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Ca2+ signalling during fertilization of echinoderm eggs

Laurinda A. Jaffea,∗, Andrew F. Giustia,b, David J. Carrollc and Kathy R. Foltzd

The Ca2+ rise at fertilization of echinoderm eggs is ini-
tiated by a process requiring the sequential activation of
a Src family kinase, phospholipase Cγ , and the inositol
trisphosphate receptor/channel in the endoplasmic retic-
ulum. The consequences of the Ca2+ rise include exocy-
tosis of cortical granules, which establishes a block to
polyspermy, and inactivation of MAP kinase, which func-
tions in linking the Ca2+ rise to the reinitiation of the cell
cycle.
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Introduction

The concept of Ca2+ as a signal for activating the egg to
begin development at fertilization arose from early studies
of artificial activation,1 but it was not until 50 years later
that an increase in free Ca2+ in a fertilizing egg was first
measured.2, 3 A Ca2+ rise has since been shown to be a
universal event of fertilization among all species exam-
ined, and generally occurs in the form of a regenerative
wave starting at the site of sperm–egg fusion.4 In sea
urchin eggs, the Ca2+ rise results from intracellular Ca2+

release, since it is not reduced by lowering extracellular
Ca2+ (Ref. 3); Ca2+ reaches a peak of about 2µM,5

and remains elevated for a period of several minutes.
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In some species including mammals, multiple Ca2+

rises occur, over a period of hours. The functions of the
Ca2+ rise in various species include the opening of ion
channels and the exocytosis of cortical granules, both
of which are important for polyspermy prevention;6–9

the Ca2+ rise also stimulates the resumption of the cell
cycle (see below). This paper reviews recent evidence
concerning the signal transduction pathway that leads
from sperm–egg interaction to the Ca2+ rise, and from
the Ca2+ rise to the resumption of the cell cycle, focusing
on echinoderm (sea urchin and starfish) eggs. Related
papers in this issue review Ca2+ signalling in mam-
malian fertilization,10 and in the regulation of the cell
cycle.11

IP333 and Ca2+2+2+ release from the egg’s endoplasmic
reticulum

Fertilization stimulates the phosphatidylinositol cycle
and the production of inositol 1,4,5-trisphosphate (IP3)
within 15 s after insemination in sea urchin eggs,12, 13

and injection of IP3 into unfertilized eggs causes Ca2+

release.14 These results, in conjunction with studies
showing the necessity for IP3 production (see below),
support the hypothesis that the IP3 rise causes the Ca2+

rise at fertilization. Injection of echinoderm eggs with
a number of other small molecules, including cGMP,15

cyclic ADP-ribose (cADPR),16 or nicotinic acid adenine
dinucleotide phosphate (NAADP),17 or application of
nitric oxide (NO),18 can also cause a Ca2+ rise, but
whether these small molecules could, along with IP3,
function in releasing Ca2+ at fertilization, has been a
subject of considerable controversy. Like IP3, cGMP
has been measured to increase in sea urchin eggs at
fertilization,19 but whether or not increases occur in
cADPR, NAADP or NO is unknown, and inhibitor
studies argue against a role in fertilization for these
alternative Ca2+-releasing molecules. In particular,
inhibition of cGMP- or NO-induced Ca2+ release by use
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of a cGMP analogue does not inhibit Ca2+ release at
fertilization, even in the presence of heparin to partially
inhibit IP3-induced Ca2+ release.18, 20 An inhibitor of
cADPR-induced Ca2+ release, 8-NH2-cADPribose,
inhibits Ca2+ release at fertilization when injected
into sea urchin eggs together with heparin, but has no
inhibitory effect by itself.16 Although this result was
interpreted as evidence for dual roles for cADPR and
IP3 in releasing Ca2+ at fertilization, the possibility
of an additive effect of the two injected inhibitors on
IP3-induced Ca2+ release was not definitively excluded.
Arguing against a role for NAADP in releasing Ca2+

at fertilization, the Ca2+ rise in response to injection of
NAADP is reduced to a low level by a prior injection
of thio-NADP, but thio-NADP injection does not block
the fertilization response.17 It has also been suggested
that Ca2+ itself might initiate Ca2+ release at fertiliza-
tion,21 by entering the egg from the external solution.
However, this possibility is not consistent with the finding
that Ca2+ release can occur in the absence of external
Ca2+ (Ref.22).

