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a b s t r a c t

The interaction of the spermatozoon with the egg at fertilization remains one of the most fascinating
mysteries of life. Much of our scientific knowledge on fertilization comes from studies on sea urchin and
starfish, which provide plenty of gametes. Large and transparent, these eggs have served as excellent
model systems for studying egg activation and embryo development in seawater, a plain natural me-
dium. Starfish oocytes allow the study of the cortical, cytoplasmic and nuclear changes during the
meiotic maturation process, which can also be triggered in vitro by hormonal stimulation. These
morphological and biochemical changes ensure successful fertilization of the eggs at the first metaphase.
On the other hand, sea urchin eggs are fertilized after the completion of meiosis, and are particularly
suitable for the study of spermeegg interaction, early events of egg activation, and embryonic devel-
opment, as a large number of mature eggs can be fertilized synchronously. Starfish and sea urchin eggs
undergo abrupt changes in the cytoskeleton and ion fluxes in response to the fertilizing spermatozoon.
The plasma membrane and cortex of an egg thus represent “excitable media” that quickly respond to the
stimulus with the Ca2þ swings and structural changes. In this article, we review some of the key findings
on the rapid dynamic rearrangements of the actin cytoskeleton in the oocyte/egg cortex upon hormonal
or sperm stimulation and their roles in the modulation of the Ca2þ signals and in the control of mon-
ospermic fertilization.

© 2015 Elsevier Inc. All rights reserved.
1. Starfish and sea urchin eggs as suitable model systems for
studying maturation and fertilization

For more than one hundred years, eggs of marine animals have
provided favored materials with which to explore the mechanisms
of egg activation and embryonic development. When extracted
from the gonad during the breeding season, nearly all immature
oocytes contain the characteristic large nucleus (termed germinal
vesicle, GV) (Fig. 1). Upon interactionwith the sperm, these oocytes
increase their intracellular Ca2þ, but are penetrated by numerous
spermatozoa. It was thought that the polyspermic fertilization of
immature oocytes was because of their incapability of cortical
granules exocytosis and the consequent lack of the elevation of the
fertilization envelope, which wouldmechanically block the entry of
supernumerary spermatozoa [1e3]. Successful monospermic fer-
tilizability develops in the maturation process, during which the
morphological changes in the surface of the eggs coincide with the
breakdown of the germinal vesicle (GVBD) (Fig. 1B). After the first
descriptions of oocyte maturation [4,5], the control of starfish
maturation has been extensively studied thanks to the identifica-
tion of the maturing hormone 1-methyladenine (1-MA), which can
be easily added to the seawater in which the immature oocytes are
suspended [6,7].

A few minutes after hormonal stimulation, a rapid reorganiza-
tion of the actin cytoskeleton occurs at the oocyte surface, which is
accompanied by a Ca2þ increase in the cortex and in the GV [8e12].
Later events in the maturation process include the GVBD and the
intermixing of the nucleoplasm with cytoplasm, which is essential
to trigger the events of cortical maturation that are critically
conducive to the successful egg activation by the sperm. The
optimal period for fertilizing starfish eggs is between the GVBD and
the extrusion of the first polar body. At variance with other egg
types, which have a very limited time window during which
fertilization is possible, starfish eggs can still be fertilized several
hours after the addition of 1-MA. This allows them to be used for
studying the cytoplasmic changes that misguide the aging eggs
during the fertilization process [13e15].

Unlike starfish that are fertilized as primary oocytes, sea urchin
eggs are shed into the seawater after the completion of meiosis i.e.,
theyare fullymatured and thusmore stable.Much of the knowledge
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Fig. 1. Starfish oocytes as an experimental model system for studying meiotic maturation and fertilization. (A) Dissected female gonads of the Mediterranean starfish
Astropecten aranciacus in seawater. During the breeding season (FebruaryeMay), the female gonad provides fully grown immature oocytes that are arrested in prophase I of meiosis.
(B-D) Meiotic maturation and fertilization of the eggs from Asterina pectinifera. (B) A transmitted light image of immature oocytes. Note the large nucleus (germinal vesicle, GV) and
the small nucleolus inside it. (C) Immature oocytes become mature eggs after the treatment with 1-MA: at this stage of maturation, GV breakdown has taken place, and the
nucleoplasm is intermixed with the cytoplasm. (D) A transmitted light image of the fertilized eggs. Note the elevation of the fertilization envelope. Regardless of fertilization, the
first and second polar bodies are extruded from the animal pole respectively 70 and 90 min after the stimulation with 1-MA (arrow).
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on the fast events of spermeegg interaction originated from the
studies of sea urchin eggs. Within seconds after the addition of
active spermatozoa, rapid structural changes take place in the egg
following the liberation of Ca2þ and the elevation of the fertilization
envelope, the latter of which is the consequence of cortical granules
exocytosis. The importance of Ca2þ during the process of oocyte
maturation and fertilization has been confirmed in numerous ani-
mal species, and the detailed signal transductionpathways that lead
to the intracellular Ca2þ liberation during hormonal and sperm
stimulation have been most extensively studied with starfish and
sea urchin. This review article will focus on these two marine ani-
mals to describe the roles of the cortical actin cytoskeleton in
modulating spermeegg interaction and Ca2þ signals [16e18].

2. Changes of the actin cytoskeleton during the maturation of
starfish oocytes

In the starfish ovary, immature oocytes are ensheathed with the
vitelline and jelly coats over the plasma membrane, and are asso-
ciated with a thin layer of follicle cells. The application of 1-MA in-
duces detachment of the follicle cells from the oocytes surface and
theirmigration and concentration in one side of themature egg. The
starfish ovary undergoes a marked contraction at spawning due to
the operation of the smoothmuscles present in the ovarianwall. As
expected of a muscle contraction process, this contraction does not
occur in the absence of Ca2þ in seawater [7]. The average diameter of
fully grown oocytes is about 250 mm for the Mediterranean species
Astropecten aranciacus, and 180 um for the Japanese species Asterina
pectinifera. As aforementioned, these oocytes contain a large GV
(80e100 mm in diameter) with a nucleolus (Fig. 1C). The position of
the GV defines the animal pole of the oocyte where polar bodies are
extruded during meiosis (Fig. 1D, arrow). Immunofluorescence us-
ing anti-a-tubulin antibody has shown that the anchorage of the GV
to the animal cortex is controlled bymicrotubular structures, which
is essential for the normal course ofmeiotic events [19]. However, in
addition to the microtubule-mediated nuclear positioning, we have
found that actin filaments are also intimately associated with the
surface of the GV, which may play a role in anchoring the GV at the
animal pole (Fig. 2B).

1-MA acts on the surface of the oocyte from outside, as it is
inactivewhen injected into the cytoplasm [20]. It is assumed that 1-
MA interacts with the cell surface receptor belonging to the G-
protein-coupled receptor family [21,22]. This triggers the matura-
tion process through the activation of the Maturation Promoting
Factor (MPF) which turned out to be the cyclin B-Cdc2 kinase
(Cdk1) complex that serves as the universal activator of the meiotic
and mitotic cycles [23,24]. The intracellular mediator of 1-MA
stimulation has been identified as the phosphorylated (and acti-
vated) protein kinase AKT (protein kinase B, PKB) which in turn
phosphorylates and suppresses the inhibitory activity of Myt1. As a
member of the Wee1 family of protein kinases, Myt1 upregulates
the Ca2þ-dependent Cdc25 phosphatase which in turn activates
cyclin B-Cdc2 [25,26]. The GVDB of the starfish oocyte requires at
least 8 min exposure to 1 mM 1-MA, and its onset varies depending
on the species. The length of this so-called ‘hormone-dependent
period (HDP)’ is not dependent on the hormone concentration, but
the removal of the hormone during HDP interrupts maturation.
Beyond the HDP, however, the maturation process irreversibly
proceeds even in the absence of 1-MA [27e30]. Curiously, oocyte
maturation in starfish can also be induced by disulfide-reducing
agents (e.g. dithiothreitol). They mimicked 1-MA in inducing
morphological changes and an increase of the sulfhydryl contents
in the proteins of the oocyte cortex [31].

