure inside the acrosome were made in rabbit and ram
spermatozoa (Fléchon 1975; Courtens et al. 1976). These
paracrystalline bodies (PBs), located in the AR, showed par-
allel striations in two crossing directions on thin sections; PBs
were posteriorly apposed to the IAM. It was possible to ob-
serve the crescent form of a PB in a section parallel to the flat
ram sperm head. In fact, the PBs correspond exactly to the
dense bodies when observed at a sufficient resolution and their
granular structure was already observed after freeze-fracture
(Fléchon 1974). A periodic structure was also described in the
AR of bovine spermatozoa (Olson and Winfrey 1985a, b).
There is only one dense body (PB) on the ventral side of the
AR of bovine spermatozoa and two, dissymmetrical ones, the
larger also in the ventral side of a thicker AR and the other in
the dorsal side of the rabbit spermatozoa (diagram in Fig. 1).
After Triton X100 treatment of rabbit spermatozoa, the crys-
talloids remained associated with the acrosomal lamina, a pe-
ripheral layer of the acrosomal material (Olson and Winfrey

Fig. 1 Diagram of a rabbit sperm
head sectioned twice transversally
through the apical ridge. The
nuclear envelope and the
acrosomal lamina are not
represented. Only one direction of
striations is drawn in the PBs. AC
acrosomal content, AS anterior
segment, ES equatorial segment,
iAM inner acrosomal membrane,
oAM outer acrosomal membrane,
N nucleus, P perforatorium, dPB
dorsal paracrystalline body, vPB
ventral paracrystalline body, PM
plasma membrane
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1994) and appeared as two horseshoes located on both sides of
the head tip after negative staining. They were fragmented,
either in their normal state or as a result of extraction.
Crystalloids may also be present in falciform acrosomes
(Muridae), as shown by a periodic structure observed in the
superficial layer of the AS in rat spermatozoa (Phillips 1972).

The ordered structures may be built by condensation of
acrosomal materials during epididymal maturation, as we
could not detect them earlier than in the corpus epididymis
of the rabbit (Fig. 2a, b). As the dense bodies are bound to the
acrosomal matrix and so persist in the shrouds of acrosome-
reacted spermatozoa around the zona pellucida (Kopecny and
Fléchon 1987), it is suggested that PBs are aggregates of
structural proteins rather than enzymes.

Olson and Winfrey (1994) described the rabbit crystal-
loids as made of globular subunits spaced of 7–8 nm
center to center. Similarly, a repetitive interval of 6–
7 nm was measured between the striations in rabbit sper-
matozoa in various physiological states, epididymal, ejac-
ulated, or incubated in vitro (Fléchon, unpublished). As
this interval may depend on the orientation of the crystal-
loids relative to the plane of the section, the dimension
was examined again on micrographs obtained with a go-
niometer stage; the tilt was adjusted so that the electron
beam was parallel successively to one and then the other
crystal plane (Fig. 3a, b); the mean value obtained was
around 6 nm. Optical diffraction of micrographs did not
provide further information except that the angle formed
by the two crystal planes was about 60°. These values

may be useful to contribute to the elucidation of the com-
position of the PBs.

Is the presence of crystalloids in the AS of spermatozoa of
eutherian mammals a general rule? There is a striking similar-
ity of crescent morphology between the extracted rabbit PBs
(Olson and Winfrey 1994), the isolated matrix of guinea pig
sperm (Buffone et al. 2008) and the purified SDS resistant
core of mouse spermatozoa (Guyonnet et al. 2014), although
the acrosome shapes are different. Reciprocally, are the crys-
talloids part of the acrosomal matrix in the restricted meaning
of structural proteins involved in the binding and stepwise
release of enzymes? No zona lysin activity has been detected
in the PBs thus far (see below); only binding (artifact?) of
peroxidase-labeled antibodies against hyaluronidase and
acrosin could be observed in images published by Gould
and Bernstein (1975) and Huneau et al. (1984). A suggestion
may be made about the composition of crystalloids, as amy-
loids would contribute to the Bformation of the SDS resistant
core^ of the mouse spermatozoa (Guyonnet et al. 2014).

If crystalloids are composed purely of structural proteins,
theymay play a role in determining the shape of the acrosome,
as proposed by Phillips (1972) for murine spermatozoa. The
PBs may be backbones for the bulging ARs of paddle-shaped
acrosomes during epididymal maturation. With the acrosomal
matrix being considered as the scaffold of the AS and shroud
(Buffone et al. 2008), the crystalloids may in turn be the back-
bone of the acrosomal matrix.

Fig. 2 PB appearance in corpus epididymal spermatozoa. a Regular
striations of the two PBs in a transverse section of a sperm head.
Bar 0.1 μm (×80,000). b High magnification of the striations in a part
of a consecutive section of the same sperm head. Bar 0.1 μm (×140,000).
The PBs can be more easily observed by increasing the magnification on
screen

Fig. 3 Sagittal section of an ejaculated sperm head observed with the
goniometer stage. Bar 0.1 μm (×106,000). a−15° inclination: alignments
almost perpendicular to the sperm axis in the large PB. b +20° inclination:
alignments almost parallel to the sperm axis in the large PB. The PBs can
be more easily observed by increasing the magnification on screen
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Distribution of components in the intact acrosome

The internal heterogeneous aspect of the AS corresponds to a
segregation of its contents, not randomly mixed. Many com-
pounds have been characterized by biochemical techniques
(Ito et al. 2013), among them enzymes (Buffone et al. 2008;
Ito et al. 2013) and zona binding proteins (Yu et al. 2006;
Yoshida et al. 2010; Kim et al. 2011), some of them
transported to the PM as aggregates by chaperones during
capacitation (Kongmanas et al. 2014). Even if we limit the
scope essentially to the quest for essential lysins, their partial
characterization and localization result from a large amount of
work.