Until recently, the key difficulty in testing whether
the IP3 increase was the cause of the Ca2+ release at
fertilization in echinoderm eggs was the lack of specific
inhibitors.9 In mammalian eggs, an antibody against the
IP3 receptor was shown to completely inhibit Ca2+ release
at fertilization,23 but no corresponding antibody is avail-
able for echinoderms. The problem of finding a specific
inhibitor of IP3-induced Ca2+ release was overcome by
use of a dominant negative form of the IP3-generating en-
zyme phospholipase Cγ . In the presence of this inhibitor,
Ca2+ release at fertilization of starfish eggs,24 as well
as sea urchin eggs25, 26 could be completely prevented
(see next section). These findings not only established
that IP3 causes Ca2+ release at fertilization of echino-
derm eggs, but also showed that phospholipase Cγ is
required.

The IP3-sensitive store in echinoderm eggs is the en-
doplasmic reticulum (ER),27 and fertilization of centrifu-
gally stratified sea urchin eggs shows Ca2+ release occur-
ring from the zone containing the ER.28 In echinoderm
eggs, the release of Ca2+ is accompanied by fragmenta-
tion of the ER, as detected by the loss of pathways for dif-
fusion of molecules in the ER lumen or membrane.29, 30

ER continuity is regained as Ca2+ is resequestered. The
return of cytosolic Ca2+ to a low level after fertilization
results at least in part from its resequestration into the ER,
since injection of IP3 into sea urchin eggs at 20 min after
fertilization causes Ca2+ release comparable to that at fer-
tilization.31 However, uptake into mitochondria also ap-
pears to occur.28

Phospholipase Cγγγ and Ca2+2+2+ release

IP3 is produced from phosphatidylinositol 4,5-
bisphosphate by the phospholipase C (PLC) family
of enzymes.32 The function of a PLC in causing the
Ca2+ rise during fertilization of sea urchin eggs has
been suggested by the use of the general PLC inhibitor,
U73122, although this inhibitor also has actions unrelated
to PLC.33 Of the three isoforms of PLC,β, γ and δ,
echinoderm eggs contain PLCγ ,34, 35 and probably PLCβ
as well;24 it is not known if PLCδ is present.

In sea urchin eggs, an increase in PLCγ activity occurs
by 30 s post-insemination.35 A requirement for PLCγ
activation for the initiation of Ca2+ release at fertilization
of echinoderm eggs was demonstrated by injecting
eggs with a dominant negative fragment of the PLCγ

protein.24–26 PLCγ is activated when it is phosphorylated
by a tyrosine kinase; the interaction with the tyrosine
kinase occurs by way of two tandem Src homology
2 (SH2) domains present in the PLCγ sequence, which
recognize a phosphotyrosine-containing sequence in
the tyrosine kinase.32 Microinjection of mammalian
cells with excess PLCγ SH2 domains can inhibit PLCγ
activation in response to tyrosine kinase stimulation,
presumably by interacting with the tyrosine kinase and
blocking access of endogenous full-length PLCγ .36, 37

Likewise, microinjection of PLCγ SH2 domains into eggs
of starfish24 and sea urchin25, 26 inhibits the cytoplasmic
Ca2+ increase that occurs during fertilization. The PLCγ
SH2 domains affect the initiation and amplitude of
the Ca2+ rise in a concentration-dependent manner. At
lower concentrations, the SH2 domains increase the time
between sperm–egg fusion and the initiation of the Ca2+

rise, and reduce the amplitude of the resulting Ca2+

increase. At higher concentrations, the SH2 domains
completely inhibit the Ca2+ rise. Sperm entry into these
eggs occurs normally, indicating that the PLCγ SH2
domains do not interfere with sperm–egg fusion.