Light and electron microscopic studies have revealed cortical
changes as early as 1 or 2 min after 1-MA addition that are linked to
the structural reorganization of the actin cytoskeleton: microvilli
retraction, alignment of the cortical granules with their longer axis
perpendicular to the plasma membrane, and the formation of
surface spikes that contain bundles of actin filaments. These
structures, which are generated by rapid, reversible polymerization



Fig. 2. Changes of the actin cytoskeleton in the A. aranciacus oocytes during meiotic maturation. Immature oocytes were microinjected with Alexa-Fluor488-conjugated
phalloidin, and the changes of the F-actin in the living cell were monitored with confocal microscopy during the 1-MA-induced meiotic maturation. (A) Dense networks of
actin filaments are visible near the plasma membrane and in the cytoplasm of the immature oocyte. F-actin is also abundantly present around the nuclear membrane, but not inside
the GV. (B) An image at the oblique confocal plane tangent to the curvy surface of the GV near the animal pole of the immature oocyte. Note the radial arrangement of the F-actin
fibers over the surface of the GV. (C) A mature egg manifests dramatic changes in the structural organization of the actin cytoskeleton. The actin fibers are now visible mainly in the
subplasmalemmal areas of the egg cortex, and are oriented perpendicularly to the plasma membrane.

L. Santella et al. / Biochemical and Biophysical Research Communications 460 (2015) 104e113106
of actin, represent the earliest morphological response of starfish
oocytes to the maturation-inducing hormone [8,32,33]. The struc-
tural modifications in the cortex are also reflected in the changes of
the mechanical properties of the oocytes and the stiffness of the
endoplasm. A transient decrease in oocyte stiffness (A. pectinifera)
starts soon after 1-MA application, and reaches theminimum at the
time of the breakdown of the germinal vesicle (20e25 min after 1-
MA stimulation), but again exhibits a transient rise and fall during
the polar body formation [34]. The cyclic change of surface stiffness
during the emission of polar bodies is linked to the reorganization
of the actin filaments in such away that it forms the contractile ring
at the animal pole and alleviates the unequal distances between the
centrosomes and the contractile ring on the other parts of the
starfish oocyte during the extremely asymmetric meiotic division
[35]. The contractile nuclear actin network appears to be essential
for the delivery of chromosomes to the microtubule spindle during
the first nuclear division of meiosis [36].

The mechanical changes of the maturing oocyte take place both
in the cortex and in the inner cytoplasm, and are sensitive to
cytochalasin, which disrupts F-actin-based structures [37]. The
characterization of changes in F-actin during starfish maturation
has led to the identification of two populations of cortical actin
filaments: spikes and non-spikes F-actin [38]. The structural reor-
ganization of the oocyte cortex appears to be correlated with the
changes of the electrical property of the plasma membrane. The
addition of 1-MA progressively depolarizes the oocyte membrane
potential (0.5 mV/min) until it induces abrupt depolarization at the
time of GVBD. This maturation-related transition of ion perme-
ability requires intermixing of the GV contents with cytoplasm
[39,40]. It was suggested that selective closure of Kþ channels is
responsible for the increase inmembrane resistance and the shift of
themembrane potential to a less negative voltage [39,41]. The exact
cause of the gradual changes in the electrical property of the
plasmamembrane during themeiotic maturation is not known, but
it is conceivable that the structural reorganization of microvilli and
the subplasmalemmal actin meshwork may have affected micro-
villar ion channels either by relocating them or by rendering a
diffusion barrier against Ca2þ near the channel openings [42].

3. Intracellular calcium increase during the meiotic
maturation of starfish oocytes

When immature oocytes are injected with Ca2þ sensitive dyes
and exposed to 1-MA, a transient increase of Ca2þ occurs in the
cytoplasm within few minutes [10,43]. At variance with other
species in which an increased Ca2þ influx has been documented
[44,45], the 1-MA-induced Ca2þ increase in starfish oocytes can
also take place in Ca2þ-depleted seawater [7]. In A. pectinifera oo-
cytes, the Ca2þ increase represents the sum of cytosolic and nuclear
Ca2þ elevations [11,12]. Interestingly, the Ca2þ chelator EGTA
inhibited the 1-MA-triggered maturation when it was micro-
injected into the nucleus, but not into the cytoplasm [11]. The
microinjection of EGTA into the nucleus prior to 1-MA addition
completely abrogated the GVBD and the continuation of the
maturation process. These results have highlighted the importance
of nuclear Ca2þ and its increase in the regulation of meiotic
maturation [11,12,46e50].

According to the spatio-temporal analyses, the 1-MA-induced
Ca2þ wave the 1-MA-induced Ca2þ wave may be propagated in the
oocytes in a mechanism that is distinct from that of the Ca2þ wave
at fertilization. First, the 1-MA-induced Ca2þ increase always
originates at the vegetal hemisphere of the oocyte, although the
entire oocyte surface is exposed to 1-MA. Second, the 1-MA Ca2þ

wave arrives at the antipode much faster (within 20 s) than the
sperm-induced Ca2þ wave (80 s) [51]. Third, NAADP (nicotinic acid
adenine dinucleotide phosphate) is not likely to contribute to the 1-
MA-induced Ca2þ increase since NAADP promotes a Ca2þ influx in
starfish oocytes whereas 1-MA can liberate intracellular Ca2þ in
Ca2þ-free seawater [7,52]. Similarly, the contribution of cADPr
(cyclic ADP ribose) was ruled out because A. pectinifera oocytes do
not respond to uncaged cADPr [51]. Finally, the experimental evi-
dence suggesting the involvement of the inositol 1,4,5-
trisphosphate (InsP3) receptors became questionable because
both U73122 (inhibitor of InsP3 synthesis) and heparin (inhibitor of
InsP3 receptor) severely altered the structure of the cortical actin
cytoskeleton while the actin cytoskeleton itself significantly affects
intracellular Ca2þ increase [51]. Interestingly, the Ca2þ increase is
followed by the changes in the mechanical properties of the cyto-
plasm (decrease in stiffness) which is detected 5e9 min after 1-MA
treatment. The sensitivity of oocyte stiffness to cytochalasin B (see
above) had indicated the involvement of the cortical microfila-
ments [37]. As to a role of the actin cytoskeleton in the Ca2þ release,
it is noteworthy that the 1-MA-induced Ca2þ increase always starts
at the vegetal hemisphere [51], while the oocyte actin cytoskeleton
is polarized along the animalevegetal axis [53].

During the meiotic maturation of starfish oocytes, the intracel-
lular Ca2þ release mechanism also matures in order to produce the
appropriate Ca2þ response at fertilization. Thus, in comparisonwith
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the immature oocytes at the GV-stage, mature eggs in their optimal
period for fertilization release more Ca2þ in response to the same
amount of InsP3. This is not because the endoplasmic reticulum
(ER) of the immature oocytes are loaded with less Ca2þ, for the
oocytes can release the same amount of Ca2þ if 100 times more
InsP3 is microinjected into the cytoplasm [54e56]. Interestingly,
the sensitization of the Ca2þ-releasing mechanism proceeds
together with the structural reorganization of the actin cytoskel-
eton during the meiotic maturation. Firstly, the 1-MA-induced
sensitization of the oocytes to InsP3 is successfully negated by the
actin-sequestering agent latrunculin-A (LAT-A) [56]; and secondly,
pre-injection of GDPßS not only blocked the 1-MA-induced Ca2þ

increase and GVBD, but also strikingly altered the structure of the
cortical actin cytoskeleton [57]. The enhanced InsP3-dependent
Ca2þ release during maturation correlates with the modulation of
the actin cytoskeleton by MPF, which in turn is activated by the 1-
MA-induced Ca2þ increase in the nucleus [56]. In a number of
species, including mammals, the ER in mature eggs is organized in
clusters whose formation and disassembly are under the control of
MPF. These clusters are accountable for the shaping of the Ca2þ

oscillations at fertilization, as their disassembly terminated the
oscillations [58e60].