Although initial studies of immunocytochemical studies
suffered from lack of resolution, at least specific localization
of enzymes was, as a rule, limited to the AS. Hyaluronidase,
e.g., was detected in the AS in several livestock species
(Fléchon and Dubois 1975). This location was confirmed by
immunoelectron microscopy (Gould and Bernstein 1975).
The same technique allowed precise localization of several
proteins and enzymes (e.g., matrix proteins, proacrosin and a
soluble enzyme) in different domains of the large AS of guin-
ea pig spermatozoa (review by Buffone et al. 2008). As
acrosin at the time was supposed to play a role in sperm–zona
penetration, the sperm proteolytic activity was first analyzed
by digestion of a gelatin substrate: lysis diffused around reacted
acrosomes and disappeared after head denudation (Gaddum-
Ross and Blandau 1977). Confirming earlier studies,
Puigmule et al. (2011) observed by immunoelectron microsco-
py the proacrosin–acrosin complex and a metalloproteinase
concentrated in the AR of in vitro capacitated boar spermato-
zoa, both originating from the proacrosomic granule; acrosin
was also detected, almost uniformly, in the AS of epididymal
bull spermatozoa, with the notable exception of the DBs, not
pointed out by the authors (Ferrer et al. 2012). Equatorin, a
glycoprotein bound to the acrosomal membrane of round sper-
matids, was later associated with the OAM (except in the apical
region) and IAM on one side and the underlying acrosomal
material on the other side in mouse spermatozoa (Ito et al.
2013); it is externalized during the acrosome reaction
(Yoshida et al. 2010), however, its role in fertilization is yet to
be determined. Other intra-acrosomal enzymes, analyzed upon
exocytosis, are described below.

Acrosomal exocytosis

During acrosome reaction, some enzymes are readily released,
such as hyaluronidase that is supposed to play a role during the
passage through the hyaluronan-rich cumulus oophorus, al-
though this may not be essential (Talbot et al. 1985) and the fact
that this action may be affected by another (redundant) means
(Nguyen et al. 2014). The mucous layer on the zona surface

may be scoured by sperm hyaluronidase before binding, which
is effectively inhibited by a monoclonal antibody to the cell
surface hyaluronidase PH20 (Myles et al. 1987). Note that the
latter (complementary) enzyme does not seem to be effective in
the sperm progression through the cumulus (Baba et al. 2002).

The acrosome reaction is a peculiar exocytotic event, as it is
not reversible. Moreover, although membrane fusion is almost
instant (a few seconds according to Harper et al. 2008), the
secretion of only part of its contents takes an unexpectedly long
time (several minutes). A disulfide bond stabilized acrosomal
matrix binds enzymes, e.g., proacrosin (NagDas et al. 1996).
The distribution of soluble and insoluble components, as de-
tected on micrographs of intact spermatozoa, was partially su-
perposed (Hardy et al. 1991). The release of some enzymes is
progressive as molecular changes must occur such as depoly-
merization or degradation of, e.g., proacrosin into acrosin and
matrix proteins by acrosin itself (Kim et al. 2011; Buffone et al.
2014). Exocytosis may also depend on other enzymatic activi-
ties (Morales et al. 2003; Chakravarty et al. 2008).

An extracted acrosomal matrix was recovered with the
OAM of the AS of rabbit, bull and hamster spermatozoa,
termed acrosomal lamina (Olson and Winfrey 1994; Olson
et al. 1997, 1998). This superficial layer of material may be
composed of glycosylated proteins (Fléchon 1979). In ham-
ster spermatozoa, Olson andWinfrey (1985b) observed a local
association of ventral peripheral matrix material (acrosomal
lamina), OAM areas containing regular arrays of IMPs and a
sheet of longitudinal and parallel filaments of unknown nature
applied on the cytoplasmic side of this membrane.

Matrix material was present in the shrouds of reacted acro-
somes, both in vitro and in vivo and still contained incorpo-
rated labeled precursors of glycoproteins (Kopecny and
Fléchon 1981, 1987); it is probably responsible for the integ-
rity of the shroud, otherwise this ghost of perforated mem-
branes would soon disintegrate. In hamster spermatozoa,
two matrix proteins bound to hydrolases, one ventral and the
other dorsal, appear on thin sections of different electron den-
sity and distinct from the acrosomal lamina; they derive from a
common precursor in round spermatids (Olson et al. 1998).
The acrosomal matrix was eventually described in spermato-
zoa of all species examined, including hamster (review by
Olson et al. 1998), guinea pig (reviewed by Westbrook-Case
et al. 1994; Buffone et al. 2008; Kim et al. 2011), mouse
(Buffone et al. 2009a) and confirmed in bovine (epididymal)
spermatozoa (NagDas et al. 2010). With mass spectrometry
and proteomic techniques, it is now possible to identify an
unexpected diversity of acrosomal proteins, although their
precise location and roles may remain unknown (Byrne et al.
2012; Guyonnet et al. 2012). It was suggested that the acro-
somal matrix includes several cytoskeletal components (re-
view and own results by Zepeda-Bastida et al. 2011), although
it is unusual for, e.g., F-actin to be located inside a secretory
vesicle.
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Unique features of the IAM in the anterior segment

The IAM of the AS has its own peculiarities; it is bound to the
perinuclear theca and resistant to extraction by detergents
(Huang and Yanagimachi 1985). Although the IAM plays
the role of PM in the AS region after acrosome reaction, it
shows arrays of IMPs and lack of fluidity (inability to fuse
with the oolemma): during gamete fusion, it is incorporated
into a phagocytic vesicle inside the oocyte cytoplasm (Satouh
et al. 2012). The perinuclear theca contains proteins linked by
-S-S- bonds (Bedford and Calvin 1974; Courtens et al. 1976),
a pool of cytoskeletal proteins according to Oko and Maravei
(1994). It is closely packed around the nucleus made of pro-
line and cystein-rich -S-S- crosslinked protamines (Bedford
and Calvin 1974), forming stratified sheets visible after
freeze-fracture (Fléchon 1974). Thus, the denuded thin and
rigid anterior part of the sperm head constitutes an indispens-
able tool for zona penetration. This is the basis of the
Bhypothesis of mechanical penetration^. In this concept, the
thin and rigid sperm head functions as a scythe propelled
laterally and forward by the hyperactivated flagellum
(reviewed by Bedford 2014). The thrust for penetration of
hamster spermatozoa may be increased by the presence of
the cumulus material (Drobnis et al. 1988). In this species,
the spermatozoon is maintained parallel to the zona surface
by the bound shroud, transpierced at its tip and relegated pos-
teriorly; around the latter, the sperm head is free to oscillate
(Cummins and Yanagimachi 1982). It is perhaps not always
the case (Yanagimachi and Phillips 1984) and not the rule in
other species, as discussed by Baltz et al. (1988). If the pene-
tration was purely mechanical, it could be explained by the
curved trajectory of the slit first observed by Dziuk and
Dickmann (1965); the head would be able to negotiate the
spongious zona surface and then, step by step, the stratified
(liquid crystal) inner texture of the zona (Fléchon et al. 2004).
Interestingly, zona proteins themselves contain crystalline do-
mains (Monné et al. 2008). The structure of the zona may be
important for binding (Dean 2004) but also for penetration
(Mugnier et al. 2009). The texture of the generally thick egg
coat of eutherian mammals, comparable to that of a tennis ball,
may explain why it is flexible but not easily perforated per-
pendicularly (Green 1987), as invertebrate spermatozoa do in
their respective egg coats.

