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BACKGROUND: The first clues to the process of gamete activation date back to nearly 60 years ago. The mutual activation of gametes
is a crucial event during fertilization. In the testis and ovaries, spermatozoa and oocytes are in a state of meiotic and metabolic quiescence
and require reciprocal signals in order to undergo functional changes that lead to competence for fertilization. First, the oocyte activates
sperm by triggering motility, chemoattraction, binding and the acrosome reaction, culminating with the fusion of the two plasma mem-
branes. At the end of this cascade of events, collectively known as sperm capacitation, sperm-induced oocyte activation occurs, generating
electrical, morphological and metabolic modifications in the oocyte.

OBJECTIVE AND RATIONALE: The aim of this review is to provide the current state of knowledge regarding the entire process of
gamete activation in selected specific animal models that have contributed to our understanding of fertilization in mammals, including
humans. Here we describe in detail the reciprocal induction of the two activation processes, the molecules involved and the mechanisms
of cell interaction and signal transduction that ultimately result in successful embryo development and creation of a new individual.

SEARCH METHODS: We carried out a literature survey with no restrictions on publication date (from the early 1950s to March 2016)
using PubMed/Medline, Google Scholar and Web of Knowledge by utilizing common keywords applied in the field of fertilization and
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embryo development. We also screened the complete list of references published in the most recent research articles and relevant
reviews published in English (both animal and human studies) on the topics investigated.

OUTCOMES: Literature on the principal animal models demonstrates that gamete activation is a pre-requisite for successful fertilization,
and is a process common to all species studied to date. We provide a detailed description of the dramatic changes in gamete morphology
and behavior, the regulatory molecules triggering gamete activation and the intracellular ions and second messengers involved in active
metabolic pathways in different species. Recent scientific advances suggest that artificial gamete activation may represent a novel technique
to improve human IVF outcomes, but this approach requires caution.

WIDER IMPLICATIONS: Although controversial, manipulation of gamete activation represents a promising tool for ameliorating the
fertilization rate in assisted reproductive technologies. A better knowledge of mechanisms that transform the quiescent oocyte into a pluri-
potent cell may also provide new insights for the clinical use of stem cells.

Key words: oocyte / sperm / gamete activation / reproduction / fertilization / IVF / ICSI / artificial oocyte activation / assisted
reproductive technology

Introduction
Reproduction is based upon a complex process of cell interaction and
signal transduction that starts with the production of the gametes
(spermatogenesis and oogenesis) and culminates with the formation of
a zygote, the first cell of a new individual. Gametogenesis is underpinned
by meiosis, the unique process of cell division that leads to the forma-
tion of haploid spermatozoa and oocytes. Gamete maturation occurs at
the end of gametogenesis, with the formation of mature cells that are
competent for fertilization, but in a state of meiotic and metabolic quies-
cence that can be reciprocally resumed by interaction with a partner. In
fact, mutual activation of the gametes is an essential pre-requisite for
fertilization, a process that involves numerous molecules, ions, cellular
structures and metabolic pathways (Dale, 1983; Yanagimachi, 1994).

In the distant past, Spallanzani first realized that the contact
between gametes was instrumental to achieve fertilization and initiate
development (Magner, 1979).

The first clues that changes in sperm behavior and morphology
were necessary to ensure oocyte fertilization were reported by
Austin (1952), who defined the phenomenon observed as ‘sperm
capacitation’. Recent advances in knowledge about fertilization have
shown that capacitation is a multistep process involving changes in
sperm form and function that are induced by oocyte extracellular
structures; the changes include motility, chemotaxis, binding, the
acrosome reaction (AR) and fusion of the two plasma membranes
(Fig. 1). Following oocyte-induced sperm activation, reciprocal
sperm-induced oocyte activation occurs, with electrical, structural
and metabolic modifications of the oocyte that result in successful
fertilization and the triggering of embryo development (Fig. 2).

In this review, we describe the events and the molecular basis of
sperm–oocyte interaction in the principal animal models used for
experimental research and in the human. Manipulation of gamete
activation to improve human-assisted reproductive technology (ART)
is also discussed.

Methods
This review describes the events surrounding sperm–oocyte interaction
and the structural and functional changes that gametes undergo before
successful fertilization and the triggering of embryo development. Clinical
and scientific evidence on the use of artificial gamete activation to

improve human ART is also discussed. We performed an electronic
search of PubMed, Google Scholar and Web of Knowledge for full texts
and abstracts published before 18 March 2016. We used the following
combinations of key words:

Gamete/sperm/oocyte versus: activation/fertilization/embryo development.
Gamete/sperm/oocyte versus: quiescence/motility/chemotaxis/bind-

ing/AR/fusion. Gamete/sperm/oocyte versus ion currents/calcium/mei-
osis/activators/sperm factor (SF).

Gamete/sperm/oocyte versus artificial activation/ART/IVF/ICSI.
Articles were restricted to English language full-text articles.

Sperm activation

Quiescence
Sperm within the testis are maintained in a quiescent state.
Research in marine animals from 1948 onwards led to the hypoth-
esis that factors such as ion concentration, pH and osmolality were
responsible for this metabolic suppression (Rothschild, 1948). To
confirm this hypothesis, many authors submitted sperm of species
with external fertilization to changes in environmental cues, showing
that sperm gained the ability to fertilize with a reversal of potassium
and sodium concentrations and changes in pH (Tosti, 1994). In
mammals, testicular sperm are essentially motionless and not cap-
able of fertilizing oocytes. When sperm leave the testis, they are
coated with several macromolecules that are gradually lost as they
traverse the tubules of the epididymis, thus acquiring the ability to
move. This process, known as epididymal maturation, is under-
pinned by reversal of ion concentrations and pH, and by inorganic
and organic factors present in the epididymal tubular fluid (Verma,
2001). Interestingly, mouse studies comparing ejaculated and epi-
didymal sperm treated under identical standard conditions for
in vitro capacitation showed that the two types of sperm display dif-
ferent swimming characteristics, and ejaculated sperm are more effi-
cient at penetrating the cumulus oophorus, demonstrating the
advantage gained from exposure to accessory gland secretions
(Honggang et al., 2015).

However, in order to become fully competent for fertilization,
after ejaculation mammalian sperm need a period of residence in the
female reproductive tract, where further molecular, biochemical and
physiological changes occur (Salicioni et al., 2007).
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Motility
Although initiation of motility was observed immediately after the
reversal of environmental conditions, little is known about the
molecular mechanisms that control this process. Since sea urchin
sperm release acid after spawning, Ohtake (1976) first focused on
the role of intracellular pH, showing an association between oxygen
consumption and a pH increase. Other studies supported this
hypothesis, demonstrating that low pH acted by inhibiting ATP
hydrolysis. ATP hydrolysis provides energy by mitochondrial oxida-
tion of fatty acids, and this is promptly initiated when sperm cyto-
plasm is alkalinized (Shapiro et al., 1985). The increase in intracellular
pH was reported to induce sperm movement in echinoderms
(Christen et al., 1982) and mammals (Babcock et al., 1983), possibly

by a mechanism related to the activation of dynein, the molecular
component of the axoneme which is the motor for sperm tail flagellar
motility (Nakajima et al., 2005). Along with the increase in pH, a var-
iety of mechanisms have been proposed to explain the activation of
mammalian sperm motility at ejaculation. One of the major factors
involved in the regulation of sperm movement is an increase in intra-
cellular 3′-,5′-cyclic adenosine monophosphate (cAMP) (Jones and
Murdoch, 1996), whose changes seem to mediate the regulatory pro-
teins associated with the axoneme through a protein kinase A (PKA)
regulatory pathway (Aitken, 2000). In particular, phosphorylation of
axonemal proteins plays a crucial role in the regulation of motility and
cAMP-dependent protein phosphorylation has been proposed as a
central mechanism for triggering motility (Carr and Acott, 1989).

Figure 1 Oocyte-induced sperm activation.
Left panel: image representing the events occurring during oocyte-induced sperm activation: initially, chemical signals from the oocyte extracel-
lular membranes rescue sperm from a quiescent state by triggering motility and attracting the sperm toward the oocyte itself. The primary
binding, which occurs between ligands and receptors present on their external sides, induces the AR, which renders the sperm plasma mem-
brane highly fusible. This event allows penetration through the ZP and triggers fusion of the two PM. Upon fusion, sperm start to release the
SF into the oocyte cytoplasm. Right panel: table reporting the event, the components involved and relevant references. PM, plasma mem-
brane; ZP, zona pellucida; CC, cumulus cells; SF, sperm factor; PB, polar body; cAMP, 3′-,5′-cyclic adenosine monophosphate; PKA, protein
kinase A; cGMP, cyclic guanosine monophosphate; NO, nitric oxide; CRISP, cysteine-rich secretory protein; SPAM1 and HYAL5, hyaluroni-
dases; PH-20, glycosylphosphatidylinositol-anchored protein; ADAM3, metalloproteinases; SNARES, soluble NSF-attachment protein recep-
tors; SPESP, sperm equatorial segment protein; PH-30, fertilin; DE, epididymal protein; CD9, member of the tetraspanins protein family; AR,
acrosome reaction; sp, sperm surface protein.
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The maintenance of sperm motility is also dependent on the pres-
ence of calcium, although this appears not to be a physiological factor
associated with sperm quiescence, but is instead associated with an
increase in cAMP content (Aitken, 2000). Recently, direct recordings
from sperm of different mammalian species, including humans,
revealed that sperm motility is regulated by ion homeostasis, which in
turn is under the direct control of ion channels, and in particular a
potassium-induced hyperpolarization of the plasma membrane (Miller
et al., 2015). In mammals, although ejaculated sperm are motile their
ability to fertilize an oocyte is reduced. This may definitely occur after
the removal of inhibitory factors such as surface-attached glycopro-
teins, seminal plasma proteins and depletion of membrane cholesterol.
This final state of activated sperm is known as hyperactivation, and is
a high energy phase of vigorous flagellar movement and swimming

capacity (Lishko et al., 2012). This form of motility may be induced
close to the time of ovulation and seems to be associated with a
requirement for enhanced progressive motility through the oviduct. It
is clear that sperm motility is a process that responds to signals from
the external environment, and this also includes products secreted by
the oocyte. In non-mammalian species, oocyte-released factors, such
as sperm motility initiation factor and herring sperm activating peptide,
modulate sperm motility, whereas in mammals progesterone and
some unidentified components of cumulus cells have been recognized
as responsible for sperm hyperactivation (Quill and Garbers, 2002).

In order to undergo activation, sperm require an adequate supply
of energy from intracellular biochemical events such as oxidation of
energy substrates, phosphorylation of proteins and conversion of
chemical energy into mechanical energy. Glycolysis and mitochondrial

Figure 2 Sperm-induced oocyte activation.
Left panel: image representing events occurring during sperm-induced oocyte activation: upon release of the SF, electrical modification of oocyte
plasma membrane properties generates an outward (in mammals) or inward ion current (non-mammals). Release of calcium from the intracellular
stores generates calcium oscillations. Physical changes of the oocyte occur by release of CG contents, and finally meiosis is resumed, allowing com-
pletion of the cell cycle, extrusion of the polar body and triggering of zygote formation. Right panel: table reporting the event, the components
involved and relevant references. PLCζ, phospholipase C; PAWP, postacrosomal sheath WW domain-binding protein; PIP2, phosphatidylinositol
(4,5)-bisphosphate; IP3, inositol 1,4,5-trisphosphate; cADPr, cyclic adenosine diphosphoribose; NAADP, nicotinic acid adenine dinucleotide phos-
phate; TPCs, two-pore channels; SFE1, SFE9, structural matrix proteins; PKC, protein kinase C; SNAP, N-ethylmaleimide-sensitive factor attachment
protein alpha; NSF, N-ethilmaleimide sensitive factor; MPF, maturation promoting factor; MAPK, mitogen-activated protein kinase; CAMKII, calcium
calmodulin-dependent protein kinase; EMI/ERP, early mitotic inhibitors; Mos, serine/threonine kinase; Cdk1, cyclin-dependent kinase; CG, cortical
granule; SF, sperm factor.
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oxidative phosphorylation are the major metabolic pathways that
generate this source of energy, in the form of ATP (Ferramosca and
Zara, 2014).

A peculiar modulation of sperm behavior is also triggered by differ-
ent compartments of the female tract into which they are released,
especially in terms of protein composition, glycosylation and hydra-
tion of the cervical mucus (Druart, 2012). Furthermore, micronutri-
ents contained in the seminal plasma may also play a significant role
in inducing sperm motility (Macchia et al., 2010).

Chemotaxis
Once motile, sperm swim toward the oocyte in response to chemical
concentration gradients. Indeed, it is difficult to separate motility acti-
vation from chemotaxis, since factors that activate motility may be
the same as those responsible for directing sperm toward the oocyte.
To demonstrate a true chemoattraction, the spermatozoon must
change direction and modify the longitudinal waveform of the flagel-
lum in response to an increased concentration of factors released by
the oocyte or its extracellular coats (Miller, 1985). In species with
external fertilization, chemotaxis is of crucial importance due to the
high dispersion of gametes in the external environment. In the 1980s,
many small peptides were isolated and characterized in the so-called
water egg of marine invertebrates. These peptides, in addition to
stimulating sperm motility and respiration, exerted a clear species-
specific chemoattractivity (Ward and Kopf, 1993). In particular,
resact, a small peptide isolated from the oocyte jelly layer of the sea
urchin, induced a calcium-dependent swimming pattern that reor-
iented from a circular to a straight trajectory. Guanylate cyclase
appeared to be the receptor for resact, and in fact this process is
also accompanied by a transient activation of enzyme activity and a
burst of cyclic guanosine monophosphate (cGMP) synthesis. It was
hypothesized that cGMP hyperpolarizes the sperm cell due to efflux
of potassium ions via selective ion channels, followed by a modulation
of intracellular calcium levels that initiates straight swimming
(Eisenbach, 1999; Kirkman-Brown et al., 2003; Hildebrand and
Kaupp, 2005). Cyclic nucleotides have been implicated as mediators
of changes in both motility and chemotaxis; cAMP-dependent protein
phosphorylation has been recently shown to mediate sperm move-
ment in the ascidians, directed by a sperm activating and attracting
factor (Shiba and Inaba, 2014). This also seems to be the case for
mammalian and human sperm, where cAMP and cGMP are involved
in ovarian progesterone-mediated sperm attraction (Teves et al., 2009;
Gakamsky et al., 2009; Chang and Suarez, 2010). In human sperm,
nitric acid was suggested to elicit a chemoattractant effect through a
signal transduction involving the synthesis of cGMP and the activation
of cGMP-dependent protein kinases (Miraglia et al., 2007).

Sea urchin sperm show a mechanism of cGMP-induced hyperpolar-
ization of membrane potential, via potassium efflux through cGMP-
activated potassium channels that in turn gate calcium channels.
Calcium entry is an important factor in regulating sperm chemotactic
behavior, and this is likely to be a feature that is common to all spe-
cies (Strünker et al., 2006; Yoshida and Yoshida, 2011). A recent
sophisticated study using holographic microscopy and optochemical
techniques confirmed previous findings, and a model has been pro-
posed to suggest that cGMP acts as a transducer of messages
between sperm and chemoattractants. In particular, cGMP

degradation and inactivation of the guanylyl cyclase receptor appear
to control recovery from hyperpolarization, and thus the amplitude
and timing of calcium responses (Jikeli et al., 2015). In mammals,
chemical communication between gametes seems to be less import-
ant, since sperm are deposited in the female genital tract and it is
feasible that some sperm may reach the oocyte in a random manner.
Over the last few decades, there has been evidence to indicate that
mammalian sperm are able to respond to chemoattractants secreted
from the oocyte, the extracellular coats and their surrounding envir-
onment. In some mammals, sperm stored in the caudal isthmus have
a reduced motility that is resumed after ovulation (Ward and Kopf,
1993). In women, sperm are stored in the cervix; however, the
sperm:oocyte ratio at fertilization ranges from 10:1 to 1:1, suggesting
that a possible selection of sperm occurs in the female genital tract.
In fact, when ovulation occurs, some sperm stored in the reservoir
resume motility and travel up to the fertilization site within a few min-
utes. It is of interest that these sperm are able to detach from the
epithelium when released from the storage site, supporting the idea
that they receive signals from the oviduct (Eisenbach, 1999 and refer-
ences therein). Follicular fluid (FF) contains secretions from the
oocyte and the cumulus oophorus, and earlier studies showing that
only FF from fertilizable oocytes acts as a chemoattractant (Ralt et al.,
1994) were further supported by Sun and colleagues (2005), who
revealed that the two real chemoattractant sources are the mature
oocyte and the surrounding cumulus cells. Many substances have
been proposed as potential attractants in FF, including peptides, hep-
arin, hormones and oxytocin, but only progesterone has been clearly
demonstrated as causing sperm accumulation in humans, and as being
the main, if not the sole, chemoattractant secreted by human cumu-
lus cells (Oren-Benaroya et al., 2008; Armon and Eisenbach, 2011).
Notably, although the nature of the progesterone receptor remains
to be elucidated, an involvement of CatSper, a pH-dependent cal-
cium channel of the sperm flagellum, appears to be the mechanism
that links progesterone and calcium elevation in the chemotactic pro-
cess (Lishko et al., 2011). Evidence was also provided that CRISP1, a
sperm protein expressed by the cumulus cells that surround the
oocyte, stimulates sperm orientation by modulating sperm hyperacti-
vation and showing the ability to regulate CatSper (Ernesto et al.,
2015). Interestingly, an olfactory receptor whose function seems to
be critical for chemotaxis was identified, cloned and shown to be
functionally expressed in human testicular sperm (Spehr et al., 2003).
Finally, two recent findings showed an oocyte-derived chemotactic
activity associated with a hydrophobic nonpeptide molecule in human
sperm (Armon et al., 2014) and an association between follicle rup-
ture and uterine contractions with the success of human in vivo
insemination suggests the existence of possible chemoattractive sub-
stances in the female tract (Blasco et al., 2014).