That the actin cytoskeleton may play a role in regulating the
intracellular Ca2þ liberation in starfish eggs is further supported
by the finding that the Astropecten aranciasuc eggs exposed to LAT-
A display increases of Ca2þ in the cortex which then propagated
throughout the entire cytoplasm as a centripetal wave. These re-
petitive Ca2þ spikes were observed only in the mature eggs and
continued for 3 h until the plasma membrane microvilli core
collapsed, suggesting that the phenomenon may be linked to the
actin-based cortical structures that have been altered during
maturation [61]. These results imply that the responsiveness to
LAT-A may be related to the sensitization of the oocytes to InsP3
during maturation, or to the structural and functional differences
of the actin cytoskeletons in the oocytes and mature eggs [56,61].
This Ca2þ wave was indeed blocked by heparin, but its interpre-
tation became complicated because heparin hyperpolymerizes
cortical actin [51,62]. It is possible that the LAT-A treatment
rendered the mature eggs hypersensitive to the background level
of InsP3, or alternatively the increased rate of net depolymeriza-
tion induced by LAT-A may have released Ca2þ from the dissoci-
ating actin monomers that had been charged with Ca2þ, as was
first suggested by K. Lange based on biochemical properties of
actin [63e65].

4. Correlation between the electrical events and Ca2þ changes
at fertilization

Egg activation by sperm or other agents reflects the general
phenomenon of cell excitation [66]. Numerous studies on the
stimulated eggs of marine animals underlined the necessity of the
adequate physical organization of the egg cortex, as it represents
the most sensitive and excitable portion of the cell [13,67e69]. Sea
urchin and starfish eggs have provided essential experimental ev-
idence underscoring the importance of the cortex in initiating a
chain of reactions related to electrical events and Ca2þ signaling.
Mazia (1937) was the first to describe an increase in free Ca2þ upon
fertilization of sea urchin eggs [70], and the increase was directly
visualized by Ridgway (1977) in medaka eggs [71]. The acrosome-
reacted spermatozoa trigger a wave of Ca2þ that traverses the egg
of starfish and sea urchin from the sperm interaction site to the
opposite pole. The Ca2þ increase induces exocytosis of the cortical
granules beneath the plasma membrane, and the release of their
contents into the perivitelline space leads to the elevation of the
fertilization envelope (Fig. 3).
A precise proposal on the sequence of events that block the
supernumerary sperm entry in sea urchin eggs was made by E. E.
Just, who wrote ” With membrane-separation the eggs undergo some
change and it is this change e not its result, membrane-separation e

which constitutes the block to the entrance of additional spermatozoa.
Thus this block, which is more subtle than the mechanical obstacle
interposed by the presence of a separated membrane, is established
before membrane-separation occurs” ([13], pag. 199). He observed
that sea urchin eggs in their optimal physiological conditions un-
dergo a rapid structural change which spreads from the contact
point of the first sperm to the entire egg surface and rejects the
second sperm. He wrote “At least for the normally monospermic ova
of the marine formswhich I have studied, it is certainly true that if they
are in optimum condition, polyspermy is difficult if not impossible.
Such ova in order to become polyspermic must undergo treatment
which impairs their cortices … …Doubtless the very instant that
contact between spermatozoa and ova is made, polyspermy is
blocked” ([72], pag. 337).

The idea that the block to polyspermy can be quickly established
within 1e3 s upon sperm interaction led to the suggestion that the
fast block to the polyspermy is due to the quick changes in the
electrical potential of the egg plasma membrane. Following the
contact of the first sperm, a small initial step-like depolarization
takes place in the egg, which is accompanied by a decrease in
resistance and increase in membrane noise. About 13 s later, a
slower and larger bell-shaped fertilization depolarization (the
fertilization potential) follows. The time between the two electrical
events is called the “latent period” [73,74]. The establishment of a
fast block to polyspermy as a result of the abrupt depolarizing shift
of the egg's membrane potential was largely accepted [75], but was
also disputed by others [13,76e78].

The sperm-induced Ca2þ signal is a biphasic event that mirrors
the voltage changes at the plasma membrane. In sea urchin, the
first detectable Ca2þ change (cortical flash), which precedes the
larger Ca2þ wave, lasts about 8 s [79]. As the time resolution of the
Ca2þ detecting system is lower than that of electrophysiology, this
time gap between the two modes of Ca2þ signals is in agreement
with the aforementioned latent period of 13 s (Fig. 2 in Ref. [80]).
Given its rapid synchronous occurrence at the entire egg surface,
the cortical flash in the fertilized eggs of sea urchin and starfish is
thought to be caused by the Ca2þ influx through the voltage-
sensitive Ca2þ channels, which is inhibited by nifedipine [81,82].
The cortical flash in fertilized starfish eggs is much smaller and
short-lived (about 2e5 s), and is sometimes difficult to detect even
in electrophysiological method. Thus, differences exist in the elec-
trical events and Ca2þ responses in sea urchin and starfish eggs,
which were attributed to their differences in the location of the
acrosome reaction, and not to their differences in themeiotic stages
at the time of fertilization [80]. Alternatively, the differences could
result from the intrinsic nature of the egg cortices, which show
different structural organization in the two species [62,79].

5. Mechanisms of the intracellular Ca2þ liberation induced by
the sperm

Ca2þ is universally accepted as the essential trigger of egg acti-
vation, but the pathways leading to its increase within the egg are
still vigorously debated. A number of hypotheses have been put
forward: i) a spermatic ligand binds to a specific receptor on the egg
surface, ii) spermatozoa inject a soluble factor or Ca2þ itself into the
egg after gamete fusion [83e86]. Studies using pharmacological
inhibitors or dominant negative mutant proteins in echinoderm,
ascidian, fish and frog eggs have indicated that the sperm triggers
activation of a Src family kinase. In sea urchin and starfish eggs, it
was suggested that the global Ca2þ wave after the cortical flash is



Fig. 3. Intracellular Ca2þ increases in the fertilized eggs of starfish and sea urchin. Eggs of A. aranciacus and P. lividus were microinjected with calcium dyes and fertilized to
monitor the changes of the intracellular Ca2þ levels. (A) Pseudo-color images correspond to the momentary increase of the Ca2þ levels at the key time points. The images in
transmission view represent the shape of the fertilized eggs with the elevation of the fertilization envelope. To portray the size difference, the eggs from starfish (top) and sea urchin
(bottom) were depicted on the same scale. (B) The trajectories of the Ca2þ increase in the fertilized eggs of starfish (red) and sea urchin (blue). (C) The same Ca2þ trajectories were
plotted on a different time scale to illustrate the initial Ca2þ rises. The onset of the global Ca2þ wave at the sperm interaction was estimated by extrapolating the linear portions of
the curves to the time axis (dotted lines). Note that the initial Ca2þ spot takes place much earlier in starfish than in sea urchin in reference to the cortical flash (arrows).
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propagated as a direct or indirect result of the activation of pho-
pholipase Cg (PLCg) which hydrolyzes PIP2 to produce InsP3 to
release Ca2þ through the InsP3 receptors on the ER [87e91]. In the
fertilized eggs of sea urchin, however, it was postulated that
another Ca2þ-releasing second messenger is at work, i.e., cADPr, to
sustain the calcium induced calcium release (CICR) mechanism
through ryanodine receptors (RyRs) [92,93]. At variance with sea
urchin eggs, a role for cADPr in sustaining the Ca2þ wave at fertil-
ization of starfish eggs is excluded since the blockage of the cADPr-
promoted Ca2þ increase had no effect on the propagation of the
sperm-induced Ca2þ wave [82].

More recently, another Ca2þ-linked second messenger NAADP
was discovered from the sea urchin egg homogenates. NAADP
triggers Ca2þ release from the stores that are insensitive to InsP3
and cADPr, thus distinct from the ER [94]. The possibility that
NAADP could work as a Ca2þ-releasing sperm factor was suggested
by the finding that seawater-activated spermatozoa were able to
synthesize NAADP, and that sperm extracts contain micromolar
level of NAADP [95]. The latter study suggested that the sperm
may deliver NAADP to the egg to induce the cortical flash as a
result of the depolarization-induced activation of L-type Ca2þ

channels. It was suggested that NAADP acts on lysosomes-like
organelles to release Ca2þ, and their proximal location to the ER
would amplify the Ca2þ wave [96]. The acidic organelles on which
NAADP acts would contain a new class of Ca2þ permeable chan-
nels. Three isoforms of two-pore channels (TPCs) were suggested
as NAADP receptors, and were shown to be localized in the cortex
of starfish oocytes and eggs [97]. Even if TPCs may be associated
with endosomes and lysosomes, however, their involvement in
the release of Ca2þ under the influence of NAADP has been
recently questioned [98]. In line with this, the knocking down of
the TPCs in starfish has failed to significantly influence the sperm-
induced Ca2þ response [97]. Support for the idea that lysosomes
are Ca2þ-signaling organelles has been provided by the findings
that the b and g isoforms of ADP-ribosyl cyclase (ARC), which
synthesize cADPr from NADþ and NAADP from NADP, localize to
the cortical granule lumen in sea urchin eggs. cADPr was shown to
be locally synthesized in the lumen of acidic exocytotic granules
and released to cytosol to create Ca2þ signals and drive exocytosis
[99].