Microinjection of IP3 bypasses the block of Ca2+

release by the PLCγ SH2 domains, confirming that
the SH2 domains act upstream of IP3 production.24–26

Ca2+ signalling through PLCβ, cGMP, or cADPR is
not inhibited by PLCγ SH2 domains, indicating the
specificity of the inhibitor.24, 25 Additional evidence for
specificity comes from experiments in which mutant
PLCγ SH2 domains, which are deficient in binding
to phosphotyrosine (and thus inactive), were found to
have no effect on the Ca2+ rise during fertilization.24, 25

Furthermore, SH2 domains from several other signalling
proteins (with one exception, see below) have no effect on
Ca2+ release during fertilization.24–26, 38, 39
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Similar experiments have demonstrated that PLCγ is
also required for the Ca2+ increase that occurs during
fertilization of ascidian eggs,40 but in vertebrate eggs, the
mechanisms leading to IP3 production and the Ca2+ rise
during fertilization are unknown. In frog and mouse eggs,
the non-specific PLC inhibitor U73122 has an inhibitory
effect on the Ca2+ release at fertilization.41, 42 However,
neither PLCγ SH2 domains, nor a function-blocking
antibody against Gq family G-proteins, which prevents the
activation of PLCβ, have any effect on Ca2+ release at
fertilization in these species.37, 43, 44

Src family kinases and Ca2+2+2+ release

The finding that theγ isoform of PLC is responsible for
the production of IP3 at fertilization of echinoderm eggs
allows several predictions about the signalling compo-
nents that are upstream of PLCγ in the egg activation
pathway. Since PLCγ enzymatic activity is commonly
regulated by tyrosine phosphorylation,32 one can predict
that a protein tyrosine kinase(s) will be activated at
fertilization. A second prediction is that the interaction of
the activated protein tyrosine kinase and PLCγ should be
fertilization dependent and rapid (occurring prior to Ca2+

release), and should result in the tyrosine phosphorylation
of PLCγ . Finally, activation of the tyrosine kinase should
be necessary for normal Ca2+ release at fertilization
and sufficient to cause Ca2+ release in the absence of a
fertilizing sperm.

In echinoderm eggs, an increase in tyrosine kinase
activity has been detected by 15 s post-insemination,45

and the general protein tyrosine kinase inhibitor genistein
delays the onset of Ca2+ release.46 One group of tyrosine
kinases that participates, directly or indirectly, in the
activation of PLCγ is the Src family.47 Src family kinases
are present in echinoderm eggs,39, 48–50 and in vitro
kinase assays of proteins immunoprecipitated with a Src
family kinase antibody have indicated that in sea urchin
eggs, a Src family kinase is activated within 30 s after
insemination.39

In starfish eggs, fertilization results in the specific
binding of a Src family kinase to the SH2 domains
of PLCγ .51 The interaction of the Src family kinase
with PLCγ SH2 domains is detected within 15 s of
insemination, and correlates with an increase in the level
of tyrosine kinase activity bound to the PLCγ SH2
domains. Related experiments using the SH2 domain
of the Src family kinase Fyn, or a construct including
the Fyn SH3 and unique domains, showed that PLCγ

protein and a corresponding phospholipase activity from

fertilized sea urchin egg extracts specifically bind these
Fyn protein domains.52 These results indicated a rapid
interaction between a Src family kinase and PLCγ during
fertilization of echinoderm eggs. An increase in tyrosine
phosphorylation of PLCγ at fertilization has not been
detected, but the increase could be very small if it occurs
locally at the site of sperm–egg interaction.34, 35

The requirement for a Src family kinase in initiating
Ca2+ release at fertilization was investigated using a
dominant negative approach similar to that used with the
PLCγ SH2 domains (discussed above). Microinjection
of starfish,38 and sea urchin39, 52 eggs with dominant
negative Src family kinase SH2 domains results in a
concentration-dependent delay or complete inhibition of
Ca2+ release in response to a fertilizing sperm. Injection
of control SH2 domains from three non-Src family
kinases is not inhibitory, and injection of a point-mutated
form of the Src SH2 domain, which binds phosphotyro-
sine with reduced affinity, shows reduced inhibition of
Ca2+ release at fertilization. In addition, PP1, a pharma-
cological inhibitor of Src family kinases, significantly
delays Ca2+ release in sea urchin eggs.39 These results
provide evidence that SH2 domain-mediated interactions
with a Src family kinase are a requisite component of
the pathway leading to Ca2+ release at fertilization in
echinoderm eggs.