Primary binding
Primary binding is the first physical contact of gametes that involves
species-specific recognition of structures and molecules (Bi et al.,
2002). Adhesion between gametes follows a sequence of events that
involves low- and high-affinity binding sites. As a general rule, a mol-
ecule located on the sperm would recognize and bind to a comple-
mentary molecule located on the oocyte coat. The major structures
involved in gamete binding are similar in sperm of different species, but
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are different in the oocytes; in fact, although they share the same func-
tions, the extracellular coats responsible for initial adhesion with sperm
are of a different composition and name: the vitelline layer in the sea
urchin, chorion in the ascidians and zona pellucida (ZP) in most mam-
mals. Species-specificity refers mainly to different molecular events,
such as enzyme–substrate and ligand–receptor interactions. Although
it is feasible that acrosome-reacted sperm should be unable to bind to
the extracellular coat, exceptions are reported in sea urchin and
mouse. In the sea urchin, initial adhesion occurs between the vitelline
layer and bindin, a molecule that is revealed after the AR; this peculiar
behavior was attributed to an AR-inducing activity of the oocyte jelly
layer (Vacquier, 2012). Similarly, mouse sperm were shown to initiate
their AR before contact with the ZP, and are still able to cross the ZP
and fertilize the oocyte after undergoing the AR (Jin et al., 2011; Inoue
et al., 2011). In ascidians, a general substrate–enzyme mechanism
mediated by a sperm α-L-fucosidase and the complementary-L-fucosyl
residues of glycoproteins on the oocyte chorion was first hypothesized
in Ciona intestinalis (Hoshi, 1986), and subsequently demonstrated in
Halocynthia roretzi (Matsumoto et al., 2002). Although this is consid-
ered to be the prevailing molecular mechanism, it is likely that mole-
cules other than glycosidases participate in the initial sperm–oocyte
adhesion. Trypsin-like acrosin and spermosin proteases have been pro-
posed to be involved in this process, suggesting that a proteasome sys-
tem enables spermatozoa to penetrate the chorion or participate in
the process as sperm-related ‘moveable’ binding proteins (Sawada
et al., 2014). A conserved mechanism of gamete recognition in mam-
mals is based on carbohydrate–protein interaction between sperm and
oocyte. Some oligosaccharides arranged on the outer structure of the
oocyte envelope are recognized by complementary proteinaceous
receptors on the sperm. Sperm hyaluronidases are believed to play an
essential role in mammalian fertilization, and sperm-specific SPAM1
and HYAL5 hyaluronidase were suggested to be involved in sperm–ZP
binding in the mouse. However, recent studies show that hyaluroni-
dases are not required for fertilization, arguing against the role of oligo-
saccharides in gamete recognition mechanisms (Zhou et al., 2012;
Yoon et al., 2014).

The mammalian ZP is an elastic structure formed by a network of
fibrils and filaments. The absence of ZP production renders females
infertile, whereas removing the ZP from virgin oocytes eliminates
species-specific recognition in vitro (Wassarman and Litscher, 2008,
2012).

The functional region known as the ZP domain is composed of
three glycoproteins (ZP1, ZP2 and ZP3) that are synthesized and
secreted during oocyte growth and whose structure and function dif-
fer according to the species (Töpfer-Petersen et al., 2000). In particu-
lar, human ZP contains an additional glycoprotein, ZP4, which is a
paralogue of ZP1. At the beginning of the 1980s, ZP3 was identified
in mouse as the ‘primary receptor’ responsible for species-specific
sperm recognition and adhesion (Bleil and Wassarman, 1980).
Subsequent studies aimed at elucidating multiple functions of ZP3
showed that only the glycoprotein from unfertilized oocytes allows
sperm to undergo and complete AR exocytosis (Florman and Storey,
1982; Bleil and Wassarman, 1983; Wassarman and Litscher, 2008).

Many authors have suggested that ZP1, ZP3 and ZP4 bind to capa-
citated human sperm and induce the AR, whereas ZP2 binds only to
acrosome-reacted spermatozoa, and thus may be considered a sec-
ondary sperm receptor (Gupta et al., 2012; Gupta, 2015), however,

this has not been validated by in vivo studies, and is still subject to
question.

The search for the counterpart of ZP3 in mouse led to the iden-
tification of a galactosyltransferase (GalTase) on the sperm surface,
which is able to recognize ZP3 oligosaccharides and then trigger
the AR, relying on a G-protein-mediated process (Florman and
Wassarman, 1985; Miller et al., 1992). A surface GalTase was also
expressed in various mammalian species and was found in the
appropriate location to bind to the ZP, suggesting that the mouse
mechanism of sperm–oocyte binding is conserved among species
(Larson and Miller, 1997).

In humans, a homolog to the PH-20 glycoprotein present on the
head of guinea pig sperm was also identified as playing a role in bind-
ing sperm to the oocyte ZP through hyaluronidase activity (Gmachl
et al., 1993). Subsequent studies that focused on identifying novel
gamete receptors have characterized SED1, a sperm protein that is
required for sperm adhesion to the oocyte coat; this is secreted by
the epididymal epithelium and coats sperm during progression
through the epididymis. Related studies identified a second novel lig-
and on the oocyte coat, originating from oviduct secretions, which
acts as a ZP3-independent component. This is a high-molecular-
weight wheat-germ-agglutinin glycoprotein that appears to participate
in primary sperm binding (Ensslin et al., 2007). Although the central
role of ZP3 as a sperm-binding partner and AR inducer is extensively
supported in the literature, the nature of the proteins that bind
sperm is still controversial.

Another set of possible ZP receptors exists along with the gly-
coenzymes including a large array of sperm surface proteins such
as spermadhesin and pro/acrosin, sp17, sp56, sp38, zonadhesin
and spermadhesins, glutathione (GSH)-S-transferase and ADAM3
(Yamaguchi et al., 2006; for review, see Tanphaichitr et al., 2015).
In mice, ZP3 has been proposed to act as primary sperm receptor
and the primary inducer of the AR, whereas in human, the AR
appears to be mediated by either ZP1, ZP3 or ZP4 that have
been shown to bind to the capacitated sperm (Gupta, 2015).

In contrast to the concept that ZP2 is a secondary receptor
involved in binding between acrosome-reacted sperm and ZP
(Florman and Wassarman, 1985), a mechanism by which mouse and
human sperm bind oocyte ZP2 has recently been proposed as an
alternative to ZP3 (Avella et al., 2014).

The oviductal environment and its secretions also play a critical
role in transport and interaction of male and female gametes. Recent
findings report the expression of lactoferrin, a human oviductal pro-
tein able to inhibit gamete interaction in vitro and possibly involved in
the regulation of the reproductive process via a role in polyspermy
prevention (Zumoffen et al., 2013). The same authors later demon-
strated that lactoferrin causes a decrease in sperm α-D-mannose-
binding sites and an increase in tyrosine phosphorylation of sperm
proteins, suggesting that this protein is able to modulate parameters
of sperm function (Zumoffen et al., 2015).

Acrosome reaction
The AR is an exocytotic calcium-dependent process, considered to
be the major pre-requisite for sperm penetration through the oocyte
coats. The acrosome is a secretory vesicle located on the tip of the
sperm head whose structure is variable among species. As a general

425Mechanisms of gamete activation

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/22/4/420/2573910 by guest on 23 April 2024



view, the acrosome has an outer membrane that lies beneath the
sperm plasma membrane and an inner membrane that overlays the
nuclear membrane. The two membranes are continuous, but appear
to be parallel, enclosing a space containing hydrolytic enzymes.
Acrosome exocytosis is a calcium-dependent event based on multiple
fusions between the outer membrane and the closely apposed plasma
membrane, as well as the interaction of a specific pair of proteins,
called SNAREs (soluble NSF-attachment protein receptors)
(Kierszenbaum, 2000). The patches formed allow the highly fusible
inner acrosomal membrane to be exposed, with dispersion of acroso-
mal enzymes (including hyaluronidase and trypsin-like proteases) that
are crucial for digestion and penetration of the oocyte extracellular
matrix (Harper et al., 2008). In almost all species studied, no morpho-
logical modifications are evident at the AR, with the exception of
echinoderms where polymerization of G-actin into F-actin induces the
extension of an elongated structure known as the acrosomal process.
The AR is induced after the first binding with adhesion between
ligands and receptors, but the nature of the AR inducers remains an
unresolved question. In the sea urchin, fucose sulfate glycoconjugates
and polymers, components of the egg jelly coat, were shown to play
a role in stimulating the AR (Decker et al., 1976; Mengerink et al.,
2000). Molecular characterization of acrosome reaction-inducing
substance recently confirmed the role of this highly sulfated glycopro-
tein as an AR-inducing substance in starfish (Hoshi et al., 2012).

In mammals, two main questions arise: where and how the AR
takes place (Yanagimachi, 2011; Buffone et al., 2014). While many
studies corroborate the role of solubilized ZP or purified ZP3 as
main inducers of exocytosis (Gupta and Bhandari, 2010), hamster
and rabbit sperm seem to initiate the AR while advancing through the
cumulus cells that surround the ZP. In fact, the response of sperm to
progesterone (Roldan et al., 1994), which is one of the major secre-
tory products from the cumulus cells, reinforces this hypothesis. In
support of the idea that the ZP is not sufficient to induce the AR
(Baibakov et al., 2007), recent advanced investigations that distin-
guished fertilizing sperm from their non-fertilizing counterparts
revealed that mouse sperm had already undergone the AR when first
observed in the cumulus (Jin et al., 2011), confirming earlier studies
on guinea pig sperm (Huang et al., 1981). The timing of the AR is at
present matter of debate, with controversial studies published; a
reconsideration of a zona-induced AR has been recently reviewed
(Okabe, 2014).

As previously mentioned, the AR is a process strictly sustained by
an increase in cytoplasmic calcium concentration that precedes exo-
cytosis, essential for the activation of phospholipases and for fusion of
the outer acrosomal membrane with the plasma membrane (Florman
and Ducibella, 2006; Florman et al., 2008). Recent findings in human
sperm also report: the existence of L-amino acid oxidase with a
potential role in driving the regulation of sperm capacitation and
acrosomal exocytosis either in the presence or absence of progester-
one (Houston et al., 2015); the activation of an adenylyl cyclase
downstream in opening store-operated calcium channels during the
swelling process (Sosa et al., 2016).

In mammals, two sperm signaling pathways underpin exocytosis of
the acrosomal contents (Primakoff and Myles, 2002). After initial bind-
ing, a GTP-binding protein and phospholipase C (PLC) are activated,
followed by elevation of intracytoplasmic calcium. Alternatively, a tran-
sient influx of calcium takes place through low-voltage T-type channels

and their subtypes Cav3.2 (Stamboulian et al., 2004), a calcium store
depletion pathway (O’Toole et al., 2000), whereas additional calcium
entry occurs through the activation of Trp family calcium channels
(Jungnickel et al., 2001).

Together with the above-mentioned ion channels, sperm have a
number of calcium-conducting channels, including high-voltage L-type,
cyclic nucleotide-gated channels and the CatSper channels. CatSper
was first described in mouse sperm tails (Ren et al., 2001) and identi-
fied as playing a role in sperm motility. Today, it is known that
CatSper orthologs are present in all mammalian (including human)
sperm, exerting a sort of ‘multitask’ function in male fertility (Singh
and Rajender, 2015).

In addition to ion channels, other cell signaling pathways such as
changes in sperm membrane potential participate in calcium eleva-
tion. In particular, strong membrane hyperpolarization due to
increased activity of potassium channels and an associated decreased
activity of sodium channels appear to regulate the ability of sperm to
generate transient calcium elevation (Arnoult et al., 1999; Rossato
et al., 2001) and prepare sperm for the AR (De La Vega-Beltran
et al., 2012). An elevation of intracellular pH driven by a G protein-
dependent pathway was also reported to be among the initial
responses to first binding (Arnoult et al., 1996). This event seems to
be associated with adenylate cyclase activation and consequent
cAMP production (López-Úbeda and Matás, 2015). The subsequent
activation of a cAMP/PKA pathway leading to protein tyrosine phos-
phorylation is also one of the debated molecular changes associated
with acrosome exocytosis (Tateno et al., 2013).

Different phospholipase isozymes are present in the sperm head,
and these may contribute to the ZP-induced AR via hydrolysis of
phospholipids. These products are involved in the final stages of
membrane fusion, or may represent substrates for the generation of
downstream metabolites such as inositol triphosphate (IP3) and dia-
cylglycerol (DAG) (Roldan and Shi, 2007). These data are consistent
with the presence of IP3 and ryanodine receptor ion channels
devoted to calcium release on the sperm head.

Secondary binding and penetration
Once acrosome reacted, sperm proceed to oocyte matrix penetra-
tion, which occurs by enzymatic digestion and vigorous movement of
the sperm tail. During penetration, the sperm cell must maintain its
adherence to the oocyte coat via transient secondary binding sup-
ported by new different ligands and receptors. In mouse, earlier stud-
ies postulated that ZP2 acts as a secondary receptor for sperm,
involving a sperm trypsin-like proteinase as a counterpart (Bleil et al.,
1988). Evidence was later presented to suggest that proacrosin/acrosin
is one of the complementary binding proteins to mouse ZP2 on
sperm, apparently acting as a bridge between the newly exposed inner
acrosomal membrane and the zona matrix. In fact, it was shown that
porcine proacrosin recognizes ZP2 (Tsubamoto et al., 1996) and that
proacrosin, along with participation in secondary binding, is converted
to acrosin and plays an essential role in zona penetration (Töpfer-
Petersen and Cechová, 1990). Interestingly, this mechanism is identical
to that previously described for sea urchin bindin–vitelline layer interac-
tions (Howes et al., 2001). In pig, the secondary binding ligand for
sperm seems to be ZP1 translocated from the equatorial segment to
the posterior, suggesting that it assists sperm in zona penetration. This
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mechanism seems to be conserved, since recombinant porcine ZP1
was shown to also bind to the equatorial region of the sperm head in
five different mammalian species (Tsubamoto et al., 1996). Several
other proteins have been characterized as sperm–oocyte matrix
adhesion molecules (Bi et al., 2002). One of these, PH-20, a
glycosylphosphatidylinositol-anchored protein with hyaluronidase activ-
ity, plays a relevant role in cumulus penetration. PH-20 is initially
located on the plasma membrane, and then translocates to the inner
acrosomal membrane of acrosome-reacted mammalian sperm
(Primakoff et al., 1985; Cherr et al., 1996). PH-20’s role in secondary
binding is dependent upon repetitive hydrolysis by the hyaluronidase
domain of hyaluronic acid present in the ZP (Hunnicutt et al., 1996).
Zonadhesin was first detected in a membrane fraction isolated from pig
sperm; it showed unique species-specific binding activity, although
orthologs have been characterized in mouse and in human (Tardif et al.,
2010). ZP3r (also known as sp56) is another adhesion molecule discov-
ered in mouse, but is possibly present in the acrosome of almost all
mammalian species. It has been proposed to act in concert with proa-
crosin in progressive penetration through the extracellular coat (Bleil
and Wassarman, 1990), but its involvement in sperm–ZP binding has
been recently questioned (Muro et al., 2012).

Studies that addressed how the sperm structures involved in AR
participate in the activation process yielded evidence that proteins
known to be distributed only in the sperm equatorial segment protein
(SPESP) of ejaculated human and hamster sperm are involved; the
integrity of these proteins correlates with binding and successive fusion
with the oocyte. In further investigations, a mouse line was engineered
to lack SPESP1, resulting in aberrant distribution of various sperm pro-
teins. This was related to the fertilizing ability of the sperm and con-
firmed that SPESP1 is required in order to produce a fully ‘fusion
competent’ sperm (Wolkowicz et al., 2008; Fujihara et al., 2010).

Fusion
The final adhesion between gametes occurs via their plasma mem-
branes, preceding the event of fusion (for review, see Gadella and
Evans, 2011). Recent studies identify cell fusion as a genetically pro-
grammed process that in gametes can be divided in two main stages:
membrane binding and membrane fusion.