To demonstrate how acrosin or other proteases could con-
tribute to sperm penetration through the zona, some contents
of the AS should remain on or bind to the surface of the IAM
after the acrosome reaction; however, no trace of radioactively
labeled glycoproteins was found on denuded sperm heads in
the perivitelline space of oocytes fertilized in vivo, except
around the ES (Kopecny and Fléchon 1987). Thus, only a
very low amount of labeled material, if any, may remain on
the IAM. In spite of contradictory results, acrosin is probably
not retained on the IAM after acrosome reaction (Schams-

Borhan et al. 1979). Acrosin alone is not able to dissolve the
zona (Dunbar et al. 1985) and Acr gene knockout did not
prevent fertilization (Baba et al. 1994), whereas it may at least
contribute to the disaggregation of the matrix (see above).

As no alternative protease with zona lysine ability was
proposed at that time, the question is now what would be the
indispensable enzyme for zona lysis if the mechanical zona
penetration is necessary (Bedford 2014) but insufficient
alone? The criteria for such a lysin would be:

– presence in (or on) the acrosome
– binding to the IAM after acrosomal exocytosis
– no zona binding ability per se and, adversely, aptitude to

loosen spermatozoa bound to the zona
– ability to dissolve the zona or at least to break bonds

between some zona glycoprotein molecules (this would
explain why the slit cannot close again after sperm
penetration)

– no diffusibility from the IAM, as the slit is typically not
enlarged during and after sperm passage.

Most of these criteria have been met as a result of a long
series of experiments, made essentially with the pig as a mod-
el, the mouse being a peculiar species in this field and others
(Sutovsky 2011). The boar sperm acrosome carries active
proteasomes on its surface (Sutovsky et al. 2004; Yi et al.
2007a, b) able to digest solubilized ubiquitinated sperm
species-specific receptors of the zona; inversely, isolated
sperm proteasomes loosen the zona and consequently detach
bound spermatozoa (Zimmerman et al. 2011). After the acro-
some reaction, at least some proteasomes remain bound to the
IAM (Yi et al. 2010). The same mechanism exists in other
species of eutherians where the egg coat penetration is also
blocked by antibodies to proteasomes and by proteasomal
inhibitors, and in Prochordates (e.g., Sawada et al. 2002),
although their egg coats are very different (reviewed by
Miles and Sutowsky 2014).

Although most individually knocked out zona lysins seem
dispensible alone, Redgrove et al. (2011) described complexes
of zona binding proteins on the sperm surface, prominently
featuring proteasomes and chaperones for externalization that
may participate in the binding to and local lysis of the zona
surface (reviewed by Miles and Sutowsky 2014). As already
suggested by Yanagimachi (1994), bound sperm heads may
effectively appear trapped, embedded in the spongiform su-
perficial layer of the egg coat (Yanagimachi and Phillips 1984;
Jedlicki and Barros 1985; Fléchon 1987) or ploughing their
own bed (Sutovsky et al. 2004). The proteasomes may de-
grade the zona binding proteins eventually exposed to the
IAM (detected on isolated AS of rat spermatozoa by Yi et al.
2007a, b) before zona penetration to allow free progression of
the sperm. Another possibility is the removal of sugars from
the ligand zona glycoproteins (Sutovsky P, personal
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communication). In fact, the already mentioned mucous ma-
trix deposited on the zona pellucida surface may be another
neglected piece of gamete interaction; it may be the superficial
layer where ubiquitinated proteins are located (Sutovsky et al.
2004), or it is the peripheral stratum of the zona, also secreted
by the cumulus cells (Kolle et al. 1996). The role of the cu-
mulus may be confirmed by the detection of ubiquitin in the
follicular fluid (Einspanier et al. 1993). Finally, a unique
proteasomal subunit may recognize mannose-rich sugar resi-
dues (Yoshida et al. 2002) and binding of a mannose ligand on
the zona by a human sperm surface specific receptor (Benoff
et al. 1997) may be one moremechanism of induced acrosome
reaction.

Finally, what about spermatozoa recovered from the
perivitelline space and able to cross the zona again (Kuzan
et al. 1984; Inoue et al. 2011)? Do they maintain the necessary
complement of enzymes on the IAM or ES? Both of those
sperm head elements appear paradoxically inert, whereas they
may in fact play essential roles respectively in zona penetra-
tion and gamete fusion.

Conclusion

Contradictory ideas sometimes last about the structure of the
acrosome and its role in gamete interaction of eutherian mam-
mals. The present review provides an opportunity to underline
a few personal views of old overlooked and new breaking-
through facts on the subject.

The acrosomal membranes and the overlying PM present
regionally ordered arrays of IMPs, which may correspond to
relatively stable domains, whereas the appearance of IMP free
areas during capacitation is probably related to the formation
of lipid rafts preliminary to exocytosis.

The acrosome reaction may be induced by the cumulus
oophorus and ultimately by the zona pellucida, depending
on the species. Cumulus-enclosed oocytes may in some cases
give a better rate of in vitro fertilization. Membrane fusion
may start, with exceptions, at the posterior limit of the AS
and progresses anteriorly along hybrid membrane tubules,
branching in directions following, at least under favorable
conditions of observation, the hexagonal IMP arrays of acro-
somal membranes.