The sufficiency of Src kinase activity to initiate Ca2+

release in the absence of fertilization was established
with the observation that Ca2+ release is initiated when
starfish eggs are microinjected with a form of Src that
has high kinase activity.47 This response depends on the
phosphorylation state of the Src protein, as only the kinase
active form is able to initiate Ca2+ release. Moreover, as
was observed at fertilization, Ca2+ release in response
to Src protein injection is delayed or blocked by a prior
injection of the dominant negative PLCγ SH2 domains.
However, unlike fertilization, a prior injection of the
dominant negative Src SH2 domains has no inhibitory
effect on Ca2+ release in response to active Src protein
injection. These findings allow us to propose a model
(Figure 1), in which fertilization results in the SH2
domain-mediated activation of a Src family kinase. Once
the Src family kinase is activated, it then directly or
indirectly causes the phosphorylation and activation of
PLCγ . This activation step requires the binding of PLCγ
SH2 domains, as both fertilization and injection of active
Src protein are inhibited by excess dominant negative
PLCγ SH2 domains.

Experiments with ascidian eggs support a similar
model.40 In vertebrates, experiments with frog eggs
also indicate the involvement of a Src family kinase in
the fertilization signalling pathway.41 Pharmacological
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Figure 1. A model of the signal transduction pathway that
leads from sperm–egg interaction to the Ca2+ rise, and from the
Ca2+ rise to the resumption of the cell cycle during echinoderm
fertilization. Introduction of SH2 domains of Src and PLCγ ,
Ca2+ chelators, and MAP kinase activators interferes with
signalling at the indicated points.

inhibitor studies suggest the function of a tyrosine kinase
in mouse fertilization, but this remains to be established
definitively.42 Although the fertilization signalling path-
way that leads to IP3 production may differ somewhat
between echinoderms and vertebrates, a tyrosine kinase
may be a common feature.

A major unanswered question is how the contact and/or
fusion of the sperm and egg plasma membranes results
in the activation of a Src family kinase and the ensuing
events (see discussion in References9, 10 and 40). One
hint comes from a recent study of ascidians, in which
Ca2+ release in response to either fertilization or injection
of an extract of sperm was found to be inhibited by SH2
domains of PLCγ or of a Src family kinase.40 These
results support the hypothesis that in ascidians at least,
Ca2+ release at fertilization is initiated by a soluble factor
from the sperm cytoplasm (presumably a protein, since it

is inactivated by heat). This protein might be a regulator,
directly or indirectly, of a Src family kinase in the egg.
A variation of this hypothesis is that a protein from the
spermmembraneserves as an activator of Src in the egg
cytoplasm, when the sperm membrane comes in contact
with the egg cytoplasm as a consequence of sperm–egg
fusion. Alternatively, a sperm membrane protein might
activate Src as a consequence of binding to a protein in
the egg membrane.

The molecule that activates Src at fertilization of echin-
oderm eggs appears to do so by way of the SH2 domain of
Src.47 In somatic cells, proteins that activate Src by bind-
ing to its SH2 domain include the PDGF receptor, antigen
receptors, and the focal adhesion kinase FAK; these pro-
teins serve as Src activators only when they themselves
are tyrosine phosphorylated.47, 48 Possibly sperm–egg in-
teraction results in the tyrosine phosphorylation of such
a protein in the egg, allowing it to bind to and activate
Src. Alternatively sperm–egg fusion might introduce an
already phosphorylated Src activator into the egg cyto-
plasm from the sperm. Either of these mechanisms would
be consistent with the requirement for the Src SH2 domain
in the interaction leading to the activation of the Src-like
kinase in the egg at fertilization.

Ca2+2+2+ and the reinitiation of the cell cycle at
fertilization

At fertilization, the quiescent egg resumes the cell divi-
sion cycle, leading to the formation of a new multicellular
organism. Ca2+ appears to be a universal regulator of this
response, although eggs of different species are arrested,
and then restarted, at different stages of the meiotic
or mitotic cell cycle. In vertebrates, the Ca2+ rise at
fertilization reinitiates the cell cycle from second meiotic
metaphase.7, 8, 53 In echinoderms, fertilization normally
occurs at first metaphase (starfish) or after the completion
of meiosis (sea urchins). However, in both starfish and sea
urchins, meiosis is completed independently of fertiliza-
tion, and the Ca2+ rise at fertilization serves to stimulate
the egg to proceed into first mitosis. In sea urchins,25, 54, 55