Regarding membrane binding, many of the studies that aimed to
identify sperm proteins required for sperm–oocyte fusion were
based on immunological assays, and suggested several different
molecules. The PH-30 protein, also known as fertilin, was localized
on the posterior sperm head surface in guinea pig and postulated
to be a candidate for mediating gamete membrane fusion
(Primakoff et al., 1987). Biochemical characterization of PH-30
showed two subunits, α and β, the latter containing a disintegrin
domain, suggesting that an egg integrin might serve as sperm recep-
tor. Due to their ability to inhibit sperm–oocyte binding, integrin
ligands for other peptides and cyritestin were also proposed as
being involved (Takahashi et al., 2000). A model for sperm–oocyte
membrane binding involving adhesion between an integrin on the
oocyte plasma membrane and an integrin–ligand on the sperm was
also suggested (Talbot et al., 2003); however, subsequent knockout
experiments have not supported this view further (Stein et al.,
2004, see comment in PubMed Commons below).

Together with cyritestin, fertilin α and β subunits were also charac-
terized as first members of the ADAMs family, metalloproteinases
that can bind to receptors and cleave extracellular domains of pro-
teins, for example in protein shedding or activation. These were con-
sidered ideal candidates for attachment proteins owing to the
presence of specific domains and the fact that they are testis specific.
Many proteins belonging to the ADAM family have now been identi-
fied, but not all in vitro experiments fully support their direct role in
fusion (Stein et al., 2004). Accordingly, DE, a rat epididymal protein
on the sperm surface, was also suggested as a molecule mediating
gamete membrane fusion in the rat and mouse, through a mechanism
that does not involve the disintegrin–integrin interaction (Cohen
et al., 2000). DE was the first epididymal protein identified as a mem-
ber of the highly conserved cysteine-rich secretory protein (CRISP)
family. Further studies characterized other members of the CRISP
family that participate in the regulation of signaling pathways during
capacitation and are functional in mammalian sperm–ZP interaction
and fusion (Cohen et al., 2011; Da Ros et al., 2015).

CD9, a member of the tetraspanins protein family is expressed on
the oocyte surface of many mammalian species; a clear role for CD9
in sperm–oocyte fusion was demonstrated (Miyado et al., 2000),
since it participates in the formation of microvilli that are important
for sperm–oocyte fusion (Runge et al., 2007). Current findings show
that CD9 generates adhesion sites that are responsible for the stron-
gest of the observed gamete interactions (Jégou et al., 2011), con-
firming an essential role for CD9 in the fertilization process
(Jankovičová et al., 2015). However, there is still no evidence for an
appropriate sperm ligand partner.

In membrane fusion, morphologically, fusion occurs by lipid mixing
that transforms the two gamete membrane bilayers into a single
layer, leading to subsequent incorporation of the sperm head into the
oocyte cytoplasm. In most cases, initial attachment occurs between
the oocyte plasma membrane and the tip of the sperm.

Despite the importance of sperm–oocyte fusion in fertilization, lit-
tle is known about the mechanisms or the molecules involved. In the
mouse, Izumo1 has been identified as essential in sperm–oocyte
fusion: a Type 1 immunoglobulin superfamily membrane protein that
is included in the acrosome. After acrosomal exocytosis, fusion
between the acrosome and the plasma membrane relocates Izumo1
on the sperm head surface, suggesting that this redistribution renders
the sperm fusion competent (Buffone et al., 2014), and therefore
plays a pivotal role in the process (Aguilar et al., 2013). Mice deficient
in Izumo1 give rise to sperm with normal morphology that can bind
and penetrate the ZP, but are incapable of fusing with the oocyte
(Inoue et al., 2005). Intracytoplasmic injection of these sperm gives
rise to normal fertilization and development, which further corrobo-
rates the suggestion that Izumo1 is involved in fusion (Klinovska et al.,
2014). It has been hypothesized that Izumo1 is the possible sperm
counterpart to CD9, but direct interaction between the two factors
has been not reported, and how they might participate in the process
has not been shown (Okabe, 2014). Recent findings support the
hypothesis that Izumo1 interacts with a protein complex that con-
tains or modulates other fusion molecules (Inoue et al., 2011).

The search for an Izumo1-binding partner in mouse oocytes led to
the discovery of Juno, a protein highly expressed on the surface of
unfertilized oocytes: incubation with Juno-specific antibody prevents
fertilization. Knockout female mice for Juno are infertile, and in
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particular their oocytes were unable to fuse with wild-type sperm,
even in the presence of normal ZP penetration.

Experimental evidence demonstrated rapid loss of Juno from the
oocyte membrane soon after fertilization, suggesting that Juno is
essential for fertilization and that this mechanism may be the basis for
polyspermy block in mammals. One possible explanation for this pro-
cess is that Juno is shed in vesicles after fertilization, generating a
zone of ‘decoy oocyte’ confined within the perivitelline space that
could bind acrosome-reacted sperm and therefore avoid super-
numerary sperm entry (Bianchi and Wright, 2014).

Although recent studies have validated Juno protein as the first cell
surface receptor conserved in mammals, the interaction between
Izumo1 and Juno seems to be a necessary and essential adhesion
step, but its role in the gamete fusion mechanism is not clear (Bianchi
et al., 2014).

Oocyte activation

Quiescence
At the end of oogenesis, the oocyte has accumulated maternal RNAs
and proteins that allow it to remain in a developmentally arrested
state. This quiescence is characterized by blocks at both nuclear and
cytoplasmic levels. In the majority of species, the oocyte can arrest at
different stages of meiotic division, and in particular the block that
occurs during first meiotic prophase marks the state of the immature
oocyte characterized by the germinal vesicle. In response to a stimu-
lus, meiosis is resumed, manifested by germinal vesicle breakdown
and further progression to Metaphase I or II. Depending on the spe-
cies, meiosis then undergoes a second arrest, which is universally
removed by the fertilizing spermatozoon, with the exception of
Drosophila (Kaneuchi et al., 2015). Oocytes are also arrested at differ-
ent points in the cell cycle, mediated by the activity of different types
of cytostatic factors (CSF) (Masui, 2001; Costache et al., 2014). The
arrest in metaphase of meiosis is characterized by high activity of two
types of protein kinases: maturation promoting factor (MPF), whose
core components are cyclin-dependent kinase 1 (Cdk1/Cdc2) and
cyclin B and CSF, which relies on the MOS/MEK1/MAPK (mitogen-
activated protein kinase)/P90Rsk pathway for maintaining the ana-
phase promoting complex/cyclosome (APC/C) inactive, via the
Emi2/Erp1 signaling cascade (Russo et al., 2009). In spite of differ-
ences between forms of CSF, the mechanism of CSF inactivation relies
on calcium waves that cross the oocyte; in fact, it is known that cal-
cium calmodulin-dependent protein kinase (CAMKII) is the key kinase
that transduces the fertilization-induced calcium rise to APC/
C-mediated cyclin B destruction and activation of Wee1B; together,
these result in the activation of Cdk1 (MPF) and exit from meiosis
(Russo et al., 2009; Levasseur et al., 2013).

In mouse oocytes, a CaMKIIγ isoform was shown to be essential
for egg activation by triggering cell cycle resumption, which in turn
results in independent recruitment of maternal mRNAs by CaMKII
activity (Backs et al., 2010).

In the oocyte, precise coordination of these events depends upon
the establishment and maintenance of M-phase arrest, as well as
prompt release from the arrest points at the time of sperm entry,
which fully relies on sperm-induced calcium elevation (Von Stetina
and Orr-Weaver, 2011; Hörmanseder et al., 2013).

Cytoplasmic maturity represents an ensemble of parameters that
is difficult to fully define, but includes oocyte competence that allows
full development of the embryo: initially until the stage of the
maternal-to-zygotic transition, and subsequently up to term. Several
growth factors and cytokines such as growth hormones, the epider-
mal growth factor family of proteins, insulin-like growth factors and
leukemia inhibiting factor are involved in this process; this can be
established in terms of pregnancy and delivery. The immediate
increase and mobilization of GSH is achieved through two ATP-
dependent steps: gammaglutamylcysteine synthetase and GSH
synthetase. The impact of GSH mobilization on further embryonic
development is immediate, demonstrated by an increased rate of
blastocyst formation and increased cell number per blastocyst
(Furnus et al., 2008). This mobilization is mandatory for the sperm
head swelling that is necessary for the formation of a fully developed
male pronucleus; it is also required for upregulation of the pentose
phosphate pathway (PPP), a prerequisite for initiation of the first
S-phase in both male and female pronuclei.

Cytoplasmic mRNA polyadenylation of the corresponding mRNAs
is mandatory for an immediate translation of all the enzymes involved
in GSH synthesis and mobilization, and PPP upregulation. Microarray
experiments showed that poly(A)-binding protein is highly expressed
in human oocytes (Guzeloglu-Kayisli et al., 2008). The precise selec-
tion and regulation of mRNAs to be translated and the quality of
their kinetic and chronologic regulation is crucial for correct develop-
ment. The sequence of message translation is probably regulated by
recruitment and degradation of maternal mRNAs and proteins that
appear essential to permit the maternal-to-zygotic transition for fur-
ther development (Sirard, 2011; Lee et al., 2014).

Oocyte activators
The idea that a sperm component may be responsible for oocyte
activation and that sperm act through an external receptor dates
back to 100 years (Lillie, 1913). More recently, three main hypoth-
eses prevailed, each based on clear experimental evidence; however,
contrasting data exist in the literature both in support of and against
each of them (for review, see Tosti and Ménézo, 2010).

The calcium conduit model arose from the idea that sperm intro-
duce a quantity of calcium upon fusion, or through its own plasma
membrane ion channels. The second model points to a receptor-
mediated oocyte activation pathway involving a central role for
G-proteins as signal transducers from surface receptors to down-
stream molecules. Although stimulation of G-protein pathways was
supported by many studies, the huge success of the ICSI technique,
which bypasses sperm–egg membrane interaction, strongly argues
against this theory. At present, this hypothesis has been abandoned:
although the presence of a G-protein pathway in the oocyte is not in
doubt, it may not necessarily participate in oocyte activation
(Williams et al., 1998).

The third hypothesis is based on a diffusible molecule/package of
molecules present in the sperm cytoplasm that enters the oocyte
cytoplasm after fusion, triggering activation events (Dale et al., 2010).
In contrast to the former two theories, a general consensus does
support the model of a soluble SF. However, despite many experi-
mental efforts, the real nature of the SF remains to be elucidated.
The potential protein nature of the sperm extract was first suggested
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in 1990 (Stice and Robl, 1990) and subsequently confirmed by other
authors, both in mammals and in marine invertebrates (Tosti and
Ménézo, 2010). Using biochemical and immunological approaches,
the oscillin protein was isolated and cloned from hamster sperm and
proposed as the potential candidate (Parrington et al., 1996). Later,
it appeared that oscillin was not the SF, and a second era of inves-
tigation was initiated at the end of the 1990s (Tesarik, 1998a,b).
As a consequence of the central role played by phosphatidylinosi-
tol (4,5)-bisphosphate (PIP2) in mobilization and calcium release at
fertilization, PLCs, the enzymes responsible for hydrolysis of the
membrane PIP2, were hypothesized as possibly being involved,
suggesting that the SF could be PLC itself. In this respect, the
huge search for the correct isoform of PLC soon identified PLCζ
as the isozyme that possessed all of the specific characteristics of
SF (Swann et al., 2004). In fact, PLCζ satisfies some stringent and
independent criteria required for the activating factor in mouse,
currently being the only SF candidate able to cause calcium release
and target PIP2 (Kashir et al., 2014). In non-mammalian models,
PLCγ isoform and a non-protein package of molecules including
ADPribose and nitric oxide (NO) may be involved (Carroll et al.,
1999; Dale et al., 2010; Fig. 3).

Recent studies have shown that post-acrosomal WW domain-
binding protein (PAWP), a WW-binding domain protein identified on
the post-acrosomal sheath of mammalian sperm, exhibits acceptable
characteristics for a sperm-borne activating factor (Kashir et al., 2015;
Amdani et al., 2015a), suggesting that PAWP may be a promising SF
candidate. However, contrasting data demonstrate that PAWP does
not play an essential role in mouse fertilization and that it is not able
to induce oocyte activation in males who failed to fertilize due to a
PLCζ mutation (Escoffier et al., 2015). Furthermore, the exact mech-
anism by which PAWP induces a calcium rise or oscillations is still
unknown (Machaty, 2016). The identity of SF and alternative factors
to PLCζ and PAWP are a matter of intense investigation and still
need scientific and clinical validation (Satouh et al., 2015; Vadnais and
Gerton, 2015; Nomikos et al., 2015).

Electrical events
The oocyte is electrically excitable, due to ion channels located on
the plasma membrane. Changes in the electrical properties of the
oocyte plasma membrane are crucial events in the process of oocyte
activation (Tosti and Boni, 2004). Pioneering studies on marine ani-
mals first demonstrated potassium ion fluxes through the oocyte
plasma membrane (Tyler et al., 1956; Hiramoto, 1958), that in turn
generated a transient change in oocyte membrane potential, named
fertilization potential. The fertilization potential was also recorded in
echinoderm oocytes, suggesting that it is generated by the activation
of a transient voltage-dependent inward current (Dale et al., 1978;
Dale and De Santis, 1981). With the advent of the whole-cell voltage
clamp technique, it was demonstrated that depolarization of the
membrane potential resulted from ions flowing through the plasma
membrane as an ion current, known as the fertilization current (FC).
Accurate biophysical characterization in ascidians demonstrated that
this FC is due to gating of large non-specific and highly conductive
plasma membrane ion channels activated in the oocyte by the fertiliz-
ing spermatozoon (Dale and De Felice, 1984; Dale, 1994). FC was
recorded in sea urchin and lower vertebrates such as Xenopus,

where the channels responsible were characterized as non-specific
and calcium-activated chloride channels, respectively (De Simone
et al., 1998; Glahn and Nuccitelli, 2003).

The first difference between non-mammalian and mammalian elec-
trical responses was demonstrated in hamster oocytes, where a ser-
ies of hyperpolarizations following fertilization were recorded in the
oocyte (Miyazaki and Igusa, 1981a). A similar FC has subsequently
been recorded in other mammalian species, such as mouse (Igusa
et al., 1983) and bovine (Tosti et al., 2002). In contrast to other
mammals, rabbit oocytes showed a preliminary depolarization fol-
lowed by repeated diphasic (hyperpolarization/depolarization) mem-
brane modifications (McCulloh et al., 1983).

In the human oocyte, a bell-shaped outward FC accompanied by a
long-lasting hyperpolarization of the plasma membrane was recorded
(Gianaroli et al., 1994), and a further biophysical characterization of
ion channels revealed that in the human FC is underpinned by the
activity of calcium-activated potassium channels (Dale et al., 1996),
also supporting previous findings in hamster oocytes (Miyazaki and
Igusa, 1981b). In contrast to the marine species, where an inward FC

Figure 3 SF pathways leading to activation.
The hypothetical mechanism of action of PLCζ and downstream
events in mammalian oocyte activation. Following gamete plasma
membrane fusion, the SF diffuses into the ooplasm, binds and
hydrolyzes PIP2 generating two second messengers, namely IP3 and
DAG. IP3 induces calcium release from the endoplasmic reticulum
stores. The calcium rise and oscillations may induce a cascade of
translational events, such as CAMKII activation, Emi2 inactivation,
APC/C activation, cyclin B degradation and MPF inactivation.
Altogether, these events result in the resumption and completion
of meiosis. In alternative, calcium rise and oscillations may induce
zinc sparks which in turn generate Emi2 inactivation. PAWP is
potential SF, which induces calcium rise and oscillations by a still
unknown mechanism. DAG, diacylglycerol; SF, sperm factor; PLC,
phospholipase C; IP3, inositol 1,4,5-trisphosphate; CAMKII, calcium
calmodulin-dependent protein kinase; APC/C, anaphase promoting
complex/cyclosome; MPF, maturation promoting factor; PAWP,
postacrosomal WW domain-binding protein; PIP2, phosphatidylino-
sitol (4,5)-bisphosphate.
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first appears and seems to be directly gated by the fertilizing sperm-
atozoon, in some mammalian species, the electrical events follow an
initial calcium release that in turn gates calcium-activated potassium
channels. Accordingly, Homa and Swann (1994) reported a calcium-
activated outward current in human oocytes following cytosolic SF
injection, proposed to be a signal of oocyte activation.

Apart from the hypothesized fast block to polyspermy, which is a
matter of debate (Dale, 2014), the role of FC in the process of fertil-
ization remains unclear; however, in ascidians a long-term effect of
FC on embryo development has been suggested (Tosti et al., 2003).