The perforated acrosomal ghost detaches from the ES, is
pierced by the perforatorium in rodents and may remain
around a posterior part of the sperm head, bound to the zona.
This way, the sperm head is maintained parallel to the zona
surface. Consecutively or alternatively, when the ghost is lost,
the sperm head may be tethered to the egg coat by its IAM and
in this case binding proteins have to be removed before pen-
etration. In both cases, the sperm head is digging a small bed
in the superficial layer of the zona, made of mucopolysaccha-
rides and glycoproteins.

The disulfide bonds in sperm cells constitute a general sys-
tem to reinforce the cohesion and rigidity of elements as dif-
ferent as the nuclear material, the perinuclear theca and the
acrosomal matrix; the last is a part of the acrosomal material,
not readily soluble after exocytosis. It contains various en-
zymes and structural proteins bound to and giving its cohe-
sion, via a distinct acrosomal lamina, to the hybrid membranes
of the reacted acrosome.

The ultimately well-designated perforatorium and other
hardened head parts are necessary to perforate, along a curved
parabolic slit, the successive layers of the thick stratified zona.
It seems that the primitive mode of perforation of the egg coat
with zona lysins, operating in lower class animals, survived in
eutherians in order to ease the mechanical penetration.
Although most of the acrosomal proteins (enzymes, zona
adhesins, etc.) may not appear essential according to single
gene knock-out studies in mouse, proteasomes bound to the
non fusogenic IAM would do the job.

Protein crystalloids of an as yet unknown nature were ob-
served in the AS of spermatozoa in several species, assembled
not later than during epididymal maturation; they may be the
backbone of the acrosomal matrix scaffold.

Seemingly redundant and/or alternative mechanisms are at
work at each step of sperm–oocyte interplay (way through the
cumulus oophorus, initial interaction with the mucous layer
and/or the surface of the zona, sperm binding to the egg coat)
in order to increase the chances of fertilization. Sometimes,
opposite views are revealed to be complementary.

The ES, due to the paracrystalline structure of its contents
and of its membranes, is not involved in acrosomal exocyto-
sis. Nevertheless, its hybrid membrane domain (PM/OAM) is
most probably the site of gamete fusion but this is out of our
scope.

Acknowledgments I thank Mike Bedford for his initial help and en-
couragement, Peter Sutovsky for inviting me to contribute to this special
issue and for advice in the elaboration of the manuscript and Ms Kathy
Craighead for manuscript editing.

References

Aguas AP, Pinto Da Silva P (1983) Regionalization of transmembrane
glycoproteins in the plasma membrane of boar sperm head is re-
vealed by fracture label. J Cell Biol 97:1356–1364

Aguas AP, Pinto Da Silva P (1985) The acrosomal membrane of boar
sperm: a Golgi-derived membrane poor in glycoconjugates. J Cell
Biol 100:528–534

Aguas AP, Pinto Da Silva P (1989) Bimodal distribution of surface trans-
membrane glycoproteins during Ca2+-dependent secretion (acro-
some reaction) in boar spermatozoa. J Cell Sci 92:467–471

Austin CR, Bishop MWH (1958) Role of the rodent acrosome and
perforatorium in fertilization. Proc R Soc Lond B 149:241–248

Austin CR, Braden AWH (1956) Early reaction of the rodent egg to
spermatozoon penetration. J Exp Biol 33:358–365

154 Cell Tissue Res (2016) 363:147–157



Baba T, Azuma S, Kashiwabara S-I, Totoda Y (1994) Sperm from mice
carrying a targeted mutation. J Biol Chem 269:31845–31849

Baba T, Kashiwabara S, Honda A, Yamagata K, Wu Q, Ikawa M, Okabe
M, Baba T (2002) Mouse sperm lacking cell surface hyaluronidase
PH-20 can pass through the layer of cumulus cells and fertilize the
egg. J Biol Chem 277:30310–30314

Baltz JM, Katz DF, Cone RA (1988) Mechanics of sperm-egg interaction
at the zona pellucida. Biophys J 5:643–654

Barros C, Bedford JM, Franklin LE, Austin CR (1967) Membrane vesic-
ulation as a feature of the mammalian acrosome reaction. J Cell Biol
3:C1–C5

Bedford JM (2011) Site of the mammalian sperm physiological acrosome
reaction. Proc Natl Acad Sci U S A 10:4703–4704

Bedford JM (2014) Singular features of fertilization and their impact on
the male reproductive system in eutherian mammals. Reproduction
14:43–52

Bedford JM, Calvin H (1974) The occurrence and possible functional
significance of -S-S- crosslinks in sperm heads, with particular ref-
erence to eutherian mammals. J Exp Zool 18:137–156

Bedford JM, Nicander L (1971) Ultrastructural changes in the acrosome
and sperm membranes during maturation of spermatozoa in the
testis and epididymis of the rabbit and monkey. J Anat 108:527–543

Bedford JM, Moore HD, Franklin LE (1979) Significance of the equato-
rial segment of the acrosome of the spermatozoon in eutherian mam-
mals. Exp Cell Res 119:119–126

Benoff S, Hurley IR, Mandel FS, Cooper GW, Herschlag A (1997)
Induction of the human sperm acrosome reaction with mannose-
containing neoglycoprotein ligands. Mol Hum Reprod 3:827–837

Breed WG, Tan S, Leigh CM, Aplin KP, Dvorakova-Hortova K, Moore
HDM (2011) The morphology of the squirrel spermatozoon: a high-
ly complex male gamete with a massive acrosome. J Morphol 272:
883–889

Buffone MG, Foster JA, Gerton GL (2008) The role of the acrosomal
matrix in fertilization. Int J Dev Biol 52:511–522

Buffone MG, Kim K-S, Doak BJ, Rodriguez-Miranda E, Gerton GL
(2009a) Functional consequences of cleavage, dissociation and exo-
cytotic release of ZP3R, a C4BP-related protein, from mouse sperm
acrosomal matrix. L Cell Sci 122:3153–3160