Observations in starfish eggs have originally suggested a trig-
gering role for NAADP in the sperm-induced Ca2þ response at the
egg surface [100]. Uncaging of NAADP in an immature oocyte or in a
mature egg induced a Ca2þ increase which was uniformly distrib-
uted at the periphery of the cells. This cortical flash, which then
spread centripetally, was strictly dependent on the presence of
Ca2þ in the surrounding seawater. In line with a role of the NAADP-
sensitive stores in initiating the sperm-induced Ca2þ response,
NAADP induced a Ca2þ influx through the activation of an inward
current with biophysical properties typical of Ca2þ-mediated cur-
rents [52]. This current was blocked by verapamil, SKF 96356, and
thapsigargin, but was not affected by the impairment of lysosomes
with Bafilomycin A1 or GPN, or by agents blocking the activation of
the InsP3 and RyR receptors [101]. Interestingly, the Ca2þ response
induced by NAADP in mature oocytes was nearly abolished by the
absence of external Ca2þ, but the same condition had only a minor
effect on immature oocytes, adding weight to the aforementioned
electrophysiological changes during the maturation process
[41,80,102]. The removal of the GV prior to the application of 1-MA
heavily affected the spreading of the Ca2þ wave in response to the
sperm, but not the initial NAADP dependent Ca2þ response. These
results have led to the proposal that NAADP receptors may play a
role in initiating the Ca2þ release in the egg cortex, while InsP3
receptors mediate the globalization of the Ca2þ wave. Those eggs
matured without the GV failed to elevate the vitelline layer upon
InsP3 uncaging [100]. The mechanisms by which the nuclear con-
tents contribute to the changes of the electrical properties of the
plasma membrane during the maturation process (see above),
decrease the excitability of the egg with a delayed mobilization of
Ca2þ at fertilization are unknown.
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The search for themechanism bywhich the sperm generates the
Ca2þ signals in mammalian eggs led to the identification of PLCz as
a plausible sperm factor. Injected into the egg, PLCz mimics the
effect of sperm at fertilization, generating the same pattern of Ca2þ

release. It has been suggested that PLCz is released by the sperm
into the egg during the gamete fusion to produce InsP3 from the
PIP2 localized on the intracellular vesicles, as the PIP2 level in the
plasma membrane is rather increased at fertilization [103].

6. Roles of the actin cytoskeleton in the starfish and sea
urchin eggs at fertilization

Evidence that egg actin filaments are involved in sperm incor-
poration has been available for decades. In sea urchin eggs, actin is
polymerized around the sperm binding site to form a fertilization
cone, a specialized structure to facilitate sperm incorporation
[104e106]. The internalization of the sperm occurs concomitantly
with the translocation of actin fibers towards the center of the
fertilized eggs [107]. In the marine worm Annellida (Pseudopota-
milla occelata), the spermatozoon interacts with the long microvilli
that traverse the egg envelope owing to the actin polymerization at
egg activation, and this leads to the formation of a cortical cyto-
plasmic protrusion (the fertilization cone) which incorporates the
sperm [108]. The formation of the cytoplasmic protrusion is pre-
ceded by a Ca2þ increase in the cortical cytoplasm at the sperm
interaction site, but the Ca2þ signal does not propagate to the
remainder of the egg. Only after sperm incorporation, a second
Ca2þ increase takes place at the periphery of the egg in the form of
the cortical flash that propagates towards the center of the cell. The
interesting finding here is that the local Ca2þ increase precedes the
Ca2þ influx which usually represents the earliest Ca2þ response
upon egg activation in many species, or in some cases the sole
manifestation of Ca2þ increase [44]. The cytoplasmic Ca2þ increase
in the fertilized eggs of P. occelata was inhibited by U73122 and
heparin, which also blocked the microfilaments-linked sperm
incorporation. Since U73122 and heparin have been shown to affect
the organization of the cortical F-actin in starfish [51,62], it would
be interesting to verify whether the inhibition of the initial cyto-
plasmatic Ca2þ by these inhibitors of the PLC/InsP3R pathways are
in part ascribed to the perturbation of the actin cytoskeleton in the
fertilized eggs of P. occelata [108].

In starfish, a long acrosomal filament emerges from the sperm
head upon its interaction with the outer layer of the egg jelly coat
[109,110]. This morphological event has allowed us to follow the
spatio-temporal patterns of the sperm-induced Ca2þ release and
sperm incorporation. The sperm increases Ca2þ in the egg when its
head is far away from the plasmamembrane [62]. It was found that,
in addition to preventing the entry of the sperm, the alteration of
the structural organization of the cortical actin cytoskeleton by the
agents interfering with F-actin dynamics affected nearly all other
events associated with the fertilization process, including those
involving the InsP3 receptors. To better understand the involve-
ment of the latter in the generation of the Ca2þ wave during the
Ca2þ response at fertilization, eggs pre-injected with heparin were
used. It was found that the surface of these eggs slowly responded
to the first sperm, but failed to produce a cortical flash and to
prevent polyspermy. Furthermore, the amplitude of the later Ca2þ

wave was reduced, and the propagation of the Ca2þ wave was
halted. Many fertilized eggs were polyspermic; and even so, the
spreading of the multiple Ca2þ waves was much slower and took
longer time to cover the entire areas of the egg. The shape of the
fertilization cones was abnormal, suggesting that heparinmay have
influenced the functional state of the actin cytoskeleton in the
cortex of the mature eggs. The visualization of the F-actin showed
that heparin indeed induced a hyperpolymerization of the cortical
actin. Based on these observations, an intriguing question was
raised whether heparin suppresses the Ca2þ signals solely as a
pharmacological inhibitor of InsP3 receptors per se, or as a result of
the alteration of the actin cytoskeleton. The reduction or loss of the
cortical flash in many heparin-injected eggs lends a support to the
latter idea [62].

A more recent study on the roles of PIP2 at fertilization of
starfish eggs used fluorescently tagged pleckstrin homology (PH)
domain of PLC-d1, which binds specifically to PIP2. Similar to the
mammalian eggs, the PIP2 level in the plasma membrane was on
the rise after fertilization except for the short stretch of time (for
20 s) when the intracellular Ca2þ is steeply increased [111e113].
Moreover, sequestration of PIP2 by the PH domain at higher doses
promoted changes of the cortical F-actin network in such a way to
delay cortical maturation and the sperm-induced intracellular Ca2þ

increase with a significantly increased rate of polyspermic fertil-
ization [113]. Since PIP2 itself is a key docking point that harbors
and thereby regulates the activity of a number of actin-binding
proteins involved in the assembly of actin microfilaments
[114,115], these results underlined the importance of a proper or-
ganization of the F-actin in the egg cortex for a successful Ca2þ

response and monospermic fertilization. This idea has been tested
and sustained by microinjection of the actin-binding protein cofilin
(depactin in starfish) [116], and the function-blocking antibody
against depactin [117].

In the discussion of intracellular Ca2þ signaling in starfish oo-
cytes, it may be worthy to mention the effect of calcium ionophore
ionomycin. Ionomycin is often used upon intracytoplasmic sperm
injection (ICSI) during in vitro fertilization of animal species [118],
and occasionally in humans [119]. A brief exposure of immature
starfish oocytes to ionomycin raises intracellular Ca2þ levels by
facilitating the transport of Ca2þ across the plasma membrane and
from the intracellular stores. Alarmingly, however, we found that
ionomycin also induced drastically rapid and irreversible ultra-
structural changes in the cortex of the oocyte, which include
microvilli retraction and fusion of the cortical granules with other
vesicles. Similarly, A. aranciacus eggs activated with LAT-A [61] also
displayed reduction of microvilli in the perivitelline space (Fig. 4),
suggesting that the extension of microvilli in perivitelline space
may require physiological egg activation signals [120]. At fertiliza-
tion, the ionomycin-pretreated eggs experienced a lower Ca2þ in-
crease, and failed to elevate the fertilization envelope and to spread
the cortical actin fibers centripetally. These structural alterations
also led to a higher rate of abnormal development, even when
ionomycin was added after the fertilization [121].