and some starfish,56–58 the control point is before DNA
synthesis (from G1 arrest), while in some other starfish,
the primary control point is after DNA synthesis (from
G2 arrest).59 The evidence for regulation by Ca2+ is that
experimental elevation of Ca2+ stimulates the resumption
of the cell cycle as occurs at fertilization,53–55, 58, 59 while
injection of Ca2+ chelators or PLCγ SH2 domains, which
prevent the Ca2+ rise at fertilization, prevent cell cycle
resumption.25, 55, 59
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How Ca2+ reinitiates the cell cycle at fertilization
is only beginning to be understood. The signalling
pathway differs from that in somatic cells responding to
mitogens in that new protein synthesis is not required
for sea urchin eggs to enter the first S phase.60 Recent
evidence indicates that for both sea urchins and starfish,
inactivation of mitogen-activated protein kinase (MAPK)
may be one of the links between the Ca2+ rise to the
reactivation of the cell cycle (Figure1). In unfertilized
eggs, MAPK is in its phosphorylated and active state;
after fertilization, it becomes dephosphorylated and
therefore inactive25, 55–57, 59, 61 (but see Reference62,
and discussion in Reference55). In sea urchin eggs,
these changes in MAPK are detected within 5–15 min
after insemination,55 and DNA synthesis begins at about
15–20 min after insemination.60 If MAPK activity is
experimentally maintained, by injection of kinases that
maintain its phosphorylated state, the fertilized egg does
not re-enter the cell cycle.56, 59 Conversely, inactivation
of MAPK in an unfertilized egg, by injection of MAPK
specific phosphatases or application of an inhibitor of
MAPK kinase, results in cell cycle resumption without
fertilization.55–57, 59 The conclusion that Ca2+ causes
the inactivation of MAPK at fertilization is supported
by evidence that raising Ca2+ with the Ca2+ ionophore
A23187 or injection of buffered Ca2+ inactivates MAPK,
and that preventing the Ca2+ rise by injection of Ca2+

chelators or PLCγ SH2 domains prevents the inactivation
of MAPK at fertilization25, 55, 59 (but see Reference62).
The links between the Ca2+ rise at fertilization, the
inactivation of MAPK, and the resumption of the cell
cycle are unknown.

Ca2+ is also a regulator of cell cycle reinitiation at
fertilization in vertebrate eggs.7, 8, 63 As in echinoderms,
MAPK is inactivated at fertilization in frog eggs,41, 64 and
this appears to result from the Ca2+ rise.63 Based on the
kinetics of the degradation of the MAPK kinase kinase,
mos, MAPK inactivation does not appear to cause the
reinitiation of meiosis from second metaphase arrest in
vertebrate eggs, but it may function in the initiation of
DNA synthesis.65, 66 For further discussion of the role of
Ca2+ in cell cycle regulation, see the paper by Whitaker
and Larman, this issue.11

Conclusions

For almost 25 years, it has been known that fertilization
causes a release of Ca2+ from intracellular stores in the
egg, and that the initiation of embryonic development
depends on this rise in cytosolic Ca2+. Yet it remains

unknown how the contact and/or fusion of the sperm and
egg plasma membranes initiates the Ca2+ release. In sea
urchin and starfish eggs, these early plasma membrane
interactions somehow cause the activation of a Src family
kinase, which leads to the activation of phospholipase
Cγ , which produces IP3, which releases Ca2+ from
the ER. However, it is unknown what stimulates IP3
production in vertebrate eggs. An apparently universal
consequence of the Ca2+ rise at fertilization is the
resumption of the cell cycle, and recent evidence indicates
a role for the inactivation of MAP kinase in this process.
However, it is unknown how Ca2+ causes MAP kinase
inactivation, and how MAP kinase inactivation causes
DNA synthesis. Thus, despite considerable progress,
fertilization continues to present a wealth of questions
about Ca2+ signalling.
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Note added in proof

A recent paper67 has proposed that nitric oxide synthase
may be the factor from sea urchin sperm that causes
Ca2+ release in sea urchin eggs at fertilization. However,
as noted above, this hypothesis is difficult to reconcile
with the finding that Rp-8-pCPT-cGMPS, which is an
inhibitor of cGMP-dependent protein kinase, inhibits
NO-induced Ca2+ release,18 but not fertilization-induced
Ca2+ release.20 It will be important to determine whether
a specific inhibitor of nitric oxide synthase inhibits Ca2+

release at fertilization, and whether known inhibitors of
Ca2+ release at fertilization, such as the SH2 domains of
PLCγ and Src, inhibit Ca2+ release in response to NO.
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