Buffone MG, Rodriguez-Miranda E, Storey BT, Gerton GL (2009b)
Acrosomal exocytosis of mouse sperm progresses in a consistent
direction in response to zona pellucida. J Cell Physiol 220:611–620

Buffone MG, Hirohashi N, Gerton GL (2014) Unsolved questions
concerning mammalian sperm acrosomal exocytosis. Biol Reprod
90:1–5

Byrne K, Leahy T, McCulloch R, Colgrave ML, Holland MK (2012)
Comprehensive mapping of the bull sperm surface proteome.
Proteomics 12:3559–3579

Chakravarty S, Bansal P, Sutovsky P, Gupta SK (2008) Role of
proteasomal activitie in the induction of acrosomal exocytosis hu-
man spermatozoa. Reprod Biomed Online 16:391–400

Cherr GN, Lambert H, Meizel S, Katz DF (1986) In vitro studies of the
golden hamster sperm acrosome reaction: completion on the zona
pellucid and induction homologous solubilized zonae pellucidae.
Dev Biol 114:119–131

Clermont Y, Leblond CP (1955) Spermiogenesis of man, monkey, ram,
and other mammals as shown by the periodic acid-Schiff technique.
Am J Anat 96:29–253

Cooper GW, Bedford JM (1976) Asymmetry of spermiation and sperm
surface change patterns over the giant acrosome in the musk shrew,
Suncus murinus. J Cell Biol 69:415–428

Courtens JL, Courot M, Fléchon J-E (1976) The perinuclear substance of
boar, bull, ram and rabbit spermatozoa. J Ultrastr Res 68:58–71

Cummins JM, Yanagimachi R (1982) Hamster spermatozoa undergo ac-
rosome reaction during or after passage through the cumulus.
Gamete Res 5:239–256

Dean J (2004) Reassessing the molecular biology of sperm-egg recogni-
tion with mouse genetics. Bioessays 26:29–38

Drobnis EZ, Yudin AI, Cherr GN, Katz DE (1988) Hamster sperm pen-
etration of the zona pellucida: kinematic analysis and mechanical
implications. Dev Biol 130:311–323

Dunbar BS, Dudkiewicz AB, BundmanDS (1985) Proteolysis of specific
porcine zona pellucida glycoproteins by boar acrosin. Biol Reprod
32:619–630

Dziuk PJ, Dickmann Z (1965) Sperm penetration through the zona pel-
lucida of the sheep egg. J Exp Zool 158:237–239

Einspanier R, Schuster H, Schams D (1993) A comparison of hormone
levels in follicle-lutein-cyst and in normal bovine ovarian follicles.
Theriogenology 40:181–188

Ellis DJ, Shadan S, James PS, Henderson RM, Edwardson JM, Hutchins
A, Jones R (2002) Post-testicular development of a novel membrane
substructure within the equatorial segment of ram, bull, boar and
goat spermatozoa as view by atomic force microscopy. J Struct
Biol 138:187–198

Fawcett DW (1975) The mammalian spermatozoon. Dev Biol 44:394–
436

Fawcett DW, Hollenberg RD (1963) Changes in the acrosome of guinea
pig spermatozoa during passage through the epididymis. Z Zell
Forsch 60:276–292

Ferrer M, Rodriguez H, Zara L, Yu Y, Xu W, Oko R (2012) MMP2 and
acrosin are major proteinases associated with the inner acrosomal
membrane and may cooperate in sperm penetration of the zona
pellucida during fertilization. Cell Tissue Res 349:881–895

Flaherty SP, Olson GE (1991) Ultrastructural analysis of the acrosome
reaction in a population of single guinea pig sperm. Anat Rec 228:
186–194

Fléchon J-E (1970) Nature glycoprotéique des granules corticaux de
l’oeuf de lapine. Mise en evidence par l’utilisation de techniques
cytochimiques ultrastructurales. J Microsc 9:176–292

Fléchon J-E (1974) Freeze-fracturing of rabbit spermatozoa. J Microsc
19:59–64

Fléchon J-E (1975) Ultrastructural and cytochemical modifications of
rabbit spermatozoa during epididymal transport. In: Hafez ESE,
Thibault CG (eds) The biology of spermatozoa. Karger, Basel, pp
36–45

Fléchon J-E (1979) Sperm glycoproteins of the boar, bull, rabbit and ram:
i acrosomal glycoproteins. Gamete Res 2:43–51

Fléchon J-E (1985) Sperm surface changes during the acrosome reaction
as observed by freeze-fracture. Am J Anat 174:239–246

Fléchon J-E (1987) Acrosome reaction, sperm penetration, and gamete
fusion in Mammals. In: Mohri H (ed) New horizons in sperm cell
research. Japan Scientific Societies, Tokyo, pp 235–246

Fléchon J-E, Dubois MP (1975) Localisation immunocytochimique de la
hyaluronidase dans les spermatozoides de mammifères
domestiques. C R Acad Sci 280:877–880

Fléchon J-E, Huneau D, Solari A, Thibault C (1975) Réaction corticale et
bloquage de la polyspermie dans l’oeuf de lapine. Ann Biol Anim
Bioch Biophys 15:9–18

Fléchon J-E, HarrisonRAP, Fléchon B, Escaig J (1986)Membrane fusion
events in the Ca2+/ionophore induced acrosome reaction of ram
spermatozoa. J Cell Sci 81:43–63

Fléchon J-E, Degrouard J, KopecnyV, Pivko J, PavlokA,Motlik J (2003)
The extracellular matrix of porcine mature oocytes: origin, compo-
sition and presumptive roles. Reprod Biol Endocr 1:12

Fléchon J-E, Kopecny V, Pivko J, Pavlok A, Motlik J (2004) Texture of
the zona pellucida of the mature pig oocyte. The mammalian egg
envelope revisited. Reprod Nutr Dev 44:207–218

Friend DS, Fawcett DW (1974) Membrane differentiation in freeze-
fractured mammalian sperm. J Cell Biol 63:641–664

Gaddum-Ross P, Blandau RJ (1977) Proteolytic activity of guinea pig
spermatozoa after induction of the acrosomal reaction in vitro. Am
J Anat 149:423–430