The in vitro preparation of the fractured egg cortices of sea ur-
chin (cortical lawn) has contributed a great deal in establishing the
importance of Ca2þ signals in triggering exocytosis of cortical
granules [122]. Early experiments with the cortical lawn of sea
urchin eggs suggested that Ca2þ was “the only secretory modu-
lator” on the basis of the lack of the effects of the pharmacological
agents disrupting actin and tubulin polymers [123]. However,
recent studies with starfish and sea urchin eggs have indicated that
Ca2þ is necessary but not sufficient in triggering exocytosis of
cortical granules, as the intact eggs with deregulated actin cyto-
skeleton failed to undergo cortical granules exocytosis
[51,62,113,121]. Thus, as was demonstrated also in the neuroendo-
crine cells [124], Ca2þ requires exquisite control of the cortical actin
cytoskeleton to extrude exocytotic vesicles.

The importance of the structural and functional integrity of the
actin cytoskeleton was demonstrated also with sea urchin eggs at
fertilization. To put to the test the idea that proper physiological
state of the cortical actin cytoskeleton is a prerequisite for successful
fertilization, Paracentrotus lividus eggs were incubated with four
different actin drugs that promote either polymerization



Fig. 4. Ultrastructure of the egg surface and cortex after fertilization. A. aranciacus (A,C) and P. lividus (B) eggs were analyzed with transmission electron microscopy after
fertilization. (C) A. aranciacus eggs artificially activated with 6 mM LAT-A. Note that the microvilli, which are normally extended in the perivitelline space of the fertilized egg (arrows
[120]), are largely missing in the eggs activated by LAT-A [61]. Eggs activated with ionomycin exhibited similar reduction of microvilli [121].
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(jasplakinolide and phalloidin) or depolymerization (cytochalasin B
and LAT-A) of actin filaments [79]. At fertilization, the eggs pre-
treated with cytochalasin B displayed much longer time lag be-
tween the cortical flash and the first localized Ca2þ increase at the
sperm interaction site, which was in line with the previous elec-
trophysiological observation of prolonged latent period [125].
Cytochalasin B increased the incident of polyspermy at a low dose,
but inhibited sperm entry at high doses as with the other actin
drugs. On the other hand, some other findings in the sea urchin eggs
pre-treated with actin drugs defy our intuition on the role of Ca2þ

signals at fertilization. The sea urchin eggs pre-incubated with jas-
plakinolide did not undergo cortical granules exocytosis at fertil-
ization despite the seemingly normal increase of intracellular Ca2þ.
Without the elevation of fertilization envelope, these eggs were
expected to be polyspermic, but they engulfed less than one sper-
matozoon. On the other hand, the eggs pretreated with LAT-A often
displayed multiple Ca2þ waves, but the eggs were entered by no
sperm, whereas some other eggs had displayed one single Ca2þ

wave but incorporated multiple sperm. Thus, the fertilization en-
velope is not the major deciding factor for polyspermy, and the
global Ca2þ signal at fertilization is not indicative of sperm entry in
echinodermeggs [79,121]. Afinal comment in the last portion of this
contributionproposes that the perturbation of the corticalflashmay
reflect the non-physiological conditions of the actin cytoskeleton of
the egg cortex, which also affects many aspects of intracellular Ca2þ

signaling and leads to multiple sperm interactions. An intimate
relationship between the cortical flash and the Ca2þ wave was
suggested by those who showed that the prevention of the cortical
flash, by preventing the influx of Ca2þ with nifedipine, affected the
increase anddecay phases of the global Ca2þwave [81]. On the other
hand, it is well known that the successful sperm attached to the
plasma membrane of sea urchin eggs generates a normal step de-
polarization event and a cortical flash. About 13 s later, the sperm
stops its gyrating behavior and stiffens its tail. At this time, the Ca2þ

wave initiates and the sperm is engulfed in the egg [78]. Thus, the
major part of the mystery in fertilization still lies in the first few
seconds of spermeegg interaction.
7. Conclusions

A normal increase of Ca2þ is essential for egg activation and
monospermic sperm entry, but the signal transduction pathway
leading to it appears to be quite diverse depending on the animal
species, and its molecular mechanism is still poorly understood.
Nonetheless, so far the general consensus has been that the Ca2þ

increase derives mainly from the ER, which is the major Ca2þ store
of the cytoplasm. This store releases Ca2þ through InsP3 receptors
that are activated when InsP3 is produced by the hydrolysis of the
plasma membrane PIP2.

In sea urchin eggs, InsP3 independent Ca2þ release pathways
have also been suggested to operate, and two additional second
messengers, i.e., NAADP and cADPr, have been identified to have
roles in the activation process. NAADP appears to be the initiator of
the Ca2þ increase and may operate by releasing Ca2þ from an acidic
organelle containing its cognate channels (TPCs), whereas cADPr
could generate the Ca2þ wave by a conventional mechanism of a
CICR involving RyRs. Acidic organelles different from lysosomes
(cortical granules) would also synthesize cADPr and donate it to the
neighboring RyRs to promote the global Ca2þ release. The issue has
controversial aspects since NAADP has been claimed to induce a
Ca2þ influx in starfish oocytes by the activation of a plasma mem-
brane Ca2þ channel, and because cADPr does not seem to play any
role in sustaining the Ca2þwave in starfish eggs. Interestingly, it has
also been suggested that mammalian intracellular vesicles may
play a role in producing InsP3, as PIP2 has been found to be located
in them as well.

The main point in this contribution has been the role of the
cortical actin cytoskeleton inmediating themost important portion
of the fertilization process of starfish and sea urchin eggs. The first
event affected by the organization of the cortical actin cytoskeleton
is the Ca2þ increase in the form of a cortical flash. Perturbation of
the structural organization of the actin cytoskeleton in the cortex
significantly alters its amplitude and duration. Moreover, the shape
of the global Ca2þ wave is also affected. The next key events in the
fertilization process, the exocytosis of the cortical granules and the
elevation of the fertilization envelope, which so far had been
assumed to be dependent solely on the Ca2þ increase, are also
heavily influenced by the cortical actin cytoskeleton: they are
abolished even in the presence of the conventional Ca2þ increase,
once the dynamic organization of the cytoskeletal actin in the
cortex has been perturbed. A proper elevation of the fertilization
envelope is not sufficient to prevent the entry of supernumerary
spermatozoa. Finally, the possibility that actin cytoskeleton plays a
role as a Ca2þ store during the maturation and fertilization of
starfish and sea urchin eggs cannot be discounted.
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[34] Y. Shôji, M.S. Hamaguchi, Y. Hiramoto, Mechanical properties of the endo-
plasm in starfish oocytes, Exp. Cell. Res. 117 (1978) 79e87.

[35] Y.1 Hamaguchi, S.K. Satoh, T. Numata, M.S. Hamaguchi, Response of the
cortex to the mitotic apparatus during polar body formation in the starfish
oocyte of Asterina pectinifera, Cell. Struct. Funct. 26 (2001) 627e631.

[36] P. L�en�art, C.P. Bacher, N. Daigle, A.R. Hand, R. Eils, M. Terasaki, J. Ellenberg,
A contractile nuclear actin network drives chromosome congression in oo-
cytes, Nature 436 (2005) 812e818.

[37] S. Nemoto, M. Yoneda, I. Uemura, Marked decrease in the rigidity of starfish
oocytes induced by 1-methyladenine, Dev. Growth Differ. 22 (1980)
315e325.

[38] R.A. Heil-Chapdelaine, J.J. Otto, Characterization of changes in F-actin during
maturation of starfish oocytes, Dev. Biol. 177 (1996) 204e216.

[39] B. Dale, A. de Santis, M. Hoshi, Membrane response to 1-methyladenine
requires the presence of the nucleus, Nature 282 (1979) 89e90.

[40] K. Yamamoto, Germinal vesicle contents are required for the cytoplasmic
cycle during meiotic division of starfish oocytes, Dev. Biol. 107 (1) (1985)
213e219.