Calcium release
The elevation of free intracellular calcium is a nearly universal signal
that triggers the cascade of events that leads to oocyte activation.
After pioneering experiments demonstrating that calcium ionophore
induced oocyte activation (Steinhardt et al., 1974), the calcium rise
was first described in marine animals as an explosion, suggesting that
a single peak was the cause of oocyte activation (Ridgway et al.,
1977; Steinhardt et al., 1977). Calcium changes were then observed
in all the animals studied (Stricker, 1999) demonstrating that this pro-
cess is one of the few events of oocyte activation conserved through
the course of evolution. The massive increase in cytosolic calcium
occurs in different forms, from a single transient peak in non-
mammals (Busa and Nuccitelli, 1985; Gillot and Whitaker, 1994) to
periodic oscillations in mammalian species, with amplitude and fre-
quency that are crucial for the success of oocyte activation and
embryo development (Sun et al., 1994; Ducibella et al., 2002;
Miyazaki and Ito, 2006; Whitaker, 2006; Swann and Yu, 2008; Kashir
et al., 2013; Krauchunas and Wolfner, 2013). In golden hamster, lead-
ing studies associated repetitive hyperpolarization in the oocyte a few
seconds after sperm interaction with periodic calcium changes
(Miyazaki and Igusa, 1982). This view was further supported in mouse
oocytes, where sustained calcium oscillations appeared in activated
oocytes, beginning as a transient rise but continuing in a regular pat-
tern lasting from 2 to 30 minutes up to several hours (Cuthbertson
and Cobbold, 1985; Miyazaki et al., 1993). The first direct measure-
ments of intracellular calcium changes in human oocytes at fertiliza-
tion were recorded in the early 1990s (Taylor et al., 1993). These
authors fertilized both zona-intact and zona-free donated oocytes,
and reported the amplitude, duration and frequency of dramatic
intracellular calcium transients, which were very similar to those
recorded in mouse. In support of the fact that calcium oscillations are
cell-cycle dependent, it was shown that they cease when pronuclei
are formed, which is considered to be the end point of oocyte activa-
tion (Jones et al., 1995). Subsequent studies reported that calcium
oscillations are also essential features of oocyte activation in non-
mammals, such as different ascidian species (Russo et al., 1996;
Dumollard et al., 2004). Over the last few decades, a large body of
literature has focused on dynamic aspects of calcium signaling, dis-
cussing how calcium waves and oscillations are transformed into
oocyte response. As a general model, the first calcium rise may be
followed by an entry of calcium across the plasma membrane through
voltage-sensitive calcium channels that respond to membrane
depolarization in echinoderms. This entry is followed by a further
depolarization, which is involved in the polyspermy block (Runft
et al., 2002). In most cases, the influx of calcium is stimulated by the

depletion of calcium stores, a mechanism that was termed capacita-
tive or store-operated calcium entry (SOCE) (Putney, 1986). This
mechanism involves molecules, such as STIM, ORAI and SERCA,
coordinated to refill the calcium stores in order to generate new cal-
cium oscillations. Although the latter is generally accepted as modu-
lating calcium influx, alternative mechanisms such as ion channel
activity have been identified in the completion of mouse oocyte acti-
vation (Miao et al., 2012; Takahashi et al., 2013; Bernhardt et al.,
2015), arguing against SOCE as a unique contributor. The main
source of calcium stores is the smooth endoplasmic reticulum, where
IP3 and ryanodine receptors are located (Wakai et al., 2013). IP3
Type 1 receptors appear to be fully responsible for calcium oscilla-
tions in mammals. The importance of IP3 in oocyte activation was
first highlighted with the demonstration of PIP2 turnover at fertiliza-
tion (Turner et al., 1984). The increase of IP3 at fertilization was later
observed in most of the species studied. In recent years, PLCζ
has been recognized as the sperm-specific phospholipase that hydro-
lyzes PIP2 into IP3 and DAG, allowing IP3 binding to receptors and
confirming the idea that IP3 is a second messenger fully involved in
calcium-dependent oocyte activation (Stith et al., 1993; Swann and
Parrington, 1999; Swann and Yu, 2008). Calcium released from
IP3 receptors in turn diffuses to neighboring receptors, triggering a
calcium-induced calcium release (CICR), a regenerative process that
a great deal of experimental evidence suggests as the mechanism
responsible for generating calcium waves (Whitaker, 2006). In add-
ition to IP3, other calcium mobilizing agents, the so-called fraternal
twin messengers (Lee, 2011), cADPR and nicotinic acid adenine
dinucleotide phosphate (NAADP), participate in intracellular calcium
store mobilization. Although both cADPR and NAADP remain
inadequately studied, the former was indicated as a modulator of
ryanodine receptor-mediated CICR, and in sea urchin oocytes a NO-
stimulated calcium mobilization pathway involving cADPR was also
documented (Willmott et al., 1996). In the same species, the
NAADP-induced calcium rise was shown to be mediated by a new
class of calcium channels, the two-pore channels (Ramos and
Wessel, 2013). These findings shed new light on the coordination
between messengers, intracellular stores and ion channels in the for-
mation of the oocyte activation fertilization calcium wave. The man-
ner in which calcium oscillations are decoded and downstream
effectors and events are triggered is a subject of intense investigation.
It is noteworthy that the mechanisms through which calcium interacts
with the cell cycle control machinery rely on APC and the degrad-
ation of cyclins. However, the molecular mechanisms whereby the
calcium signals induce interruption of meiosis arrest have not been
fully clarified.

Structural events
Morphological changes in the oocyte after fusion with the spermato-
zoon are essential to ensure monospermic fertilization and initiation
of embryo development. In most of the species studied, these modifi-
cations are related to the action of cortical granules (CG),
membrane-bound secretory vesicles unique to mature oocytes that
release their contents into the perivitelline space (cortical reaction).

CG distribution and the cortical reaction following calcium oscilla-
tion are key factors in successful prevention of polyspermy. Calcium
released from the endoplasmic reticulum is dependent on the quality
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and quantity of mitochondria. These are considered to be major mar-
kers of oocyte quality, since a low-mitochondrial DNA copy number
results in poor oocyte developmental competence.

In marine animals, the first indication that an oocyte has been suc-
cessfully fertilized is a rapid modification of its shape. In sea urchins,
soon after insemination, a calcium-induced exocytosis of CG gives
rise to a dramatic change in the extracellular matrix, leading to eleva-
tion of the fertilization membrane which plays the dual role of avoid-
ing supernumerary sperm entry and then protecting the zygote and
the embryo (Wong and Wessel, 2004).

In mammals, exocytosis is not a continuous process; in fact, each
calcium pulse stimulates a loss of CG (Ducibella et al., 2002), sug-
gesting that in mammals, structural modifications are fully dependent
on calcium release. CG exocytose their contents, which in turn
cleave the ZP2, mixing with the ZP glycoproteins to give rise to
zona hardening (Ducibella et al., 1990). This phenomenon, known as
the zona reaction, renders the ZP refractory to further sperm bind-
ing and penetration. Ascidian oocytes do not have CG or any com-
parable organelle, and the oocyte morphological modification
consists of a constriction that appears at the animal pole and tra-
verses the oocyte, reaching the opposite pole within 2 minutes. The
contraction is preceded by an elevation of calcium that crosses the
oocyte as a wave in the same direction as the contraction wave
(Brownlee and Dale, 1990). The CGs contain several structural pro-
teins and enzymes that give the fertilization membrane or ZP distinct
properties of stability and permeability. A proteomic study in echino-
derms identified that the proteins SFE1, SFE9, proteoliaisin and
rendezvin are responsible for the construction and assembly of the
fertilization membrane. In particular, four major enzymatic activities
involved in this event were highlighted: proteolysis, transamidation,
hydrogen peroxide synthesis and peroxidase-dependent dityrosine
cross-linking (Oulhen et al., 2013).

In mammals, the generation of two second messengers, namely IP3
and DAG, was suggested as mediating the calcium dependence of
the cortical reaction, by inducing calcium release from intracellular
stores and the activation of protein kinase C (PKC), respectively,
which are responsible for CG exocytosis (Sun, 2003).

In several mammalian species, two classes of proteins, known as
v- and t-SNAREs, have been shown to play a role in mediating CG
docking and exocytosis. In fact, CG exocytosis was shown to be
regulated by a SNARE protein-mediated pathway in both mouse and
pig unfertilized oocytes (Liu, 2011; Tsai et al., 2011). Furthermore, an
active role for α-SNAP (N-ethylmaleimide-sensitive factor attachment
protein alpha ) and NSF (N-ethylmaleimide-sensitive factor) in mouse
oocyte CG exocytosis has recently been demonstrated (De Paola
et al., 2015).

Ovastacin, a protein of the metalloproteinase family similar to
hatching enzymes, is an oocyte-specific astacin that has been cloned
and characterized in human and mouse ovaries (Quesada et al.,
2004). Ovastacin was recently localized as a component of CG
released during the cortical reaction, and identified as responsible for
the postfertilization cleavage of ZP2 (Burkart et al., 2012). In order to
clarify the molecular basis of gamete recognition, molecular biology
assays using ablation of the gene encoding ovastacin and truncated
recombinant ZP2 peptides supported the hypothesis that sperm bind
to an N-terminal domain on the ZP prior to penetration and fusion.
This in turn destroys the sperm-binding domain, corroborating the

involvement of ovostacin in the mechanism of polyspermy block and
regulation of sperm–oocyte interactions (Avella et al., 2013;
Yonezawa, 2014).

Meiosis resumption and molecular changes
The last phase of oocyte activation is resumption and completion of
meiosis, leading to polar body extrusion, cleavage of the zygote and
embryonic cell divisions. Entry into interphase after meiosis exit
occurs only after a large decrease in activity of both MPF and MAPK.
In many different species, a decrease in MPF activity follows proteoly-
sis of cyclin B, triggered by proteases of the APC complex which is in
turn stimulated by the destruction of Emi2 (Madgwick and Jones,
2007). The interplay between Emi2/Erp1, cyclin B and MPF loss has
been considered as the key event of meiotic resumption, in particular
promoting the metaphase–anaphase transition and extrusion of the
polar body (Suzuki et al., 2010). This is however a matter of debate,
especially concerning MAPK inactivation, which in mouse appears to
be delayed until the time of pronuclear formation. (Gonzalez-Garcia
et al., 2014). In oocytes, the effectors of calcium increase involved in
cell cycle restart are PKC, CAMKII, calcineurin and the targets are
kinases and phosphatases (Williams, 2002; Backs et al., 2010). Null
CAMKII isoform γ mice failed to inactivate CSF and MPF. Based on
these and other findings in vertebrates and mammals, this mechanism
appears to be related to the key role of CAMKII as transducer of cal-
cium signal stimulation leading to phosphorylation of Emi2/Erp1 and
eventually its proteolysis. Such degradation should be followed by
Cdk1/cyclin B inactivation and release from the meiotic block (Von
Stetina and Orr-Weaver, 2011). This model is proposed as an
explanation for the link between calcium release and the loss of MPF
activity. The missing link between calcium and decline in MAPK activ-
ity remains an open question. However, in some mammalian species,
it has been suggested that the delayed decrease in CSF may be
related to destruction of Mos and inactivation of MAPK (Duprè et al.,
2011), a process that is also supported by studies in ascidian oocytes
(Dumollard et al., 2011). Recent attention has focused on a decrease
in zinc levels that seems to be involved in activation pathways under-
lying both oocyte activation and meiosis resumption. In mouse, zinc is
released from the oocyte at fertilization (Kim et al., 2011), and this
event seems to be induced by calcium signals. Zinc release also
appears to be involved in meiosis resumption via an association with
modulation of Emi2 activity and Cdk1/Cdc2 phosphorylation
(Krauchunas and Wolfner, 2013). In particular, zinc spikes that
appear to be related to the oocyte–embryo transition have been
detected at fertilization in mammals, establishing a zinc-dependent
pathway in meiotic cell cycle regulation of mammalian oocytes (Que
et al., 2015; Fig. 3). During the final stages of oocyte activation, there
are widespread changes in macromolecules such as proteins and
RNAs that are not necessarily involved in meiosis resumption.
Changes in proteomes and their composition have been character-
ized, revealing significant degradation of maternal proteins. This has
been attributed to a combination of protein degradation, phosphoryl-
ation, post-translational modifications and new translation of maternal
RNAs (Krauchunas and Wolfner, 2013). During the final stages of
oocyte activation, there are widespread changes in macromolecules
such as proteins and RNAs that are not necessarily involved in mei-
osis resumption. Cytoplasmic polyadenylation involves elongation of
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the poly(A) tail after export of mRNAs to the cytoplasm. It has been
observed and described in the oocytes and early embryos of many
animal species, from invertebrates to mammals, and is universally
considered to be a regulatory mechanism for protein expression
from specific mRNAs. The mediators of this process (cytoplasmic
polyadenylation elements and their binding proteins) have been
described in detail and some new findings have been reviewed
recently (Charlesworth et al., 2013; Martins et al., 2016). The
decrease in maternal mRNA in early mouse embryos begins during
the final stage of oocyte meiotic maturation (Paynton et al., 1988,
Paynton and Bachvarova, 1994). A decrease in translatable maternal
RNAs and proteins is then a general feature of mammalian preim-
plantation development until the time of the maternal-to-zygotic tran-
sition (Telford et al., 1990), and even afterwards in some cases. The
mechanism for selective degradation of mRNAs in early embryos
is unknown; however, it is likely that microRNAs interfering with
translation play an interesting role in this regulatory process
(Sirard, 2012).

Clinical application for ART
A better understanding of gamete physiology is needed in order to
improve the continuing low success rates after ART treatment.
Patrizio and Sakkas (2009) calculated that the take-home baby rate
per oocyte retrieved never exceeds 10%, even with oocyte donors.
In IVF centers, gamete activation is also defined as sperm capacitation
and oocyte preparation procedures carried out to aid fertilization and
pregnancy rates. In vitro sperm preparation is needed for the removal
of toxic substances present in the seminal plasma in order to select
the best, healthy sperm for ART treatment. To achieve this aim,
many methods have been developed for separating sperm from sem-
inal fluid, including swim-up and density gradient centrifugation.
Accumulated evidence has demonstrated that diluting the sperm
samples with a particular medium improved sperm function and
enhanced the competence of sperm (Kim et al., 2015a,b). In this
respect, several media have been formulated and substances that
stimulate the adenylate cyclase pathway, calcium elevation or have a
protective effect against chromatin instability and oxidative stress
have been tested to identify the most effective sperm separation
method. The introduction of ICSI overcame many of the causes of
severe male infertility, especially those due to oligospermic semen.
However, it soon became clear that performing ICSI with abnormal
sperm can potentially induce paternal adverse effects on embryo
development and pregnancy outcome (Janny and Menezo, 1994). At
present, artificial sperm activation is offered to improve functionality
of testicular sperm extracted from azoospermic patients and to acti-
vate sperm from patients with Kartagener’s syndrome. Recent studies
were aimed at improving sperm motility by adding reagents such as
pentoxifylline and theophylline to conventional media (Hattori et al.,
2011; Ebner et al., 2011) or by combining sperm processing proce-
dures (Wöber et al., 2015). Encouraging results demonstrated in
both cases that pharmacological stimulation of spermatozoa resulted
in a significant increase in fertilization rate, blastulation and pregnancy
outcome. These authors (Ebner et al., 2011) highlighted the fact that
stimulating sperm motility with these substances was not effective per
se, but allowed an accurate selection of the most viable sperm for

ICSI. The key role of ion channels in sperm motility and male fertility
is at present under intense investigation. Since CatSper genes seem
to have evolved exclusively for sperm function, and only CatSper and
Ksper are involved in male fertility disorders, these ion channels
appear to be ideal tools for both contraception and for male infertility
treatment for ART (Singh and Rajender, 2015). The rare cases of
failed fertilization after ICSI are mainly caused by a lack of oocyte acti-
vation. Due to the prominent role of an increase in calcium during
this process, it was soon clear that the use of calcium ionophores,
such as ionomycin and A23187, may be efficiently used in couples
who experienced low fertilization rate or even complete fertilization
failure after ICSI (Tesarik and Sousa, 1995). Many studies reported
that artificial oocyte activation improved fertilization and pregnancy
rates in patients with histories of poor fertilization, and even no fertil-
ization, in previous ICSI cycles (Montag et al., 2012; Yeste et al.,
2015). A number of research groups also reported cases of successful
pregnancies in couples where ionophore was used to activate
oocytes and ICSI was performed with oligoasthenoteratospermic
semen (Sugaya, 2010; Isachenko et al., 2010), small acrosome or glo-
bozoospermic sperm (Heindryckx et al., 2005; Taylor et al., 2010)
and also on in vitro matured oocytes due to polycystic ovary syn-
drome in the women (Kim et al., 2015a,b). Furthermore, this proced-
ure was also used in cases of unexplained female infertility or
diminished ovarian reserve (Check et al., 2010). Ionophore oocyte
activation has recently also been applied as an option in a case of
theophylline-resistant Kartagener syndrome patients, leading to a
healthy twin birth. This promising result supports the possible routine
application of ionophore in patients with primary ciliary dyskinesis
(Ebner et al., 2015). Several studies reported that chemical oocyte
activation performed by treatment with strontium chloride resulted
in successful pregnancies after the use of either ejaculated (Chen
et al., 2010) or frozen-thawed testicular sperm (Kim et al., 2012).
Although the combination of ICSI and chemical oocyte activation
resulted in pregnancies and the birth of healthy babies, in some cases
where sperm were unable to fertilize oocytes even after their suc-
cessful introduction into the oocytes via ICSI, electrical stimulation of
the oocytes resolved the problem (Yanagida et al., 1999). This phys-
ical stimulus promotes the formation of pores in the plasma mem-
brane and increases the calcium permeability with consequent
elevation of calcium concentration. In a randomized study, electrical
pulses were applied to oocytes that failed to fertilize after ICSI, show-
ing a significant resumption of embryonic developmental events after
electrical activation of the oocytes (Manipalviratn et al., 2006). Finally,
the mechanical stimulus of aspirating cytoplasm during ICSI was also
shown to lead to high fertilization rates (Ebner et al., 2004). In some
cases, failed fertilization post-ICSI has also been associated with
sperm protamine deficiency and premature chromosomal condensa-
tion (PCC). Artificial activation of such oocytes resulted in an
increased fertilization rate, with the exclusion of cases where sperm
presented PCC induced by protamine defects (Nasr-Esfahani et al.,
2007). Since PLCζ has been recognized to play a role as an oocyte
activator, certain types of male infertility have been associated with
its absence or reduced levels, as well as defective forms and muta-
tions (Ramadan et al., 2012). Impairment of activating factors causes
delayed or abnormal oocyte activation, and this can lead either to
fertilization failure or to various anomalies in embryonic development
(Tesarik, 1998a,b). In particular, delay in sperm pronucleus formation
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causes a delay in the process of sperm DNA demethylation, altering
DNA repair capacity. Active demethylation and immediate remethy-
lation in the male pronucleus is perturbed, along with dynamic repro-
gramming of DNA methylation. This leads to a delay in zygote
formation, with developmental perturbations including abnormal tim-
ing and disruption of the imprinting/DNA methylation maintenance
by the DNA methyltransferases 1 (Market Velker et al., 2012).