Cell Tissue Res (2016) 363:147–157 155



Gadella BM, Lopes-CadosoM, Van Golde LM, Colenbrander B, Gadella
TW Jr (1995) Glycolipid migration from the apical to the equatorial
subdomains of the sperm head plasma membrane precedes the ac-
rosome reaction. Evidence for a primary capacitation event on boar
spermatozoa. J Cell Sci 108:935–946

Gould SF, Bernstein MH (1975) The localisation of bovine sperm hyal-
uronidase. Differentiation 3:123–132

Green DP (1987) Mammalian sperm cannot penetrate the zona pellucid
solely by force. Exp Cell Res 169:31–38

Guyonnet B, Zabet-Moghaddam M, SanFrancisco S, Cornwall GA
(2012) Isolation and proteomic characterization of mouse sperm
acrosomal matrix. Mol Cell Proteomics 11:758–774

Guyonnet B, Egge N, Cornwall GA (2014) Functional amyloids in the
mouse sperm acrosome. Mol Cell Biol 34:2624–2634

Hardy DM, Oda MN, Friend DS, Huang TF Jr (1991) A mechanism of
differential release of acrosomal enzymes during the acrosome reac-
tion. Biochem J 275:759–766

Harper CV, Cummerson JA, White MRH, Publicover J, Johnson PM
(2008) Dynamic resolution of acrosomal exocytosis in human
sperm. J Cell Sci 121:2130–2135

Hiroashi N, Gerton GL, Buffone MG (2011) Video imaging of the sperm
acrosome reaction during in vitro fertilization. Comm Integr Biol 4:
471–476

Huang TTF Jr, Yanagimachi R (1985) Inner acrosomal membrane of
mammalian spermatozoa: its properties and possible functions in
fertilization. Am J Anat 174:249–268

Huneau D, Harrison RAP, Fléchon J-E (1984) Ultrastructural localization
of proacrosin and acrosin in ram spermatozoa. Gamete Res 9:425–
440

InoueN, SatouhY, IkawaM,OkabeM, Yanagimachi R (2011) Acrosome
reacted mouse spermatozoa recovered from the perivitelline space
can fertilize other eggs. Proc Natl Acad Sci U S A 108:2008–2011

Ito C, Miyado K, Fujimura L, Hatano M, Yamatoga K, Yoshida K,
Toshimori K (2013) Integration of the mouse sperm fertilization-
related protein equatorin into the acrosome during spermatogenesis
as revealed by super-resolution and immunoelectron microscopy.
Cell Tissue Res 352:739–750

Jedlicki A, Barros C (1985) Scanning electron microscope study of
in vitro penetration gamete interactions. Gamete Res 11:121–131

Jin M, Fujiwara E, Kakinchi Y, Okabe M, Satoch Y, Baba SA, Chiba K,
Hiroshi N (2011) Most fertilizing mouse spermatozoa begin their
acrosome reaction before contact with the zona pellucid during
in vitro fertilization. Proc Natl Acad Sci U S A 108:4892–4896

Jones R, James PS, Howes L, Bruckbauer A, Klenerman D (2007)
Supramolecular organization of the sperm plasma membrane during
maturation and capacitation. Asian J Androl 9:438–444

Jones R, James PS, Oxley D, Coadwell J, Suzuki-Toyota F, Howes EA
(2008) The equatorial subsegment in mammalian spermatozoa is
enriched in tyrosine phosphorylated proteins. Biol Reprod 79:421–
431

Khalil MB, Chakralandhu K, Xu H, Weerachatyanukul W, Buhr M,
Berger T, Carmona E, Vuong N, Kumarathasan P, Wong PTT,
Carrier D, Tanphaichitr N (2006) Sperm capacitation induces an
increase in lipid rafts having zona pellucid binding ability and con-
taining sulfogalactosylglycerolipid. Dev Biol 290:220–235

Kim K-S, Foster JA, Kvasnicka KW, Gerton GL (2011) Transitional
states of acrosomal exocytosis and proteolytic processing of the
acrosomal matrix in guinea pig sperm.Mol ReprodDev 78:930–941

Koehler JM (1975) Periodicities in the acrosome or acrosomal mem-
branes: some observations on mammalian spermatozoa. In:
Buchett JG, Racey PA (eds) The biology of the male gamete.
Academic, New York, pp 337–347

Kolle S, Sinowatz F, Boie G, Totzauer I, Amselgruber W, Pendl J (1996)
Localization of the mRNA encoding the zona protein ZP3 alpha in
the porcine ovary, oocyte and embryo by non-radioactive in situ
hybridization. Histochem J 28:441–447

Kongmanas K, Kruevaisayarwan H, Saewu A, Sugend C, Fernande J,
Souda P, Angel JB, Faull KF, Aitken RJ, Withelegge J, Hardy D,
Berger T, Baker MA, Tanphaichitr N (2014) Proteomic characteri-
zation of pig sperm anterior head plasma membrane reveals roles of
acrosomal proteins in ZP3 binding. J Cell Physiol 230:449–463

Kopecny V, Fléchon J-E (1981) Fate of acrosomal glycoproteins during
the acrosomal reaction and fertilization: a light and electron micro-
scope autoradiographic study. Biol Reprod 24:201–216

Kopecny V, Fléchon J-E (1987) Ultrastructural localiszation of labelled
acrosomal glycoproteins during in vivo fertilization of the rabbit.
Gamete Res 71:35–42

Kuzan FB, Flemming AD, Seidel GE (1984) Successful fertilization
in vitro of fresh intact oocytes by perivitelline (acrosome reacted)
spermatozoa of the rabbit. Fertil Steril 41:766–770

LiuM (2011) The biology and dynamics of mammalian cortical granules.
Reprod Biol Endocr 9:149

Marti JL, Cebrian-perez JA, Muino-Blanco T (2000) Assessement of the
acrosomal status of ram spermatozoa by RCA lectin-binding
andpartition in an aqueous two-phase system. J Androl 21:541–548

Miles E, Sutowsky P (2014) Sperm proteasome as a putative egg coat
lysin in mammals. In: Sawada et al. (eds), Sexual reproduction in
animals and plants. Springer, Tokyo, pp 441–462