[41] S.I. Miyazaki, H. Ohmori, S. Sasaki, Potassium rectifications of the starfish
oocyte membrane and their changes during oocyte maturation, J. Physiol.
246 (1975) 55e78.

[42] K. Lange, Fundamental role of microvilli in the main functions of differen-
tiated cells: outline of an universal regulating and signaling system at the cell
periphery, J. Cell. Physiol. 2226 (2011) 896e927.

[43] H.J. Witchel, R.A. Steinhardt, 1-Methyladenine can consistently induce a
fura-detectable transient calcium increase which is neither necessary nor
sufficient for maturation in oocytes of the starfish Asterina miniata, Dev. Biol.
141 (1990) 393e398.

[44] R. Deguchi, Fertilization causes a single Ca2þ increase that fully depends on
Ca2þ influx in oocytes of limpets (Phylum Mollusca, Class Gastropoda), Dev.
Biol. 304 (2007) 652e663.

[45] B. Cheon, H.C. Lee, T. Wakai, R.A. Fissore, Ca2þ influx and the store-operated
Ca2þ entry pathway undergo regulation during mouse oocyte maturation,
Mol. Biol. Cell. 24 (2013) 1396e1410.

[46] L. Santella, K. Kyozuka, Effects of 1-methyladenine on nuclear Ca2þ tran-
sients and meiosis resumption in starfish oocytes are mimicked by the nu-
clear injection of inositol 1,4,5-trisphosphate and cADP-ribose, Cell. Calcium
22 (1997) 11e20.

[47] L. Santella, K. Kyozuka, Association of calmodulin with nuclear structures in
starfish oocytes and its role in the resumption of meiosis, Eur. J. Biochem.
246 (1997) 602e610.

[48] L. Santella, E. Carafoli, Calcium signaling in the cell nucleus, FASEB J. 11
(1997) 1091e1109.

[49] L. Santella, K. Kyozuka, S. Hoving, M. Munchbach, M. Quadroni, P. Dainese,
C. Zamparelli, P. James, E. Carafoli, Breakdown of cytoskeletal proteins during
meiosis of starfish oocytes and proteolysis induced by calpain, Exp. Cell. Res.
259 (2000) 117e126.

[50] L. Santella, E. Ercolano, D. Lim, G.A. Nusco, F. Moccia, Activated M-phase-
promoting factor (MPF) is exported from the nucleus of starfish oocytes to
increase the sensitivity of the Ins(1,4,5)P3 receptors, Biochem. Soc. Trans. 31
(2003) 79e82.

[51] K. Kyozuka, J.T. Chun, A. Puppo, G. Gragnaniello, E. Garante, L. Santella, Actin
cytoskeleton modulates calcium signaling during maturation of starfish oo-
cytes, Dev. Biol. 320 (2008) 426e435.

[52] F. Moccia, D. Lim, G.A. Nusco, E. Ercolano, L. Santella, NAADP activates a Ca2þ

current that is dependent on F-actin cytoskeleton, FASEB J. 17 (2003)
1907e1909.

http://dx.doi.org/10.1016/j.bbrc.2015.03.028
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref1
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref1
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref1
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref3
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref3
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref3
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref5
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref5
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref5
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref7
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref7
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref7
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref13
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref13
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref13
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref14
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref14
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref14
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref17
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref17
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref17
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref18
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref18
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref18
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref20
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref20
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref20
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref24
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref24
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref24
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref24
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref28
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref28
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref28
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref29
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref29
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref29
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref37
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref37
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref37
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref37
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref38
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref38
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref38
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref39
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref39
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref39
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref40
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref40
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref40
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref40
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref41
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref41
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref41
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref41
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref42
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref42
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref42
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref42
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref43
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref43
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref43
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref43
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref43
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref44
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref44
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref44
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref44
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref44
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref44
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref45
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref45
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref45
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref45
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref45
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref45
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref46
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref46
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref46
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref46
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref46
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref46
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref47
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref47
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref47
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref47
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref48
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref48
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref48
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref49
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref49
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref49
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref49
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref49
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref50
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref50
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref50
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref50
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref50
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref50
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref51
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref51
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref51
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref51
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref52
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref52
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref52
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref52


L. Santella et al. / Biochemical and Biophysical Research Communications 460 (2015) 104e113112
[53] T.E. Schroeder, Develop. Cortical expressions of polarity in the starfish
oocyte, Growth Differ. 27 (1985) 311e321.

[54] K. Chiba, R.T. Kado, L.A. Jaffe, Development of calcium release mechanisms
during starfish oocyte maturation, Dev. Biol. 140 (1990) 300e306.

[55] L.A. Jaffe, M. Terasaki, Structural changes in the endoplasmic reticulum of
starfish oocytes during meiotic maturation and fertilization, Dev. Biol. 164
(1994) 579e587.

[56] D. Lim, E. Ercolano, K. Kyozuka, G.A. Nusco, F. Moccia, K. Lange, Santella L the
M-phase-promoting factor modulates the sensitivity of the Ca2þ stores to
inositol 1,4,5-trisphosphate via the actin cytoskeleton, J. Biol. Chem. 278
(2003) 42505e42514.

[57] K. Kyozuka, J.T. Chun, A. Puppo, G. Gragnaniello, E. Garante, L. Santella,
Guanine nucleotides in the meiotic maturation of starfish oocytes: regu-
lation of the actin cytoskeleton and of Ca2þ signaling, PLoS One 4 (2009)
e6296.

[58] D. Kline, L. Mehlmann, C. Fox, M. Terasaki, The cortical endoplasmic reticu-
lum (ER) of the mouse egg: localization of ER clusters in relation to the
generation of repetitive calcium waves, Dev. Biol. 215 (1999) 431e442.

[59] G. FitzHarris, P. Marangos, J. Carroll, Cell cycle-dependent regulation of
structure of endoplasmic reticulum and inositol 1,4,5-trisphosphate-induced
Ca2þ release in mouse oocytes and embryos, Mol. Biol. Cell. 14 (2003)
288e301.

[60] S.A. Stricker, Calcium signaling and endoplasmic reticulum dynamics during
fertilization in marine protostome worms belonging to the phylum Nem-
ertea, Biochem. Biophys. Res. Commun. 450 (2014) 1182e1187.

[61] D. Lim, K. Lange, L. Santella, Activation of oocytes by latrunculin A, FASEB J.
16 (2002) 1050e1056.

[62] A. Puppo, J.T. Chun, G. Gragnaniello, E. Garante, L. Santella, Alteration of the
cortical actin cytoskeleton deregulates Ca2þ signaling, monospermic fertil-
ization, and sperm entry, PLoS One 3 (2008) e3588.

[63] L.C. Gershman, L.A. Selden, J.E. Estes, High affinity binding of divalent cations
to actin monomers is much stronger than previously reported, Biochem.
Biophys. Res. Commun. 135 (1986) 607e614.

[64] M.-F. Carlier, D. Pantaloni, E.D. Korn, The exchangeability of actin-bound
calcium with various divalent cations to high-affinity and low-affinity
binding sites on ATP-G-actin, J. Biol. Chem. 261 (1986) 10778e10784.

[65] K. Lange, Microvillar Caþþ signaling: a new view of an old problem, J. Cell.
Physiol. 180 (1999) 19e34.

[66] E. Carafoli, L. Santella, D. Branca, M. Brini, Generation, control, and pro-
cessing of cellular calcium signals, Crit. Rev. Biochem. Mol. Biol. 36 (2001)
107e260.

[67] W.L. Wilson, L.V. Heilbrunn, The protoplasmic cortex in relation to stimu-
lation, Biol. Bull. 103 (1952) 139e144.

[68] R.D. Allen, Fertilization and artificial activation in the egg of the surf clam, Sp.
Solidissima. Biol. Bull. 105 (1953) 213e239.

[69] W.M. Byrnes, S.A. Newman, Ernest Everett just: egg and embryo as excitable
systems, J. Exp. Zool. B. Mol. Dev. E 322 (2014) 191e201.