The aim of artificial oocyte activation is to mimic physiological
mechanisms, based mainly on calcium changes; recent evidence sug-
gests that human recombinant PLCζ may be a novel therapeutic
agent for injection into the oocyte in order to rescue activation
deficiency, since it promotes calcium oscillations in a dose-
dependent way (Yoon et al., 2012; Ramadan et al., 2012; Sanusi
et al., 2015; Chithiwala et al., 2015). In contrast to other PLC iso-
forms, PLCζ can potently stimulate calcium oscillations in oocytes,
even if it is apparently not bound to plasma membrane PIP2.
However, PLCζ seems to interact with intracellular vesicles contain-
ing PIP2. Thus, the application of recombinant human PLCζ protein
in a series of diagnostic and therapeutic protocols is currently an
interesting strategy for subfertile male patients deficient in PLCζ
who are undergoing ART (Nomikos, 2015; Amdani et al., 2015b).
At present, artificial oocyte activation is successfully applied in many
IVF centers all over the world; however, the efficacy and safety of
this treatment are not yet established. Conflicting data report either
risks associated with manipulating the initial stages of development,
and/or reassuring healthy live births (for review, see Vanden
Meerschaut et al., 2014). The greatest concern arising from the use
of artificial activators is potential interference with the physiological
mechanisms of oocyte activation, with respect to the spatially and
temporally uncontrolled action of calcium increase, its effect on cell
homeostasis and on the downstream cascade of events (Santella
and Dale, 2015). These concerns, together with possible epigenetic
effects that may be transmitted to the offspring, argue against rou-
tine clinical application of such manipulations for treating human
infertility; their use should instead be limited to cases of unex-
plained infertility or recurrent failed fertilization after ICSI. In this
respect, in 2012, the Scientific and Clinical Advances Advisory
Committee (www.hfea.gov.uk/docs/2012-06-20_SCAAC) was asked
to provide guidance in order to authorize licensed centers for the
application of these novel processes. It was suggested that centers
must perform artificial oocyte activation only in selected patients,
such as those with PLCζ deficiency, and that the rationale for using
calcium ionophore for individual cases should be documented,
ensuring that patients are fully informed about the efficacy and
potential risks (http://www.hfea.gov.uk/139.html). Another emer-
ging clinical frontier for achieving genetically related children in cou-
ples for whom gamete donation is their only option, is the use of
artificial gametes, that is, gametes generated by manipulation of
their progenitors or somatic cells. At present, fertilization of a
human artificial oocyte after haploidization has been performed
although no study has yet reported the birth of human offspring
from artificial gametes. Validation of the safety and efficiency of
human artificial gametes is still preliminary, and potential clinical
application of these studies is a challenge for the scientific commu-
nity that requires extensive basic and clinical research as well as
serious socio-ethical and legal considerations (for review, see
Hendriks et al., 2015a,b).

Future perspectives
In spite of the fact that gamete activation plays a key role in fertil-
ization, many molecular mechanisms that accompany this process
remain to be elucidated. For decades, calcium release and down-
stream events have been recognized as playing an essential role in
sperm–oocyte interaction; the evidence that sperm PLCζ causes
calcium oscillations in the oocytes of several different mammalian
species attributes the properties of sperm activating factor to PLCζ
(Swann and Lai, 2016). On this basis, artificial oocyte activation
may be useful in rescuing severe male infertility and associated
developmental problems (Ebner and Montag, 2016). However,
these advanced techniques may not be routinely available in the
majority of IVF centers. At present, it is clear that the chance for
successful fertilization strongly depends on fully competent gametes.
Therefore, one of the major challenges in IVF lies in obtaining new
accurate diagnostic tools for sperm and oocyte quality. The quantifi-
cation and localization of PLC isoforms within sperm may represent
new diagnostic biomarkers for sperm fertilization potential
(Ramadan et al., 2012), but it is more difficult to identify the
mechanisms involved in the acquisition of oocyte competence.
Numerous molecular methods targeted toward evaluating and
selecting the ideal oocyte have recently been developed. At pre-
sent, mRNA profiles based on genomic/transcriptome analysis
appear to be a challenging approach toward understanding oocyte
quality. However, since extracting mRNA without destroying
the oocyte is not feasible, identifying proxies among follicular cells
such as cumulus and granulosa cells seems to be an alternative
approach for identifying biomarkers of oocyte quality, overcoming
the limitations related to individual variation of mRNA composition
in different oocytes (reviewed by Labrecque and Sirard, 2014). The
post-transcriptional step is still a ‘gray box’, although microRNAs
have opened a new and interesting strategy. One often neglected
point is the basic metabolism of the oocyte and its deregulation
with oxidative stress and methylation errors, commonly aggravated
by endocrine disruptors. Basic metabolism is rarely taken into
account, but both problems have common denominators: both
affect the tertiary structure of the nucleus. Proteomics and metabo-
lomics, that is, protein profiling of the compounds released, should
lead to new advances. Intermediate metabolism should be focused
on the 1-C cycle in cumulus-enclosed and naked oocytes: GSH is a
key metabolite in oocyte activation, and its counterpart, homocyst-
eine is a key protagonist in this pathway, with folic acid at the cen-
ter of heavy trafficking of these molecules in the oocyte. There is a
real need for noninvasive biomarkers, but this is not an easy task:
the question of feasibility is still unknown with current technologies,
due to the minute quantity of material available (Nel-Themaat and
Nagy, 2011; McRae et al., 2013). Moving forward, parthenogenetic
activation of the oocyte is of great interest, with the scope of creat-
ing human embryonic stem cell lines for use in cell and tissue ther-
apies. Promising findings in this field have already demonstrated the
potential use of stem cell lines in regenerative medicine, circumvent-
ing ethical and legal problems arising from the use of human embry-
onic cell lines. Nonetheless, caution must be exercised in order to
ensure the safety of using cell lines for producing a range of cell
types, and particularly in the case of cell and tissue transplantation
(Bos-Mikich et al., 2016). Identifying biomarkers of gamete quality is
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crucial in increasing the potential contribution of biotechnologies
related to reproduction and ART technology.

Concluding remarks
In this review, we have summarized results surrounding research into
the cascade of events associated with the transition from arrested to
developmentally competent cells, the process known as gamete acti-
vation. Although we have described these events in a stepwise man-
ner, it is clear that they are intimately connected, sharing most of the
molecules and the signaling pathways involved. The majority of the
evidence suggests that calcium represents the key molecule involved
in each step of mutual gamete activation in all of the species studied.

We have reported the general principles that emerge from com-
parative studies, taking into consideration the canonical animal mod-
els used for experimental research. In particular, we have focused on
sea urchin and ascidians as non-mammalian models, the two marine
species that for more than a century have made a substantial contri-
bution to knowledge about mechanisms of fertilization (Monroy,
1986; Satoh, 1994), providing the basis for research in mammalian
species, including human. Before the advent of human IVF, the mouse
model dominated studies on mammalian reproduction. Nowadays,
human material is provided from IVF centers, but research on the
mechanisms of human reproduction remains difficult, due to the scar-
city of material, sub-optimal quality and ethical concerns. As men-
tioned in the previous section, new clinical challenges aim to
manipulate gamete activation in order to improve the fertilization
rate in IVF; however, a new view of research is emerging, that is, elu-
cidating the dynamics that govern the passage from the quiescent to
pluripotent cell may help in understanding the regulation of stem
cells. Although the use of stem cell technology is in the initial stages
so far, the potential clinical applications of ovarian-derived stem cells,
in vitro derived sperm and oocytes from pluripotent stem cells
represent a promising alternative resource for treating infertility
(Duggal et al., 2014; Volarevic et al., 2014; Moreno et al., 2015). A
great deal still remains to be understood about the role of cellular
and extracellular environments, cell adhesion molecules and stimuli
responsible for either reinforcing the quiescent state, or leading to
activation into cell cycle progression.

Acknowledgements
We thank Dr K. Elder and Dr G.L. Russo for helpful comments.
Thanks are due to Dr F. Formisano and Dr A. Gallo for art and com-
puter graphic. We apologize with all the colleagues who have con-
tributed to this field for omitting their valuable studies due to
editorial space restriction.

Authors’ role
ET designed the study, conducted the literature search, drafted and
revised the manuscript. YM drafted and revised the manuscript.

Funding
Elisabetta Tosti was supported by Stazione Zoologica institutional funds.

Conflict of interest
Authors declare no conflict of interest.

References
Aguilar PS, Baylies MK, Fleissner A, Helming L, Inoue N, Podbilewicz B, Wang H,

Wong M. Genetic basis of cell-cell fusion mechanisms. Trends Genet
2013;29:427–437.

Aitken RJ. Possible redox regulation of sperm motility activation. J Androl
2000;21:491–496.

Amdani SN, Yeste M, Jones C, Coward K. Sperm factors and oocyte activation:
current controversies and considerations. Biol Reprod 2015a;93:50:1–8.

Amdani SN, Yeste M, Jones C, Coward K. Phospholipase C zeta (PLCζ) and male
infertility: clinical update and topical developments. Adv Biol Regul 2015b.
Advance Access published November 30, 2015, doi:10.1016/j.jbior.2015.11.009

Armon L, Eisenbach M. Behavioral mechanism during human sperm chemotaxis:
involvement of hyperactivation. PLoS One 2011;6:e28359.

Armon L, Ben-Ami I, Ron-El R, Eisenbach M. Human oocyte-derived sperm
chemoattractant is a hydrophobic molecule associated with a carrier protein.
Fertil Steril 2014;102:885–890.

Arnoult C, Cardullo RA, Lemos JR, Florman HM. Activation of mouse sperm
T-type Ca2+ channels by adhesion to the egg zona pellucida. Proc Natl Acad Sci
USA 1996;93:13004–13009.

Arnoult C, Kazam IG, Visconti PE, Kopf GS, Villaz M, Florman HM. Control of the
low voltage-activated calcium channel of mouse sperm by egg ZP3 and by mem-
brane hyperpolarization during capacitation. Proc Natl Acad Sci USA
1999;96:6757–6762.

Austin CR. The ‘capacitation’ of mammalian sperm. Nature 1952;170:326.
Avella MA, Baibakov B, Dean J. A single domain of the ZP2 zona pellucida pro-

tein mediates gamete recognition in mice and humans. J Cell Biol 2014;205:
801–809.

Avella MA, Xiong B, Dean J. The molecular basis of gamete recognition in mice and
humans. Mol Hum Reprod 2013;19:279–289.

Babcock DF, Rufo GA, Lardy HA. Potassium-dependent increases in cytosolic pH
stimulate metabolism and motility of mammalian sperm. Proc Natl Acad Sci USA
1983;80:1327–1331.

Backs J, Stein P, Backs T, Duncan FE, Grueter CE, McAnally J, Qi X, Schultz RM,
Olson EN. The gamma isoform of CaM kinase II controls mouse egg activation
by regulating cell cycle resumption. Proc Natl Acad Sci USA 2010;107:81–86.

Baibakov B, Gauthier L, Talbot P, Rankin TL, Dean J. Sperm binding to the zona
pellucida is not sufficient to induce acrosome exocytosis. Development
2007;134:933–943.

Bernhardt ML, Zhang Y, Erxleben CF, Padilla-Banks E, McDonough CE, Miao YL,
Armstrong DL, Williams CJ. CaV3.2 T-type channels mediate Ca2+ entry during
oocyte maturation and following fertilization. J Cell Sci 2015;128:4442–4452.

Bi M, Wassler MJ, Hardy DM. Sperm adhesion to the extracellular matrix of the egg.
In: Hardy DM (ed). Fertilization. San Diego, USA: Academic Press, 2002, 153–173.

Bianchi E, Doe B, Goulding D, Wright G. Juno is the egg Izumo receptor and is
essential for mammalian fertilization. Nature 2014;508:483–487.

Bianchi E, Wright GJ. Izumo meets Juno: preventing polyspermy in fertilization. Cell
Cycle 2014;13:2019–2020.

Blasco V, Prados N, Carranza F, González-Ravina C, Pellicer A, Fernández-Sánchez M.
Influence of follicle rupture and uterine contractions on intrauterine insemination
outcome: a new predictive model. Fertil Steril 2014;102:1034–1040.

Bleil JD, Wassarman PM. Mammalian sperm-egg interaction: identification of a
glycoprotein in mouse egg zonae pellucidae possessing receptor activity for
sperm. Cell 1980;20:873–882.

Bleil JD, Wassarman PM. Mammalian sperm-egg interaction: sequence of events
and induction of the acrosome reaction by a zona pellucida glycoprotein. Dev
Biol 1983;95:317–324.

Bleil JD, Wassarman PM. Identification of a ZP3-binding protein on acrosome-
intact mouse sperm by photoaffinity crosslinking. Proc Natl Acad Sci USA
1990;87:5563–5567.

Bleil JD, Greve JM, Wassarman PM. Identification of a secondary sperm receptor in
the mouse egg zona pellucida: role in maintenance of binding of acrosome-
reacted sperm to eggs. Dev Biol 1988;128:376–385.

434 Tosti and Menezo

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/22/4/420/2573910 by guest on 23 April 2024

http://dx.doi.org/10.1016/j.jbior.2015.11.009


Bos-Mikich A, Bressan FF, Ruggeri RR, Watanabe Y, Meirelles FV. Parthenogenesis
and human assisted reproduction. Stem Cells Int 2016. Advance Access published
November 9, 2015, doi:10.1155/2016/1970843.

Brownlee C, Dale B. Temporal and spatial correlation of fertilization current, cal-
cium waves and cytoplasmic contraction in eggs of Ciona intestinalis. Proc R Soc
Lond B Biol Sci 1990;239:321–328.

Buffone MG, Hirohashi N, Gerton GL. Unresolved questions concerning mamma-
lian sperm acrosomal exocytosis. Biol Reprod 2014;90:112.

Burkart AD, Xiong B, Baibakov B, Jiménez-Movilla M, Dean J. Ovastacin, a cortical
granule protease, cleaves ZP2 in the zona pellucida to prevent polyspermy. J Cell
Biol 2012;197:37–44.

Busa WB, Nuccitelli R. An elevated free cytosolic Ca2+ wave follows fertilization in
eggs of the frog, Xenopus laevis. Cell Biol 1985;100:1325–1329.

Carr DW, Acott TS. Intracellular pH regulates bovine sperm motility and protein
phosphorylation. Biol Reprod 1989;41:907–920.

Carroll DJ, Albay DT, Terasaki M, Jaffe LA, Foltz KR. Identification of PLC gamma-
dependent and -independent events during fertilization of sea urchin eggs. Dev
Biol 1999;206:232–247.

Chang H, Suarez SS. Rethinking the relationship between hyperactivation and
chemotaxis in mammalian sperm. Biol Reprod 2010;83:507–513.

Charlesworth A, Meijer HA, de Moor CH. Specificity factors in cytoplasmic polya-
denylation. Wiley Interdiscip Rev RNA 2013;4:437–461.

Check JH, Summers-Chase D, Cohen R, Brasile D. Artificial oocyte activation with
calcium ionophore allowed fertilization and pregnancy in a couple with long-term
unexplained infertility where the female partner had diminished EGG reserve
and failure to fertilize oocytes despite intracytoplasmic sperm injection. Clin Exp
Obstet Gynecol 2010;37:263–265.