Monné M, Han L, Schwend T, Burendahl S, Jovine L (2008) Crystal
structure of the ZP-N domain of the ZP3 reveals the core fold of
animal egg coats. Nature 456:653–657

Moore HDM, Bedford JM (1978) Ultrastructure of the equatorial seg-
ment of the hamster spermatozoa during penetration of the oocyte. J
Ultrastr Res 62:110–117

Morales P, KongM, Pizzaro E, Pasten C (2003) Participation of the sperm
proteasome in human fertilization. Hum Reprod 18:1010–1017

Mugnier S, Dell’AquilaME, Pelaez J, Douet C, Ambruosi B, De Santis T,
Lacalandra GM, Lebos C, Sizaret P-Y, Delaleu B, Monget P,
Mermillod P, Magistrini M, Meyers SA, Goudet G (2009) New
insight into the mechanism of fertilization: comparaison of the fer-
tilization steps, composition, and structure of the zona pellucida
between horses and pigs. Biol Reprod 81:856–870

Myles DG, Hyatt H, Primakoff P (1987) Binding of both acrosome-intact
and acrosome-reacted guinea pig sperm to the zona pellucida during
in vitro fertilization. Dev Biol 121:559–567

NagDas SK, Winfrey VP, Olson GE (1996) Identification of hydrolase
binding activities of the acrosomal matrix of hamster spermatozoa.
Biol Reprod 55:1405–1414

NagDas SK, Hamilton SL, Raychoudhury S (2010) Identification of ac-
rosome matrix-specific hydrolases binding proteins of bovine cauda
epididymal spermatozoa. J Androl 31:177–187

Nguyen EB, Westmuckett AD, Moore KL (2014) SPACA7 is a novel
male germ cell-specific protein localized to the sperm acrosome that
is involved in fertilization in mice. Biol Reprod 16:1–13

Nicander L, Bane A (1966) Fine structure of the sperm head in some
mammals, with particular reference to the acrosome and the acroso-
mal substance. Z Zellforsch Mikrosk Anat 72:496–515

Oko R,Maravei D (1994) Protein composition of the perinuclear theca of
bull spermatozoa. Biol Reprod 50:1000–1014

Olson GE, Winfrey VP (1985a) Structure of membrane domains and
matrix components of bovine acrosome. J Ultrastruct Res 90:9–25

Olson GE, Winfrey VP (1985b) Substructure of a cytoskeletal complex
associated with the hamster sperm acrosome. J Ultrastruct Res 92:
167–179

Olson GE, Winfrey VP (1994) Structure of acrosomal matrix domains of
rabbit sperm. J Struct Biol 112:41–48

Olson GE, Winfrey VP, Neff TC, Lukas T, NagDas SK (1997) An
antigenetically related polypeptide family is major structural constit-
uent of a stable acrosomal matrix assembly in bovine spermatozoa.
Biol Reprod 57:325–334

156 Cell Tissue Res (2016) 363:147–157



Olson GE, Winfrey VE, Nagdas SK (1998) Acrosome biogenesis in the
hamster: ultrastructurally distinct matrix regions are assembled from
a common precursor polypeptide. Biol Reprod 58:361–370

Phillips DM (1972) Substructure of the mammalian acrosome. J
Ultrastruct Res 38:591–604

Phillips DM, Bedford JM (1985) Unusual features of sperm ultrastructure
in the musk shrew Suncus Murinus. J Exp Zool 235:119–126

Puigmule M, Fabrega A, Yeste M, Bonet S, Pinart E (2011) Study of the
proacrosin/acrosin system in epididymal, ejaculated and in vitro ca-
pacitated boar spermatozoa. Reprod Fertil Dev 23:837–845

Ramalho-Santos J, Moreno RD, Sutovsky P, Chan AW-S, Hewitson L,
Wessel GM, Simerly CR, Schatten G (2000) SNAREs in mammalian
sperm: possible implications for fertilization. Dev Biol 223:54–69

Redgrove KA, Anderson AL, Dun MD, McLaughlin EA, O’Brian MK,
Aitken RJ, Nixon B (2011) Involvment of multimeric protein com-
plexes in mediatin the capacitation-dependant binding of human
spermatozoa to homologous zonae pellucidae. Dev Biol 356:460–
474

Reger JF, Fain-Maurel MA, Dadoune J-P (1985) A freeze-fracture study
on epididymal and ejaculated spermatozoa of the monkey (Macaca
fascicularis). J Submicrosc Cytol 17:49–56

Retzius G (1909) Spermien der Saugetieren. Biologische
untersuchungen., N.F. Bd 14, G. Fischer, Iena pp 133–216

Russel L, Peterson RN, Freund M (1980) On the presence of bridges
linking the inner and the outer acrosomal membranes of boar sper-
matozoa. Anat Rec 198:449–459

Satouh Y, Inoue N, Ikawa M, Okabe MJ (2012) Visualization of the
moment of mouse sperm –egg fusion and dynamic localization of
IZUMO1. J Cell Sci 125:4095–4990

Sawada H, Takahashi Y, Fujino J, Flores SY, Yokosawa H (2002)
Localization and roles in fertilization of sperm proteasomes in the
ascidian Halocynthia roretzi. Mol Reprod Dev 62:271–276

Schams-Borhan G, Huneau D, Fléchon J-E (1979) Acrosin does not
appear to be bound to the inner acrosomal membrane of bull sper-
matozoa. J Exp Zool 20(9):143–149

Schulte-Wrede S, Wetzstein R (1972) Raster–Elektronmikroscopie von
Spermien des Hausschafs (Ovis ammon aries, L). Z Zellforsch
Mikrosk Anat 134:105–127

Siiteri JE, Dandekar P, Meizel S (1988) Human sperm acrosome reaction
initiating activity associated with the human cumulus oophorus and
mural granulosa cells. J Exp Zool 246:71–80

Sutovsky P (2011) Sperm proteasome and fertilization. Reproduction
142:1–14

Sutovsky P, Manandhar G, McCauley TC, Caamano JN, Sutovsky M,
Thomson WE, Day BN (2004) Proteasomal interference prevent
zona pellucida penetration and fertilization in mammals. Biol
Reprod 71:1625–1637