[70] D. Mazia, The release of calcium in Arbacia eggs on fertilization, J. Comp.
Physiol. 10 (1937) 291e304.

[71] E.B. Ridgway, J.C. Gilkey, L.F. Jaffe, Free calcium increases explosively in
activating medaka eggs, Proc. Natl. Acad. Sci. U. S. A. 74 (1977) 623e627.

[72] E.E. Just, The present status of the fertilizin theory of fertilization, Proto-
plasma 10 (1930) 300e342.

[73] B. Dale, L.J. De Belice, V. Taglietti, Membrane noise and conductance increase
during single spermatozoon-egg interactions, Nature 275 (1978) 217e219.

[74] J.W. Lynn, E.L. Chambers, Voltage clamp studies of fertilization in sea urchin
eggs. I. Effect of clamped membrane potential on sperm entry, activation,
and development, Dev. Biol. 102 (1984) 98e109.

[75] L.A. Jaffe, Fast block to polyspermy in sea urchin eggs is electrically mediated,
Nature 261 (1976) 68e71.

[76] B. Dale, A. Monroy, How is polyspermy prevented? Gamete Res. 4 (1981)
151e169.

[77] B. Dale, L. DeFelice, Polyspermy prevention: facts and artifacts? J. Assist.
Reprod. Genet. 28 (2011) 199e207.

[78] B. Dale, Is the idea of a fast block to polyspermy based on artifact? Biochem.
Biophys. Res. Commun. 450 (2014) 1159e1165.

[79] J.T. Chun, N. Limatola, F. Vasilev, L. Santella, Early events of fertilization in sea
urchin eggs are sensitive to actin-binding organic molecules, Biochem. Bio-
phys. Res. Commun. 450 (2014) 1166e1174.

[80] B. Dale, M. Dan-Sohkawa, A. De Santis, M. Hoshi, Fertilization of the starfish
Astropecten aurantiacus, Exp. Cell. Res. 132 (1981) 505e510.

[81] S.S. Shen, W.R. Buck, Sources of calcium in sea urchin eggs during the
fertilization response, Dev. Biol. 157 (1993) 157e169.

[82] G.A. Nusco, D. Lim, P. Sabala, L. Santella, Ca2þ response to cADPr during
maturation and fertilization of starfish oocytes, Biochem. Biophys. Res.
Commun. 290 (2002) 1015e1021.

[83] S.A. Stricker, Comparative biology of calcium signaling during fertilization
and egg activation in animals, Dev. Biol. 211 (1999) 157e176.

[84] B. Ciapa, S. Chiri, Egg activation: upstream of the fertilization calcium signal,
Biol. Cell 92 (2000) 215e233.

[85] L. Santella, D. Lim, F. Moccia, Calcium and fertilization: the beginning of life,
Trends Biochem. Sci. 29 (2004) 400e408.

[86] T. Ducibella, R. Fissore, The roles of Ca2þ, downstream protein kinases, and
oscillatory signaling in regulating fertilization and the activation of devel-
opment, Dev. Biol. 315 (2008) 257e279.
[87] H. Streb, R.F. Irvine, M.J. Berridge, I. Schulz, Release of Ca2þ from a non-
mitochondrial intracellular store in pancreatic acinar cells by inositol-1,4,5-
trisphosphate, Nature 306 (1983) 67e69.

[88] K. Swann, M. Whitaker, The part played by inositol trisphosphate and cal-
cium in the propagation of the fertilization wave in sea urchin eggs, J. Cell.
Biol. 103 (1986) 2333e2342.

[89] A.F. Giusti, W. Xu, B. Hinkle, M. Terasaki, L.A. Jaffe, Evidence that fertilization
activates starfish eggs by sequential activation of a Src-like kinase and
phospholipase cgamma, J. Biol. Chem. 275 (2000) 16788e16794.

[90] K. Sato, A.A. Tokmakov, T. Iwasaki, Y. Fukami, Tyrosine kinase-dependent
activation of phospholipase Cgamma is required for calcium transient in
Xenopus egg fertilization, Dev. Biol. 224 (2000) 453e469.

[91] W.H. Kinsey, W. Wu, E. Macgregor, Activation of Src-family PTK activity at
fertilization: role of the SH2 domain, Dev. Biol. 264 (2003) 255e262.

[92] T.L. Rakow, S.S. Shen, Multiple stores of calcium are released in the sea ur-
chin egg during fertilization, Proc. Natl. Acad. Sci. U. S. A. 87 (1990)
9285e9289.

[93] A. Galione, H.C. Lee, W.B. Busa, Ca2þ-induced Ca2þ release in sea urchin egg
homogenates: modulation by cyclic ADP-ribose, Science 253 (1991)
1143e1146.

[94] H.C. Lee, R. Aarhus, Functional visualization of the separate but interacting
calcium stores sensitive to NAADP and cyclic ADP-ribose, J. Cell. Sci. 24
(2000) 4413e4420.

[95] R.A. Billington, A. Ho, A.A. Genazzani, Nicotinic acid adenine dinucleotide
phosphate (NAADP) is present at micromolar concentrations in sea urchin
spermatozoa, J. Physiol. 544 (2002) 107e112.

[96] G.C. Churchill, J.S. O'Neill, R. Masgrau, S. Patel, J.M. Thomas, A.A. Genazzani,
A. Galione, Sperm deliver a new second messenger: NAADP, Curr. Biol. 13
(2003) 125e128.

[97] I. Ramos, A. Reich, G.M. Wessel, Two-pore channels function in calcium
regulation in sea star oocytes and embryos, Development 141 (2014)
4598e4609.

[98] X. Wang, X. Zhang, X.P. Dong, M. Samie, X. Li, X. Cheng, A. Goschka, D. Shen,
Y. Zhou, J. Harlow, M.X. Zhu, D.E. Clapham, D. Ren, H. Xu, TPC proteins are
phosphoinositide- activated sodium-selective ion channels in endosomes
and lysosomes, Cell 151 (2012) 372e383.

[99] L.C. Davis, A.J. Morgan, M. Ruas, J.L. Wong, R.M. Graeff, A.J. Poustka, H.C. Lee,
G.M. Wessel, J. Parrington, A. Galione, Ca2þ signaling occurs via second
messenger release from intraorganelle synthesis sites, Curr. Biol. 18 (2008)
1612e1618.

[100] D. Lim, K. Kyozuka, G. Gragnaniello, E. Carafoli, L. Santella, NAADPþ initiates
the Ca2þ response during fertilization of starfish oocytes, FASEB J. 15 (2001)
2257e2267.

[101] F. Moccia, R.A. Billington, L. Santella, Pharmacological characterization of
NAADP-induced Ca2þ signals in starfish oocytes, Biochem. Biophys. Res.
Commun. 348 (2006) 329e336.

[102] L. Santella, K. Kyozuka, A.A. Genazzani, L. De Riso, E. Carafoli, Nicotinic acid
adenine dinucleotide phosphate-induced Ca2þ release. Interactions among
distinct Ca2þ mobilizing mechanisms in starfish oocytes, J. Biol. Chem. 275
(2000) 8301e8306.

[103] J. Kashir, R. Deguchi, C. Jones, K. Coward, S.A. Stricker, Comparative biology of
sperm factors and fertilization-induced calcium signals across the animal
kingdom, Mol. Reprod. Dev. 80 (2014) 787e815.

[104] C.A. Cline, H. Schatten, R. Balczon, G. Schatten, Actin-mediated surface
motility during sea urchin fertilization, Cell. Motil. 3 (1983) 513e524.

[105] Y. Hamaguchi, I. Mabuchi, Accumulation of fluorescently labeled actin in the
cortical layer in sea urchin eggs after fertilization, Cell. Motil. Cytoskelet. 9
(1988) 153e163.

[106] K. Kyozuka, K. Osanai, Fertilization cone formation in starfish oocytes: the
role of the egg cortex actin microfilaments in sperm incorporation, Gamete
Res. 20 (1988) 275e285.

[107] M. Terasaki, Actin filament translocations in sea urchin eggs, Cell. Motil.
Cytoskelet. 34 (1996) 48e56.

[108] T. Nakano, R. Deguchi, K. Kyozuka, Intracellular calcium signaling in the
fertilized eggs of Annelida, Biochem. Biophys. Res. Commun. 450 (2014)
1188e1194.