Chen J, Qian Y, Tan Y, Mima H. Successful pregnancy following oocyte activation
by strontium in normozoospermic patients of unexplained infertility with fertilisa-
tion failures during previous intracytoplasmic sperm injection treatment. Reprod
Fertil Dev 2010;22:852–855.

Cherr GN, Meyers SA, Yudin AI, VandeVoort CA, Myles DG, Primakoff P,
Overstreet JW. The PH-20 protein in cynomolgus macaque spermatozoa: identi-
fication of two different forms exhibiting hyaluronidase activity. Dev Biol
1996;175:142–153.

Chithiwala ZH, Lee HC, Hill DL, Jellerette-Nolan T, Fissore R, Grow D, Dumesic
DA. Phospholipase C-zeta deficiency as a cause for repetitive oocyte fertilization
failure during ovarian stimulation for in vitro fertilization with ICSI: a case report.
J Assist Reprod Genet 2015;32:1415–1419.

Christen R, Schackmann RW, Shapiro BM. Elevation of the intracellular pH acti-
vates respiration and motility of sperm of the sea urchin, Strongylocentrotus pur-
puratus. J Biol Chem 1982;257:14881–14890.

Cohen DJ, Ellerman DA, Cuasnicú PS. Mammalian sperm-egg fusion: evidence that
epididymal protein DE plays a role in mouse gamete fusion. Biol Reprod
2000;63:462–468.

Cohen DJ, Maldera JA, Weigel Muñoz M, Ernesto JI, Vasen G, Cuasnicu PS.
Cysteine-rich secretory proteins (CRISP) and their role in mammalian fertiliza-
tion. Biol Res 2011;44:135–138.

Costache V, McDougall A, Dumollard R. Cell cycle arrest and activation of devel-
opment in marine invertebrate deuterostomes. Biochem Biophys Res Commun
2014;450:1175–1181.

Cuthbertson KS, Cobbold PH. Phorbol ester and sperm activate mouse oocytes by
inducing sustained oscillations in cell Ca2+. Nature 1985;316:541–542.

Dale B. Fertilization in Animals. London, UK: Edward Arnold, 1983.
Dale B. Oocyte activation in invertebrates and humans. Zygote 1994;2:373–377.
Dale B. Is the idea of a fast block to polyspermy based on artifact? Biochem Biophys

Res Commun 2014;450:1159–1165.
Dale B, DeFelice LJ. Sperm-activated channels in ascidian oocytes. Dev Biol

1984;101:235–239.
Dale B, DeFelice LJ, Taglietti V. Membrane noise and conductance increase during

single spermatozoon-egg interaction. Nature 1978;27:217–219.
Dale B, De Santis A. Maturation and fertilization of the sea urchin oocyte : an elec-

trophysiological study. Dev Biol 1981;85:474–484.
Dale B, Fortunato A, Monfrecola V, Tosti E. A soluble sperm factor gates

Ca2+-activated K+channels in human oocytes. J Assist Reprod Genet 1996;13:
573–577.

Dale B, Wilding M, Coppola G, Tosti E. How do spermatozoa activate oocytes?
Reprod Biomed Online 2010;21:1–3.

Da Ros VG, Muñoz MW, Battistone MA, Brukman NG, Carvajal G, Curci L,
Gómez-ElIas MD, Cohen DB, Cuasnicu PS. From the epididymis to the egg:
participation of CRISP proteins in mammalian fertilization. Asian J Androl
2015;17:711–815.

Decker GL, Joseph DB, Lennarz WJ. A study of factors involved in induction of the
acrosomal reaction in sperm of the sea urchin, Arbacia punctulata. Dev Biol
1976;53:115–125.

De La Vega-Beltran JL, Sánchez-Cárdenas C, Krapf D, Hernandez-González EO,
Wertheimer E, Treviño CL, Visconti PE, Darszon A. Mouse sperm membrane
potential hyperpolarization is necessary and sufficient to prepare sperm for the
acrosome reaction. J Biol Chem 2012;287:44384–44393.

de Paola M, Bello OD, Michaut MA. Cortical granule exocytosis is mediated by
alpha-SNAP and N-ethilmaleimide sensitive factor in mouse oocytes. PLoS One
2015;10:e0135679.

De Simone ML, Grumetto L, Tosti E, Wilding M, Dale B. Non-specific currents at
fertilisation in sea urchin oocytes. Zygote 1998;6:11–15.

Druart X. Sperm interaction with the female reproductive tract. Reprod Domest
Anim 2012;47:348–352.

Ducibella T, Huneau D, Angelichio E, Xu Z, Schultz RM, Kopf GS, Fissore R,
Madoux S, Ozil JP. Egg-to-embryo transition is driven by differential responses to
Ca2+ oscillation number. Dev Biol 2002;250:280–291.

Ducibella T, Kurasawa S, Rangarajan S, Kopf GS, Schultz RM. Precocious loss of
cortical granules during mouse oocyte meiotic maturation and correlation with
an egg-induced modification of the zona pellucida. Dev Biol 1990;137:46–55.

Duggal G, Heindryckx B, Deroo T, De Sutter P. Use of pluripotent stem cells for
reproductive medicine: are we there yet? Vet Q 2014;34:42–51.

Dumollard R, Levasseur M, Hebras C, Huitorel P, Carroll M, Chambon JP,
McDougall A. Mos limits the number of meiotic divisions in urochordate eggs.
Development 2011;138:885–895.

Dumollard R, McDougall A, Rouvière C, Sardet C. Fertilisation calcium signals in
the ascidian egg. Biol Cell 2004;96:29–36.

Dupré A, Haccard O, Jessus C. Mos in the oocyte: how to use MAPK independ-
ently of growth factors and transcription to control meiotic divisions. J Signal
Transduct 2011;2011:350412.

Ebner T, Maurer M, Oppelt P, Mayer RB, Duba HC, Costamoling W, Shebl O.
Healthy twin live-birth after ionophore treatment in a case of theophylline-
resistant Kartagener syndrome. J Assist Reprod Genet 2015;32:873–877.

Ebner T, Montag M. Artificial oocyte activation: evidence for clinical readiness.
Reprod Biomed Online 2016;32:271–273.

Ebner T, Moser M, Sommergruber M, Jesacher K, Tews G. Complete oocyte acti-
vation failure after ICSI can be overcome by a modified injection technique. Hum
Reprod 2004;19:1837–1841.

Ebner T, Tews G, Mayer RB, Ziehr S, Arzt W, Costamoling W, Shebl O.
Pharmacological stimulation of sperm motility in frozen and thawed testicu-
lar sperm using the dimethylxanthine theophylline. Fertil Steril 2011;96:
1331–1336.

Eisenbach M. Sperm chemotaxis. Rev Reprod 1999;4:56–66.
Ensslin MA, Lyng R, Raymond A, Copland S, Shur BD. Novel gamete receptors

that facilitate sperm adhesion to the egg coat. Soc Reprod Fertil Suppl
2007;63:367–383.

Ernesto JI, Weigel Muñoz M, Battistone MA, Vasen G, Martínez-López P, Orta G,
Figueiras-Fierro D, De la Vega-Beltran JL, Moreno IA, Guidobaldi HA, et al.
CRISP1 as a novel CatSper regulator that modulates sperm motility and orienta-
tion during fertilization. J Cell Biol 2015;210:1213–1224.

Escoffier J, Lee HC, Yassine S, Zouari R, Martinez G, Karaouzène T, Coutton C,
Kherraf ZE, Halouani L, Triki C, et al. Homozygous mutation of PLCZ1 leads to
defective human oocyte activation and infertility that is not rescued by the WW-
binding protein PAWP. Hum Mol Gen 2016;25:878–891. Advance Access pub-
lished December 31, 2015. pii: ddv617.

Ferramosca A, Zara V. Bioenergetics of mammalian sperm capacitation. Biomed Res
Int 2014;2014:902953.

Florman HM, Ducibella T. Fertilization in mammals In Neill JD (ed). Physiology of
Reproduction. San Diego, CA: Elsevier, 2006, 55–112.

Florman HM, Jungnickel MK, Sutton KA. Regulating the acrosome reaction. Int J
Dev Biol 2008;52:503–510.

Florman HM, Storey BT. Mouse gamete interactions: the zona pellucida is the
site of the acrosome reaction leading to fertilization in vitro. Dev Biol 1982;91:
121–130.

435Mechanisms of gamete activation

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/22/4/420/2573910 by guest on 23 April 2024

http://dx.doi.org/10.1155/2016/1970843


Florman HM, Wassarman PM. O-linked oligosaccharides of mouse egg ZP3
account for its sperm receptor activity. Cell 1985;41:313–324.

Fujihara Y, Murakami M, Inoue N, Satouh Y, Kaseda K, Ikawa M, Okabe M. Sperm
equatorial segment protein 1, SPESP1, is required for fully fertile sperm in
mouse. J Cell Sci 2010;123:1531–1536.

Furnus CC, de Matos DG, Picco S, García PP, Inda AM, Mattioli G, Errecalde AL.
Metabolic requirements associated with GSH synthesis during in vitro maturation
of cattle oocytes. Anim Reprod Sci 2008;109:88–99.

Gadella BM, Evans JP. Membrane fusions during mammalian fertilization. Adv Exp
Med Biol 2011;713:65–80.

Gakamsky A, Armon L, Eisenbach M. Behavioral response of human spermatozoa
to a concentration jump of chemoattractants or intracellular cyclic nucleotides.
Hum Reprod 2009;24:1152–1163.

Gianaroli L, Tosti E, Magli C, Iaccarino M, Ferraretti AP, Dale B. Fertilization cur-
rent in the human oocyte. Mol Reprod Dev 1994;38:209–214.

Gillot I, Whitaker M. Calcium signals in and around the nucleus in sea urchin eggs.
Cell Calcium 1994;16:269–278.

Glahn D, Nuccitelli R. Voltage-clamp study of the activation currents and fast block
to polyspermy in the egg of Xenopus laevis. Dev Growth Diff 2003;45:187–197.

Gmachl M, Sagan S, Ketter S, Kreil G. The human sperm protein PH-20 has hyalur-
onidase activity. FEBS Lett 1993;336:545–548.

Gonzalez-Garcia JR, Bradley J, Nomikos M, Paul L, Machaty Z, Lai FA, Swann K.
The dynamics of MAPK inactivation at fertilization in mouse eggs. J Cell Sci
2014;127:2749–2760.

Gupta SK. Role of zona pellucida glycoproteins during fertilization in humans.
J Reprod Immunol 2015;108:90–97.

Gupta SK, Bhandari B. Acrosome reaction: relevance of zona pellucida glycopro-
teins. Asian J Androl 2010;13:97–105.

Gupta SK, Bhandari B, Shrestha A, Biswal BK, Palaniappan C, Malhotra SS, Gupta N.
Mammalian zona pellucida glycoproteins: structure and function during fertiliza-
tion. Cell Tissue Res 2012;349:665–678.

Guzeloglu-Kayisli O, Pauli S, Demir H, Lalioti MD, Sakkas D, Seli E. Identification
and characterization of human embryonic poly(A) binding protein (EPAB). Mol
Hum Reprod 2008;14:581–588.

Harper CV, Cummerson JA, White MR, Publicover SJ, Johnson PM. Dynamic reso-
lution of acrosomal exocytosis in human sperm. J Cell Sci 2008;121:2130–2135.

Hattori H, Nakajo Y, Ito C, Toyama Y, Toshimori K, Kyono K. Birth of a healthy
infant after intracytoplasmic sperm injection using pentoxifylline-activated sperm
from a patient with Kartagener’s syndrome. Fertil Steril 2011;95:2431.e9–11.

Heindryckx B, Van der Elst J, De Sutter P, Dhont M. Treatment option for sperm-
or oocyte-related fertilization failure: assisted oocyte activation following diag-
nostic heterologous ICSI. Hum Reprod 2005;20:2237–2241.

Hendriks S, Dancet EA, van Pelt AM, Hamer G, Repping S. Artificial gametes: a sys-
tematic review of biological progress towards clinical application. Hum Reprod
Update 2015a;21:285–296.

Hendriks S, Dondorp W, de Wert G, Hamer G, Repping S, Dancet EA. Potential
consequences of clinical application of artificial gametes: a systematic review of
stakeholder views. Hum Reprod Update 2015b;21:297–309.

Hildebrand E, Kaupp UB. Sperm chemotaxis: a primer. Ann NY Acad Sci
2005;1061:221–225.

Hiramoto Y. Changes in the electrical properties upon fertilization in the sea urchin
egg. Exp Cell Res 1958;16:421–424.

Homa ST, Swann K. A cytosolic sperm factor triggers calcium oscillation and mem-
brane hyperpolarization in human oocytes. Hum Reprod 1994;9:2356–2361.

Honggang L, Hung P, Suarez SS. Ejaculated mouse sperm enter cumulus-oocyte
complexes more efficiently in vitro than epididymal sperm. PLoS One 2015;10:
e0127753.

Hoshi M. Sperm glycosidase as a plausible mediator of sperm binding to the vitel-
line envelope in Ascidians. Adv Exp Med Biol 1986;207:251–260.

Hoshi M, Moriyama H, Matsumoto M. Structure of acrosome reaction-inducing
substance in the jelly coat of starfish eggs: a mini review. Biochem Biophys Res
Commun 2012;425:595–598.

Houston B, Curry B, Aitken RJ. Human spermatozoa possess an IL4I1 l-amino
acid oxidase with a potential role in sperm function. Reproduction 2015;149:
587–596.

Howes E, Pascall JC, Engel W, Jones R. Interactions between mouse ZP2 glycopro-
tein and proacrosin; a mechanism for secondary binding of sperm to the zona
pellucida during fertilization. J Cell Sci 2001;114:4127–4136.

Huang T, Fleming AD, Yanagimachi R. Only acrosome-reacted spermatozoa can
bind and penetrate into zona pellucida: a study using the guinea pig. J Exp Zool
1981;217:286–290.

Hunnicutt GR, Primakoff P, Myles DG. Sperm surface protein PH-20 is bifunctional:
one activity is a hyaluronidase and a second, distinct activity is required in sec-
ondary sperm-zona binding. Biol Reprod 1996;55:80–86.

Hörmanseder E, Tischer T, Mayer TU. Modulation of cell cycle control during
oocyte-to-embryo transitions. EMBO J 2013;32:2191–2203.

Igusa Y, Miyazaki S, Yamashita N. Periodic hyperpolarizing responses in hamster
and mouse eggs fertilized with mouse sperm. J Physiol 1983;340:633–647.

Inoue N, Ikawa M, Isotani A, Okabe M. The immunoglobulin superfamily protein
Izumo is required for sperm to fuse with eggs. Nature 2005;434:234–238.

Inoue N, Ikawa M, Okabe M. The mechanism of sperm-egg interaction and the
involvement of IZUMO1 in fusion. Asian J Androl 2011;13:81–87.

Isachenko E, Isachenko V, Todorov P, Ostashko V, Kreienberg R, Kaufmann M,
Sterzik K, Wiegratz I. Pregnancy after the calcium ionophore correction of pro-
nuclei position in oocytes after intracytoplasmic sperm injection. Fertil Steril
2010;94:2770.e3–5.

Jankovičová J, Simon M, Antalíková J, Cupperová P, Michalková K. Role of tetraspa-
nin CD9 molecule in fertilization of mammals. Physiol Res 2015;64:279–293.

Janny L, Menezo YJ. Evidence for a strong paternal effect on human preimplanta-
tion embryo development and blastocyst formation. Mol Reprod Dev
1994;38:36–42.

Jégou A, Ziyyat A, Barraud-Lange V, Perez E, Wolf JP, Pincet F, Gourier C. CD9
tetraspanin generates fusion competent sites on the egg membrane for mamma-
lian fertilization. Proc Natl Acad Sci USA 2011;108:10946–10951.

Jikeli JF, Alvarez L, Friedrich BM, Wilson LG, Pascal R, Colin R, Pichlo M, Rennhack A,
Brenker C, Kaupp UB. Sperm navigation along helical paths in 3D chemoattractant
landscapes. Nat Commun 2015;6:7985.

Jin M, Fujiwara E, Kakiuchi Y, Okabe M, Satouh Y, Baba SA, Chiba K, Hirohashi N.
Most fertilizing mouse spermatozoa begin their acrosome reaction before con-
tact with the zona pellucida during in vitro fertilization. Proc Natl Acad Sci USA
2011;108:4892–4896.

Jones KT, Carroll J, Merriman JA, Whittingham DG, Kono T. Repetitive sperm-
induced Ca2+ transients in mouse oocytes are cell cycle dependent.
Development 1995;121:3259–3266.

Jones RC, Murdoch RN. Regulation of the motility and metabolism of spermatozoa
for storage in the epididymis of Eutherian and marsupial mammals. Reprod Fertil
Dev 1996;8:553–558.

Jungnickel MK, Marrero H, Birnbaumer L, Lémos JR, Florman HM. Trp2 regulates
entry of Ca2+ into mouse sperm triggered by egg ZP3. Nat Cell Biol
2001;3:499–502.