Talbot P, Dicarlentonio G, Zao P, Penkala J, Haimo LT (1985) Motile
cells lacking hyaluronidase can penetrate the hamster oocyte cumu-
lus complex. Dev Biol 108:38–98

Tesarik J, Fléchon J-E (1986) Distribution of sterols and anionic lipids in
human sperm plasma membrane: effect of in vitro capacitation. J
Ultrastruct Mol Res 97:227–237

Topfer-Pedersen AE, Friess F, Sinowatz S, Biltz S, Schill WB (1985)
Immunocytological characterization of the outer acrosomal mem-
brane (OAM) during acrosome react ion in the boar.
Histochemistry 82:113–120

Toshimori K, Higashi R, Oura C (1987) Filipin-sterol complexes in gold-
en hamster sperm membranes with special reference to epididymal
maturation. Cell Tissue Res 250:673–680

Tourmente M, Gomendio M, Roldan ERS (2011) Sperm competition and
the evolution of sperm design in mammals. Evol Biol 11:12–22

Toyama Y, Nagano T (1988) Maturation changes of the plasma mem-
brane of rat spermatozoa observed by surface replica, rapid-freeze
and deep-etch, and freeze-fracture methods. Anat Rec 220:45–50

Tsai P-S, Garcia-Gil N, VanHaften T, Gadella BM (2010) How pig sperm
prepares to fertilize: stable acrosome docking to the plasma mem-
brane. PLoS ONE 5, e11204

Van Gestel RA, Brevis LA, Ashton PR, Helms JB, Brouvers JF, Gadella
BM (2005) Capacitation -dependent concentration of lipid rafts in
the apical ridge head area of porcine sperm cells. Mol Hum Reprod
11:583–590

Wassarman PM (2005) Contribution of mouse egg zona pellucida glyco-
proteins in gamete recognition during fertilization. J Cell Physiol
204:388–391

Westbrook-Case VA, Winfrey VP, Olson GE (1994) A domain-specific
50-kilodalton structural protein of the acrosomal matrix is processed
and released during the acrosome reaction in the guinea pig. Biol
Reprod 51:1–13

Wolkowicz MJ, Shetty J, Westbrook A, Klotz K, Jayes F, Mandal A,
Flickinger CJ, Herr JC (2003) Equatorial segment protein defines
a discrete acrosomal subcompartment persisting through out acroso-
mal biogenesis. Biol Reprod 69:735–745

Yanagimachi R (1994) Mammalian fertilization. In: Knobil E, Neil JD
(eds) The physiology of reproduction, 2nd edn. Raven, New York,
pp 189–317

Yanagimachi R, ChangMC (1961) Fertilizable life of golden hamster ova
and their morphological changes at the time of losing fertilizability. J
Exp Zool 148:158–204

Yanagimachi R, Phillips DM (1984) The status of acrosomal caps of
hamster spermatozoa immediately before fertilization in vivo.
Gamete Res 9:1–19

Yanagimachi R, Suzuki F (1985) A further study of the lysolecithin-
mediated acrosome reaction of guinea pig spermatozoa. Gamete
Res 11:29–40

Yi Y-J, Manandhar G, Oko RJ, Breed WG, Sutovsky P (2007a)
Mechanism of sperm-zona pellucida penetration during mammalian
fertilization: 26S proteasome as a candidate egg coat lysine. Soc
Reprod Fertil Suppl 63:385–408

Yi Y-J, Manandhar G, Sutovsky M, Li R, Jonakova V, Oko R, Park C-S,
Prather RS, Sutovsky P (2007b) Ubiquitin C-terminal hydrolase ac-
tivity is involved in sperm acrosomal function and anti-polyspermy
defense during porcine fertilization. Biol Dev 77:780–793

Yi Y-J, Manandhar G, Sutovsky M, Zimmerman SW, Jonakova V, van
Leeuwen FW, Oko R, Park CS, Sutovsky P (2010) Interference with
the 19S proteasomal regulatory complex subunit PSMD4 on the
sperm surface inhibits sperm–zona pellucida penetration during por-
cine fertilization. Cell Tissue Res 341:325– 340

Yoshida Y, Chiba T, Tokunada F, Kawasaki H, Iwai K, Suzuki T, Ito Y,
Matsuoka K, YoshidaM, TanakaK, Tai T (2002) E3 ubiquitin ligase
that recognizes sugar chains. Nature 418:438–442

Yoshida K, Ito C, Yamatoa K,MaehkawaM, ToyamaYC, Suzuki-Toyota
F, Toshimori K (2010) A model of the acrosome progression via the
acrosomal membrane-anchored protein equatorin. Reproduction
139:533–544

Yu Y, Xu W, Y-J YI, Sutovsky P, Oko R (2006) The extracellular
protein coat of the inner acrosomal membrane is involved in
zona pellucida binding and penetration during fertilization:
characterization of its most prominent polypeptide (IAM38).
Dev Biol 290:32–43

Yudin AI, Gottlieb W, Meizel S (1988) Ultrastructural study of the early
events of the human sperm acrosome reaction as initiated by human
follicular fluid. Gamete Res 20:11–24

Zepeda-Bastida A, Chiquete-Felix N, Uribe-Carvajal S, Mujica A (2011)
The acrosomal matrix from guinea pig sperm contains structural
proteins, suggesting the presence of an actin skeleton. J Androl 32:
411–419

Zimmerman SW, Manhandar G, Yi Y-I, Gupta SK, Sutovsky M,
Odhiambo JF, Powel MD, Miller DJ, Sutovsky P (2011) Sperm
proteasomes degrade sperm receptor on the egg zona pellucida dur-
ing mammalian fertilization. PLoS ONE 6, e17256

Cell Tissue Res (2016) 363:147–157 157


	The acrosome of eutherian mammals
	Abstract
	Introduction
	General knowledge of the acrosome
	Acrosomal modifications during epididymal sperm maturation
	Morphological changes
	Segregation of intra-acrosomal material

	Neglected aspects of acrosome structure: paracrystalline components
	Plasma and acrosomal membranes: fusion problematics
	Acrosome crystalloids

	Distribution of components in the intact acrosome
	Acrosomal exocytosis
	Unique features of the IAM in the anterior segment
	Conclusion
	References