[109] E.E. Just, The production of filaments by echinoderm ova as a response to
insemination, with special reference to the phenomenon as exhibited by ova
of the genus Asterias, Biol. Bull. 57 (1929) 311e325.

[110] J.C. Dan, Studies on the acrosome. II acrosome reaction in starfish sperma-
tozoa, Biol. Bull. 107 (1954) 203e218.

[111] G. Halet, R. Tunwell, T. Balla, K. Swann, J. Carroll, The dynamics of plasma
membrane PtdIns(4,5)P(2) at fertilization of mouse eggs, J. Cell. Sci. 115
(2002) 2139e2149.

[112] C.D. Thaler, R.C. Kuo, C. Patton, C.M. Preston, H. Yagisawa, D. Epel, Phos-
phoinositide metabolism at fertilization of sea urchin eggs measured with a
GFP-probe, Dev. Growth Differ. 46 (2004) 413e423.

[113] J.T. Chun, A. Puppo, F. Vasilev, G. Gragnaniello, E. Garante, L. Santella, The
biphasic increase of PIP2 in the fertilized eggs of starfish: new roles in actin
polymerization and Ca2þ signaling, PLoS One 5 (2010) e14100.

[114] P.A. Janmey, K. Iida, H.L. Yin, T.P. Stossel, Polyphosphoinositide micelles and
polyphosphoinositide-containing vesicles dissociate endogenous gelsolin-
actin complexes and promote actin assembly from the fast growing end
of actin filaments blocked by gelsolin, J. Biol. Chem. 262 (1987)
12228e12236.

http://refhub.elsevier.com/S0006-291X(15)00463-5/sref53
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref53
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref53
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref54
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref54
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref54
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref55
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref55
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref55
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref55
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref56
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref56
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref56
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref56
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref56
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref56
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref57
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref57
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref57
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref57
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref57
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref57
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref58
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref58
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref58
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref58
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref59
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref59
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref59
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref59
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref59
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref59
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref60
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref60
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref60
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref60
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref61
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref61
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref61
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref62
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref62
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref62
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref62
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref63
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref63
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref63
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref63
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref64
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref64
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref64
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref64
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref65
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref65
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref65
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref65
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref66
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref66
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref66
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref66
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref67
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref67
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref67
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref68
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref68
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref68
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref69
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref69
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref69
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref70
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref70
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref70
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref71
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref71
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref71
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref72
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref72
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref72
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref73
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref73
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref73
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref74
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref74
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref74
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref74
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref75
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref75
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref75
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref76
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref76
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref76
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref77
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref77
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref77
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref78
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref78
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref78
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref79
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref79
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref79
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref79
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref80
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref80
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref80
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref81
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref81
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref81
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref82
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref82
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref82
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref82
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref82
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref83
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref83
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref83
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref84
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref84
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref84
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref85
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref85
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref85
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref86
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref86
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref86
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref86
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref86
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref87
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref87
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref87
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref87
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref87
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref88
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref88
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref88
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref88
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref89
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref89
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref89
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref89
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref90
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref90
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref90
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref90
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref91
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref91
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref91
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref92
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref92
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref92
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref92
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref93
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref93
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref93
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref93
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref93
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref93
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref94
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref94
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref94
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref94
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref95
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref95
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref95
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref95
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref96
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref96
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref96
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref96
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref97
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref97
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref97
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref97
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref98
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref98
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref98
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref98
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref98
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref99
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref99
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref99
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref99
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref99
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref99
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref100
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref100
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref100
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref100
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref100
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref100
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref101
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref101
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref101
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref101
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref101
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref102
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref102
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref102
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref102
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref102
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref102
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref102
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref103
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref103
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref103
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref103
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref104
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref104
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref104
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref105
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref105
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref105
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref105
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref106
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref106
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref106
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref106
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref107
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref107
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref107
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref108
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref108
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref108
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref108
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref109
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref109
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref109
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref109
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref110
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref110
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref110
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref111
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref111
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref111
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref111
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref112
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref112
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref112
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref112
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref113
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref113
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref113
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref113
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref114
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref114
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref114
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref114
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref114
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref114


L. Santella et al. / Biochemical and Biophysical Research Communications 460 (2015) 104e113 113
[115] P. Forscher, Calcium and polyphosphosinositide control of cytoskeletal dy-
namics, TINS 12 (1989) 468e474.

[116] G.A. Nusco, J.T. Chun, E. Ercolano, D. Lim, G. Gragnaniello, K. Kyozuka,
L. Santella, Modulation of calcium signalling by the actin-binding protein
cofilin, Biochem. Biophys. Res. Commun. 348 (2006) 109e114.

[117] J.T. Chun, F. Vasilev, L. Santella, Antibody against the actin-binding protein
depactin attenuates Ca2þ signaling in starfish eggs, Biochem. Biophys. Res.
Commun. 441 (2013) 301e307.

[118] K. Swann, J.P. Ozil, Dynamics of the calcium signal that triggers mammalian
egg activation, Int. Rev. Cytol. 152 (1994) 183e222.

[119] K. Yanagida, Y. Fujikura, H. Katayose, The present status of artificial oocyte
activation in assisted reproductive technology, Reprod. Med. Biol. 7 (2008)
133e142.

[120] L.G. Tilney, L.A. Jaffe, Actin, microvilli, and the fertilization cone of sea urchin
eggs, J. Cell. Biol. 87 (1980) 771e782.
[121] F. Vasilev, J.T. Chun, G. Gragnaniello, E. Garante, L. Santella, Effects of ion-
omycin on egg activation and early development in starfish, PLoS One 7
(2012) e39231.

[122] V.D. Vacquier, The isolation of intact cortical granules from sea urchin eggs:
calcium ions trigger granule discharge, Dev. Biol. 43 (1975) 62e74.

[123] M.J. Whitaker, P.F. Baker, Calcium-dependent exocytosis in an in vitro
secretory granule plasma membrane preparation from sea urchin eggs and
the effects of some inhibitors of cytoskeletal function, Proc. R. Soc. Lond. B
Biol. Sci. 218 (1983) 397e413.

[124] M.1 Malacombe, M.F. Bader, S. Gasman, Exocytosis in neuroendocrine cells:
new tasks for actin, Biochim. Biophys. Acta. 1763 (11) (2006 Nov)
1175e1183. Epub 2006 Sep. 14.

[125] B. Dale, A. De Santis, The effect of cytochalasin B and D on the fertilization of
sea urchins, Dev. Biol. 83 (1981) 232e237.

http://refhub.elsevier.com/S0006-291X(15)00463-5/sref115
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref115
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref115
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref116
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref116
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref116
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref116
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref117
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref117
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref117
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref117
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref117
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref118
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref118
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref118
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref119
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref119
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref119
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref119
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref120
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref120
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref120
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref121
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref121
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref121
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref122
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref122
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref122
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref123
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref123
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref123
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref123
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref123
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref124
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref124
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref124
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref124
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref125
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref125
http://refhub.elsevier.com/S0006-291X(15)00463-5/sref125

	Calcium and actin in the saga of awakening oocytes
	1. Starfish and sea urchin eggs as suitable model systems for studying maturation and fertilization
	2. Changes of the actin cytoskeleton during the maturation of starfish oocytes
	3. Intracellular calcium increase during the meiotic maturation of starfish oocytes
	4. Correlation between the electrical events and Ca2+ changes at fertilization
	5. Mechanisms of the intracellular Ca2+ liberation induced by the sperm
	6. Roles of the actin cytoskeleton in the starfish and sea urchin eggs at fertilization
	7. Conclusions
	Conflict of interest
	Acknowledgments
	Transparency document
	References