Kaneuchi T, Sartain CV, Takeo S, Horner VL, Buehner NA, Aigaki T, Wolfner MF.
Calcium waves occur as Drosophila oocytes activate. Proc Natl Acad Sci USA
2015;112:791–796.

Kashir J, Deguchi R, Jones C, Coward K, Stricker S. Comparative biology of sperm
factors and fertilization-induced calcium signals across the animal kingdom. Mol
Reprod Dev 2013;80:787–815.

Kashir J, Nomikos M, Lai FA, Swann K. Sperm-induced Ca2+ release during egg
activation in mammals. Biochem Biophys Res Commun 2014;450:1204–1211.

Kashir J, Nomikos M, Swann K, Lai FA. PLCζ or PAWP: revisiting the putative
mammalian sperm factor that triggers egg activation and embryogenesis. Mol
Hum Reprod 2015;21:383–388.

Kierszenbaum AL. Fusion of membranes during the acrosome reaction: a tale of
two SNAREs. Mol Reprod Dev 2000;57:309–310.

Kim AM, Bernhardt ML, Kong BY, Ahn RW, Vogt S, Woodruff TK, O’Halloran TV.
Zinc sparks are triggered by fertilization and facilitate cell cycle resumption in
mammalian eggs. ACS Chem Biol 2011;6:716–723.

Kim JW, Choi JL, Yang SH, Yoon SH, Jung JH, Lim JH. Live birth after SrCl(2)
oocyte activation in previous repeated failed or low fertilization rates after ICSI
of frozen-thawed testicular spermatozoa: case report. J Assist Reprod Genet
2012;29:1393–1396.

Kim EK, Kim EH, Kim EA, Lee KA, Shin JE, Kwon H. Comparison of the effect of
different media on the clinical outcomes of the density-gradient centrifugation/
swim-up and swim-up methods. Clin Exp Reprod Med 2015a;42:22–29.

Kim JW, Yang SH, Yoon SH, Kim SD, Jung JH, Lim JH. Successful pregnancy and
delivery after ICSI with artificial oocyte activation by calcium ionophore in in-vitro
matured oocytes: a case report. Reprod Biomed Online 2015b;30:373–377.

436 Tosti and Menezo

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/22/4/420/2573910 by guest on 23 April 2024



Kirkman-Brown JC, Sutton KA, Florman HM. How to attract a sperm. Nat Cell Biol
2003;5:93–96.

Klinovska K, Sebkova N, Dvorakova-Hortova K. Sperm-egg fusion: a molecular
enigma of mammalian reproduction. Int J Mol Sci 2014;15:10652–10668.

Krauchunas AR, Wolfner MF. Molecular changes during egg activation. Curr Top Dev
Biol 2013;102:267–292.

Labrecque R, Sirard MA. The study of mammalian oocyte competence by tran-
scriptome analysis: progress and challenges. Mol Hum Reprod 2014;20:103–116.

Larson JL, Miller DJ. Sperm from a variety of mammalian species express
beta1,4-galactosyltransferase on their surface. Biol Reprod 1997;57:442–453.

Lee HC. Cyclic ADP-ribose and NAADP: fraternal twin messengers for calcium sig-
naling. Sci China Life Sci 2011;54:699–711.

Lee MT, Bonneau AR, Giraldez AJ. Zygotic genome activation during the maternal-
to-zygotic transition. Annu Rev Cell Dev Biol 2014;30:581–613.

Levasseur M, Dumollard R, Chambon JP, Hebras C, Sinclair M, Whitaker M,
McDougall A. Release from meiotic arrest in ascidian eggs requires the activity of
two phosphatases but not CaMKII. Development 2013;140:4583–4593.

Lillie FR. The mechanism of fertilization. Science 1913;38:524–528.
Lishko PV, Botchkina IL, Kirichok Y. Progesterone activates the principal Ca2+

channel of human sperm. Nature 2011;471:387–391.
Lishko PV, Kirichok Y, Ren D, Navarro B, Chung JJ, Clapham DE. The control of

male fertility by spermatozoan ion channels. Annu Rev Physiol 2012;74:453–475.
Liu M. The biology and dynamics of mammalian cortical granules. Reprod Biol

Endocrinol 2011;9:149.
López-Úbeda R, Matás C. An approach to the factors related to sperm capacitation

process. Andrology 2015;4:128.
Macchia G, Topo E, Mangano N, D’Aniello E, Boni R. dl-Aspartic acid administra-

tion improves semen quality in rabbit bucks. Anim Reprod Sci 2010;118:337–343.
Machaty Z. Signal transduction in mammalian oocytes during fertilization. Cell Tissue

Res 2016;363:169–183.
Madgwick S, Jones KT. How eggs arrest at metaphase II: MPF stabilisation plus

APC/C inhibition equals cytostatic factor. Cell Div 2007;26:2–4.
Magner LN. A History of the Life Sciences. New York, USA: Markel Dekker Inc,

1979.
Manipalviratn S, Ahnonkitpanit V, Numchaisrika P, Chompurat D, Pansatha J,

Suwajanakorn S. Results of direct current electrical activation of failed-to-fertilize
oocytes after intracytoplasmic sperm injection. J Reprod Med 2006;51:493–499.

Market Velker BA, Denomme MM, Mann MR. Loss of genomic imprinting in mouse
embryos with fast rates of preimplantation development in culture. Biol Reprod
2012;86:143,1–16.

Martins JP, Liu X, Oke A, Arora R, Franciosi F, Viville S, Laird DJ, Fung JC, Conti M.
DAZL and CPEB1 regulate mRNA translation synergistically during oocyte mat-
uration. J Cell Sci 2016. Advance access published January 29, doi:pii: jcs.179218.

Masui Y. From oocyte maturation to the in vitro cell cycle: the history of discoveries
of maturation-promoting factor (MPF) and cytostatic factor (CSF). Differentiation
2001;69:1–17.

Matsumoto M, Hirata J, Hirohashi N, Hoshi M. Sperm-egg binding mediated by
sperm alpha-L-fucosidase in the ascidian, Halocynthia roretzi. Zoolog Sci
2002;19:43–48.

McCulloh DH, Rexroad CE Jr, Levitan H. Insemination of rabbit eggs is associated
with slow depolarization and repetitive diphasic membrane potentials. Dev Biol
1983;95:372–377.

McRae C, Sharma V, Fisher J. Metabolite profiling in the pursuit of biomarkers for
IVF outcome: the case for metabolomics studies. Int J Reprod Med
2013;2013:603167.

Mengerink KJ, Moy GW, Vacquier VD. Surej proteins: new signalling molecules in
sea urchin spermatozoa. Zygote 2000;8:S28–30.

Miao YL, Stein P, Jefferson WN, Padilla-Banks E, Williams CJ. Calcium influx-
mediated signaling is required for complete mouse egg activation. Proc Natl Acad
Sci USA 2012;109:4169–4174.

Miller RL. Sperm chemo-orientation in the metazoan. In: Metz CB, Monroy A
(eds). Biology of Fertilization, Vol. 2. New York, USA: Academic Press, 1985,
275–233.

Miller DJ, Macek MB, Shur BD. Complementarity between sperm surface
β-1,4-galactosyltransferase and egg-coat ZP3 mediates sperm egg binding.
Nature 1992;357:589–593.

Miller MR, Mansell SA, Meyers SA, Lishko PV. Flagellar ion channels of sperm: simi-
larities and differences between species. Cell Calcium 2015;58:105–113.

Miraglia E, Rullo ML, Bosia A, Massobrio M, Revelli A, Ghigo D. Stimulation of the
nitric oxide/cyclic guanosine monophosphate signaling pathway elicits human
sperm chemotaxis in vitro. Fertil Steril 2007;87:1059–1063.

Miyado K, Yamada G, Yamada S, Hasuwa H, Nakamura Y, Ryu F, Suzuki K, Kosai
K, Inoue K, Ogura A, et al. Requirement of CD9 on the egg plasma membrane
for fertilization. Science 2000;287:321–324.

Miyazaki S, Igusa Y. Fertilization potential in golden hamster eggs consists of recur-
ring hyperpolarization. Nature 1981a;290:702–704.

Miyazaki S, Igusa Y. Ca2+-dependent action potential and Ca2+-induced fertiliza-
tion potential in golden hamster eggs. In: Ohnishi ST, Endo M (eds). The
Mechanism of Gated Calcium Transport Across Biological Membranes. New York:
Academic Press, 1981b, 305–311.

Miyazaki S, Igusa Y. Ca-mediated activation of a K current at fertilization of golden
hamster eggs. Proc Natl Acad Sci USA 1982;79:931–935.

Miyazaki S, Ito M. Calcium signals for egg activation in mammals. J Pharmacol Sci
2006;100:545–552.

Miyazaki S, Shirakawa H, Nakada K, Honda Y. Essential role of the inositol 1,4,5-
trisphosphate receptor/Ca2+ release channel in Ca2+ waves and Ca2+ oscilla-
tions at fertilization of mammalian eggs. Dev Biol 1993;158:62–78.

Monroy A. A centennial debt of developmental biology to the sea urchin. Biol Bull
1986;171:509–519.

Montag M, Köster M, van der Ven K, Bohlen U, van der Ven H. The benefit of arti-
ficial oocyte activation is dependent on the fertilization rate in a previous treat-
ment cycle. Reprod Biomed Online 2012;24:521–526.

Moreno I, Míguez-Forjan JM, Simón C. Artificial gametes from stem cells. Clin Exp
Reprod Med 2015;42:33–44.

Muro Y, Buffone MG, Okabe M, Gerton GL. Function of the acrosomal matrix:
zona pellucida 3 receptor (ZP3R/sp56) is not essential for mouse fertilization.
Biol Reprod 2012;86:1–6.

Nakajima A, Morita M, Takemura A, Kamimura S, Okuno M. Increase in intracellu-
lar pH induces phosphorylation of axonemal proteins for activation of flagellar
motility in starfish sperm. J Exp Biol 2005;208:4411–4418.

Nasr-Esfahani MH, Razavi S, Mardani M, Shirazi R, Javanmardi S. Effects of failed
oocyte activation and sperm protamine deficiency on fertilization post-ICSI.
Reprod Biomed Online 2007;14:422–942.

Nel-Themaat L, Nagy ZP. A review of the promises and pitfalls of oocyte and
embryo metabolomics. Placenta 2011;32:257–263.

Nomikos M. Novel signalling mechanism and clinical applications of sperm-specific
PLCζ. Biochem Soc Trans 2015;43:371–376.

Nomikos M, Swann K, Lai FA. Is PAWP the ‘real’ sperm factor? Asian J Androl
2015;17:444–446.

Ohtake H. Respiratory behaviour of sea-urchin spermatozoa. I. Effect of pH and
egg water on the respiratory rate. J Exp Zool 1976;198:303–311.

Okabe M. Mechanism of fertilization: a modern view. Exp Anim 2014;63:
357–365.

Oren-Benaroya R, Orvieto R, Gakamsky A, Pinchasov M, Eisenbach M. The sperm
chemoattractant secreted from human cumulus cells is progesterone. Hum
Reprod 2008;23:2339–2345.

Oulhen N, Reich A, Wong JL, Ramos I, Wessel GM. Diversity in the fertilization
envelopes of echinoderms. Evol Dev 2013;15:28–40.

O’Toole CM, Arnoult C, Darszon A, Steinhardt RA, Florman HM. Ca(2+) entry
through store-operated channels in mouse sperm is initiated by egg ZP3 and
drives the acrosome reaction. Mol Biol Cell 2000;11:1571–1584.

Parrington J, Swann K, Shevchenko VI, Sesay AK, Lai FA. Calcium oscillations
in mammalian eggs triggered by a soluble sperm protein. Nature 1996;379:
364–368.

Patrizio P, Sakkas D. From oocyte to baby: a clinical evaluation of the biological effi-
ciency of in vitro fertilization. Fertil Steril 2009;91:1061–1066.

Paynton BV, Bachvarova R. Polyadenylation and deadenylation of maternal mRNAs
during oocyte growth and maturation in the mouse. Mol Reprod Dev
1994;37:172–180.

Paynton BV, Rempel R, Bachvarova R. Changes in state of adenylation
and time course of degradation of maternal mRNAs during oocyte matur-
ation and early embryonic development in the mouse. Dev Biol 1988;129:
304–314.

Primakoff P, Hyatt H, Myles DG. A role for the migrating sperm surface antigen
PH-20 in guinea pig sperm binding to the egg zona pellucida. J Cell Biol
1985;101:2239–2244.

437Mechanisms of gamete activation

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/22/4/420/2573910 by guest on 23 April 2024

http://dx.doi.org/pii: jcs.179218


Primakoff P, Hyatt H, Tredick-Kline J. Identification and purification of a sperm sur-
face protein with a potential role in sperm-egg membrane fusion. J Cell Biol
1987;104:141–149.

Primakoff P, Myles DG. Penetration, adhesion, and fusion in mammalian sperm-egg
interaction. Science 2002;296:2183–2185.

Putney JW Jr A model for receptor-regulated calcium entry. Cell Calcium 1986;7:1–12.
Que EL, Bleher R, Duncan FE, Kong BY, Gleber SC, Vogt S, Chen S, Garwin SA,

Bayer AR, Dravid VP, et al. Quantitative mapping of zinc fluxes in the mammalian
egg reveals the origin of fertilization-induced zinc sparks. Nat Chem 2015;7:
130–139.

Quesada V, Sánchez LM, Alvarez J, López-Otín C. Identification and characteriza-
tion of human and mouse ovastacin: a novel metalloproteinase similar to hatch-
ing enzymes from arthropods, birds, amphibians, and fish. J Biol Chem
2004;279:26627–26634.

Quill TA, Garbers DL. Sperm motility activation and chemoattraction. In: Hardy
DM (ed). Fertilization. San Diego, USA: Academic Press, 2002, 29–49.

Ralt D, Manor M, Cohen-Dayag A, Tur-Kaspa I, Ben-Shlomo I, Makler A, Yuli I,
Dor J, Blumberg S, Mashiach S, et al. Chemotaxis and chemokinesis of human
spermatozoa to follicular factors. Biol Reprod 1994;50:774–785.

Ramadan WM, Kashir J, Jones C, Coward K. Oocyte activation and phospholipase
C zeta (PLCζ): diagnostic and therapeutic implications for assisted reproductive
technology. Cell Commun Signal 2012;10:12.

Ramos I, Wessel GM. Calcium pathway machinery at fertilization in echinoderms.
Cell Calcium 2013;53:16–23.

Ren DQ, Navarro B, Perez G, Jackson AC, Hsu S, Shi Q, Tilly JL, Clapham DE. A
sperm ion channel required for sperm motility and male fertility. Nature
2001;413:603–609.

Ridgway EB, Gilkey JC, Jaffe LF. Free calcium increases explosively in activating
medaka eggs. Proc Natl Acad Sci USA 1977;74:623–627.

Roldan ER, Murase T, Shi QX. Exocytosis in spermatozoa in response to proges-
terone and zona pellucida. Science 1994;266:1578–1581.

Roldan ER, Shi QX. Sperm phospholipases and acrosomal exocytosis. Front Biosci
2007;12:89–104.

Rossato M, Di Virgilio F, Rizzuto R, Galeazzi C, Foresta C. Intracellular calcium
store depletion and acrosome reaction in human spermatozoa: role of calcium
and plasma membrane potential. Mol Hum Reprod 2001;7:119–128.

Rothschild L. The physiology of sea-urchin spermatozoa; lack of movement in
semen. J Exp Biol 1948;25:344–352.

Runft LL, Jaffe LA, Mehlmann LM. Egg activation at fertilization: where it all begins.
Dev Biol 2002;245:237–254.

Runge KE, Evans JE, He ZY, Gupta S, McDonald KL, Stahlberg H, Primakoff P,
Myles DG. Oocyte CD9 is enriched on the microvillar membrane and required
for normal microvillar shape and distribution. Dev Biol 2007;304:317–325.

Russo GL, Bilotto S, Ciarcia G, Tosti E. Phylogenetic conservation of cytostatic fac-
tor related genes in the ascidian Ciona intestinalis. Gene 2009;429:104–111.

Russo GL, Kyozuka K, Antonazzo L, Tosti E, Dale B. Maturation promoting factor
in ascidian oocytes is regulated by different intracellular signals at meiosis I and II.
Development 1996;122:1995–2003.

Salicioni AM, Platt MD, Wertheimer EV, Arcelay E, Allaire A, Sosnik J, Visconti PE.
Signalling pathways involved in sperm capacitation. Soc Reprod Fertil Suppl
2007;65:245–59.

Santella L, Dale B. Assisted yes, but where do we draw the line? Reprod Biomed
Online 2015;31:476–478.

Sanusi R, Yu Y, Nomikos M, Lai FA, Swann K. Rescue of failed oocyte activation
after ICSI in a mouse model of male factor infertility by recombinant phospholip-
ase Cζ. Mol Hum Reprod 2015;21:783–791.

Satoh N. Developmental Biology of Ascidians. Cambridge, UK: Cambridge University
Press, 1994.

Satouh Y, Nozawa K, Ikawa M Sperm Postacrosomal WW. Domain-binding pro-
tein is not required for mouse egg activation. Biol Reprod 2015;93:94.

Sawada H, Mino M, Akasaka M. Sperm proteases and extracellular ubiquitin-
proteasome system involved in fertilization of ascidians and sea urchins. Adv Exp
Med Biol 2014;759:1–11.

Shapiro BM, Schackmann RW, Tombes RM, Kazazoglou T. Coupled ionic and
enzymatic regulation of sperm behavior. Curr Top Cell Regul 1985;26:97–113.

Shiba K, Inaba K. Distinct roles of soluble and transmembrane adenylyl cyclases
in the regulation of flagellar motility in Ciona sperm. Int J Mol Sci 2014;15:
13192–13208.

Sirard MA. Genomic regulation through RNA in oocyte maturation of large mam-
mals. In: Tosti E, Boni R (eds). Oocyte Maturation and Fertilization, A Long History
for a Short Event. Sharjah, U.A.E: Bentham Science Publishers, 2011, 71–79.

Singh AP, Rajender S. CatSper channel, sperm function and male fertility. Reprod
Biomed Online 2015;30:28–38.

Sirard MA. Factors affecting oocyte and embryo transcriptomes. Reprod Domest
Anim 2012;47:148–155.

Sosa CM, Zanetti MN, Pocognoni CA, Mayorga LS. Acrosomal swelling is triggered
by cAMP downstream of the opening of store-operated calcium channels during
acrosomal exocytosis in human sperm. Biol Reprod 2016;94:57.

Spehr M, Gisselmann G, Poplawski A, Riffell JA, Wetzel CH, Zimmer RK, Hatt H.
Identification of a testicular odorant receptor mediating human sperm chemo-
taxis. Science 2003;299:2054–2058.

Stamboulian S, Kim D, Shin HS, Ronjat M, De Waard M, Arnoult C. Biophysical
and pharmacological characterization of spermatogenic T-type calcium current in
mice lacking the CaV3.1 (alpha1G) calcium channel: CaV3.2 (alpha1H) is the
main functional calcium channel in wild-type spermatogenic cells. J Cell Physiol
2004;200:116–124.

Stein KK, Primakoff P, Myles D. Sperm-egg fusion: events at the plasma membrane.
J Cell Sci 2004;117:6269–6274.

Steinhardt RA, Epel D, Carroll EJ Jr, Yanagimachi R. Is calcium ionophore a univer-
sal activator for unfertilised eggs? Nature 1974;252:41–43.

Steinhardt R, Zucker R, Schatten G. Intracellular calcium release at fertilization in
the sea urchin egg. Dev Biol 1977;58:185–196.

Stice SL, Robl JM. Activation of mammalian oocytes by a factor obtained from rab-
bit sperm. Mol Reprod Dev 1990;25:272–280.

Stith BJ, Goalstone M, Silva S, Jaynes C. Inositol 1,4,5-trisphosphate mass changes
from fertilization through first cleavage in Xenopus laevis. Mol Biol Cell
1993;4:435–443.

Stricker SA. Comparative biology of calcium signaling during fertilization and egg
activation in animals. Dev Biol 1999;211:157–176.

Strünker T, Weyand I, Bönigk W, Van Q, Loogen A, Brown JE, Kashikar N, Hagen V,
Krause E, Kaupp UB. A K+-selective cGMP-gated ion channel controls chemosen-
sation of sperm. Nat Cell Biol 2006;80:1149–1154.

Sugaya S. Pregnancy following calcium ionophore oocyte activation in an oligozoos-
permia patient with repeated failure of fertilization after ICSI. Clin Exp Obstet
Gynecol 2010;37:261–262.

Sun QY. Cellular and molecular mechanisms leading to cortical reaction and poly-
spermy block in mammalian eggs. Microsc Res Tech 2003;61:342–348.

Sun F, Bahat A, Gakamsky A, Girsh E, Katz N, Giojalas LC, Tur-Kaspa I,
Eisenbach M. Human sperm chemotaxis: both the oocyte and its surrounding
cumulus cells secrete sperm chemoattractants. Hum Reprod 2005;20:761–767.

Sun FZ, Bradshaw JP, Galli C, Moor RM. Changes in intracellular calcium concentra-
tion in bovine oocytes following penetration by spermatozoa. J Reprod Fertil
1994;101:713–719.

Suzuki T, Suzuki E, Yoshida N, Kubo A, Li H, Okuda E, Amanai M, Perry AC.
Mouse Emi2 as a distinctive regulatory hub in second meiotic metaphase.
Development 2010;137:3281–3291.

Swann K, Lai FA. Egg activation at fertilization by a soluble sperm protein. Physiol
Rev 2016;96:127–149.

Swann K, Larman MG, Saunders CM, Lai FA. The cytosolic sperm factor that trig-
gers Ca2+ oscillations and egg activation in mammals is a novel phospholipase
C: PLCzeta. Reproduction 2004;127:431–439.

Swann K, Parrington J. Mechanism of Ca2+ release at fertilization in mammals.
J Exp Zool 1999;285:267–275.

Swann K, Yu Y. The dynamics of calcium oscillations that activate mammalian eggs.
Int J Dev Biol 2008;52:585–594.

Takahashi T, Kikuchi T, Kidokoro Y, Shirakawa H. Ca2+ influx-dependent refilling
of intracellular Ca2+ stores determines the frequency of Ca2+ oscillations in ferti-
lized mouse eggs. Biochem Biophys Res Commun 2013;430:60–65.

Takahashi Y, Yamakawa N, Matsumoto K, Toyoda Y, Furukawa K, Sato E. Analysis
of the role of egg integrins in sperm-egg binding and fusion. Mol Reprod Dev
2000;56:412–423.

Talbot P, Shur BD, Myles DG. Cell adhesion and fertilization: steps in oocyte trans-
port, sperm-zona pellucida interactions, and sperm-egg fusion. Biol Reprod
2003;68:1–9.

Tanphaichitr N, Kongmanas K, Kruevaisayawan H, Saewu A, Sugeng C, Fernandes J,
Souda P, Angel JB, Faull KF, Aitken RJ, et al. Remodeling of the plasma membrane

438 Tosti and Menezo

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/22/4/420/2573910 by guest on 23 April 2024



in preparation for sperm-egg recognition: roles of acrosomal proteins. Asian J
Androl 2015;17:574–582.

Tardif S, Wilson MD, Wagner R, Hunt P, Gertsenstein M, Nagy A, Lobe C, Koop BF,
Hardy DM. Zonadhesin is essential for species specificity of sperm adhesion to the
egg zona pellucida. J Biol Chem 2010;285:24863–24870.

Tateno H, Krapf D, Hino T, Sánchez-Cárdenas C, Darszon A, Yanagimachi R,
Visconti PE. Ca2+ ionophore A23187 can make mouse spermatozoa capable of
fertilizing in vitro without activation of cAMP-dependent phosphorylation path-
ways. Proc Natl Acad Sci USA 2013;110:18543–18548.

Taylor CT, Lawrence YM, Kingsland CR, Biljan MM, Cuthbertson KS. Oscillations
in intracellular free calcium induced by spermatozoa in human oocytes at fertil-
ization. Hum Reprod 1993;8:2174–2179.

Taylor SL, Yoon SY, Morshedi MS, Lacey DR, Jellerette T, Fissore RA, Oehninger S.
Complete globozoospermia associated with PLCζ deficiency treated with calcium
ionophore and ICSI results in pregnancy. Reprod Biomed Online 2010;20:
559–564.

Telford NA, Watson AJ, Schultz GA. Transition from maternal to embryonic con-
trol in early mammalian development: a comparison of several species. Mol
Reprod Dev 1990;26:90–100.

Tesarik J. Oocyte activation after intracytoplasmic injection of mature and imma-
ture sperm cells. Hum Reprod 1998a;13:117–127.

Tesarik J. Oscillin-reopening the hunting season. Mol Hum Reprod 1998b;4:1007–1009.
Tesarik J, Sousa M. More than 90% fertilization rates after intracytoplasmic sperm

injection and artificial induction of oocyte activation with calcium ionophore.
Fertil Steril 1995;63:343–349.

Teves ME, Guidobaldi HA, Uñates DR, Sanchez R, Miska W, Publicover SJ,
Morales Garcia AA, Giojalas LC. Molecular mechanism for human sperm
chemotaxis mediated by progesterone. PLoS One 2009;4:e8211.

Töpfer-Petersen E, Cechová D. Zona pellucida induces conversion of proacrosin
to acrosin. Int J Androl 1990;13:190–196.

Töpfer-Petersen E, Petrounkina AM, Ekhlasi-Hundrieser M. Oocyte-sperm interac-
tions. Anim Reprod Sci 2000;60–61:653–662.

Tosti E. Sperm activation in species with external fertilization. Zygote 1994;2:359–361.
Tosti E, Boni R. Electrical events during gamete maturation and fertilisation in ani-

mals and human. Hum Reprod Update 2004;10:53–65.
Tosti E, Boni R, Cuomo A. Fertilization and activation currents in bovine oocytes.

Reproduction 2002;124:835–846.
Tosti E, Ménézo Y. Sperm induced oocyte activation. In: Lejeune T, Delvaux P

(eds). Human Spermatozoa: Maturation, Capacitation and Abnormalities. New
York: Nova Biomedical Books, Science Publishers Inc, 2010, 379–397.

Tosti E, Romano G, Buttino I, Cuomo A, Ianora A, Miralto A. Bioactive aldehydes
from diatoms block the fertilization current in ascidian oocytes. Mol Reprod Dev
2003;66:72–80.

Tsai PS, van Haeften T, Gadella BM. Preparation of the cortical reaction:
maturation-dependent migration of SNARE proteins, clathrin, and complexion
to the porcine oocyte’s surface blocks membrane traffic until fertilization. Biol
Reprod 2011;84:327–335.

Tsubamoto H, Hasegawa A, Inoue M, Yamasaki N, Koyama K. Binding of recom-
binant pig zona pellucida protein 1 (ZP1) to acrosome-reacted spermatozoa.
J Reprod Fertil Suppl 1996;50:63–67.

Turner PR, Sheetz MP, Jaffe LA. Fertilization increases the polyphosphoinositide
content of sea urchin eggs. Nature 1984;310:414–415.

Tyler A, Monroy A, Kao C, Grundfest H. Membrane potential and resistance of
the starfish egg before and after fertilisation. Biol Bull 1956;111:153–177.

Vacquier VD. The quest for the sea urchin egg receptor for sperm. Biochem Biophys
Res Commun 2012;425:583–587.

Vadnais ML, Gerton GL. From PAWP to ‘Pop’: opening up new pathways to
fatherhood. Asian J Androl 2015;17:443–444.

Vanden Meerschaut F, Nikiforaki D, Heindryckx B, De Sutter P. Assisted oocyte acti-
vation following ICSI fertilization failure. Reprod Biomed Online 2014;28:560–571.

Verma RJ. Sperm quiescence in cauda epididymis: a mini-review. Asian J Androl
2001;3:181–183.

Volarevic V, Bojic S, Nurkovic J, Volarevic A, Ljujic B, Arsenijevic N, Lako M,
Stojkovic M. Stem cells as new agents for the treatment of infertility: current and
future perspectives and challenges. Biomed Res Int 2014;2014:507234.

Von Stetina JR, Orr-Weaver TL. Developmental control of oocyte maturation and egg
activation in metazoan models. Cold Spring Harb Perspect Biol 2011;3:a005553.

Wakai T, Zhang N, Vangheluwe P, Fissore RA. Regulation of endoplasmic reticu-
lum Ca(2+) oscillations in mammalian eggs. J Cell Sci 2013;126:5714–5724.

Ward CR, Kopf GS. Molecular events mediating sperm activation. Dev Biol
1993;158:9–34.

Wassarman PM, Litscher ES. Mammalian fertilization: the egg’s multifunctional zona
pellucida. Int J Dev Biol 2008;52:665–676.

Wassarman PM, Litscher ES. Influence of the zona pellucida of the mouse egg on
folliculogenesis and fertility. Int J Dev Biol 2012;56:833–839.

Whitaker M. Calcium at fertilization and in early development. Physiol Rev
2006;86:25–88.

Williams CJ. Signalling mechanisms of mammalian oocyte activation. Hum Reprod
Update 2002;8:313–321.

Williams CJ, Mehlmann LM, Jaffe LA, Kopf GS, Schultz RM. Evidence that Gq family
G proteins do not function in mouse egg activation at fertilization. Dev Biol
1998;198:116–127.

Willmott N, Sethi JK, Walseth TF, Lee HC, White AM, Galione A. Nitric oxide-
induced mobilization of intracellular calcium via the cyclic ADP-ribose signaling
pathway. J Biol Chem 1996;271:3699–3705.

Wöber M, Ebner T, Steiner SL, Strohmer H, Oppelt P, Plas E, Obruca A. A new
method to process testicular sperm: combining enzymatic digestion, accumula-
tion of spermatozoa, and stimulation of motility. Arch Gynecol Obstet 2015;291:
689–694.

Wolkowicz MJ, Digilio L, Klotz K, Shetty J, Flickinger CJ, Herr JC. Equatorial seg-
ment protein (ESP) is a human alloantigen involved in sperm-egg binding and
fusion. J Androl 2008;29:272–282.

Wong JL, Wessel GM. Major components of a sea urchin block to polyspermy are
structurally and functionally conserved. Evol Dev 2004;6:134–153.

Yamaguchi R, Yamagata K, Ikawa M, Moss SB, Okabe M. Aberrant distribution of
ADAM3 in sperm from both angiotensin-converting enzyme (Ace)- and calmegin
(Clgn)-deficient mice. Biol Reprod 2006;75:760–766.

Yanagida K, Katayose H, Yazawa H, Kimura Y, Sato A, Yanagimachi H,
Yanagimachi R. Successful fertilization and pregnancy following ICSI and electrical
oocyte activation. Hum Reprod 1999;14:1307–1311.

Yanagimachi R. Mammalian fertilization. In: Knobil E, Neill JD (eds). The Physiology
of Reproduction, 2nd edn. New York: Raven Press, 1994, pp. 189–317.

Yanagimachi R. Mammalian sperm acrosome reaction: where does it begin before
fertilization? Biol Reprod 2011;85:4–5.

Yeste M, Jones C, Amdani SN, Patel S, Coward K. Oocyte activation deficiency: a
role for an oocyte contribution? Hum Reprod Update 2016;22:23–47. Advance
Access published Sep 7, pii: dmv040.

Yonezawa N. Posttranslational modifications of zona pellucida proteins. Adv Exp
Med Biol 2014;759:111–140.

Yoon S, Chang KT, Cho H, Moon J, Kim JS, Min SH, Koo DB, Lee SR, Kim SH,
Park KE, et al. Characterization of pig sperm hyaluronidase and improvement of
the digestibility of cumulus cell mass by recombinant pSPAM1 hyaluronidase in
an in vitro fertilization assay. Anim Reprod Sci 2014;150:107–114.

Yoon SY, Eum JH, Lee JE, Lee HC, Kim YS, Han JE, Won HJ, Park SH, Shim SH,
Lee WS, et al. Recombinant human phospholipase C zeta 1 induces intracellular
calcium oscillations and oocyte activation in mouse and human oocytes. Hum
Reprod 2012;27:1768–1780.

Yoshida M, Yoshida K. Sperm chemotaxis and regulation of flagellar movement by
Ca2+. Mol Hum Reprod 2011;17:457–465.

Zhou C, Kang W, Baba T. Functional characterization of double-knockout mouse
sperm lacking SPAM1 and ACR or SPAM1 and PRSS21 in fertilization. J Reprod
Dev 2012;58:330–337.

Zumoffen CM, Gil R, Caille AM, Morente C, Munuce MJ, Ghersevich SA. A protein
isolated from human oviductal tissue in vitro secretion, identified as human lacto-
ferrin, interacts with spermatozoa and oocytes and modulates gamete inter-
action. Hum Reprod 2013;28:1297–1308.

Zumoffen CM, Massa E, Caille AM, Munuce MJ, Ghersevich SA. Effects of
lactoferrin, a protein present in the female reproductive tract, on para-
meters of human sperm capacitation and gamete interaction. Andrology 2015;
3:1068–1075.

439Mechanisms of gamete activation

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/22/4/420/2573910 by guest on 23 April 2024


	Gamete activation: basic knowledge and clinical applications
	Introduction
	Methods
	Sperm activation
	Quiescence
	Motility
	Chemotaxis
	Primary binding
	Acrosome reaction
	Secondary binding and penetration
	Fusion

	Oocyte activation
	Quiescence
	Oocyte activators
	Electrical events
	Calcium release
	Structural events
	Meiosis resumption and molecular changes

	Clinical application for ART
	Future perspectives
	Concluding remarks
	Acknowledgements
	Authors&#x2019; role
	Funding
	Conflict of interest
	References


