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Calcium (Ca**) signals initiate egg activation across the animal kingdom and
in at least some plants. These signals are crucial for the success of develop-
ment and, in the case of mammals, health of the offspring. The mechanisms
associated with fertilization that trigger these signals and the molecules that
regulate their characteristic patterns vary widely. With few exceptions, a
major contributor to fertilization-induced elevation in cytoplasmic Ca** is
release from endoplasmic reticulum stores through the IP3 receptor. In
some cases, Ca?* influx from the extracellular space and/or release from
alternative intracellular stores contribute to the rise in cytoplasmic Ca**. Fol-
lowing the Ca®* rise, the reuptake of Ca>* into intracellular stores or efflux of
Ca®" out of the egg drive the return of cytoplasmic Ca** back to baseline
levels. The molecular mediators of these Ca®* fluxes in different organisms
include Ca®* release channels, uptake channels, exchangers and pumps.
The functions of these mediators are regulated by their particular activating
mechanisms but also by alterations in their expression and spatial organiz-
ation. We discuss here the molecular basis for modulation of Ca®*
signalling at fertilization, highlighting differences across several animal
phyla, and we mention key areas where questions remain.

1. Introduction

How the terminally differentiated gametes interact with each other at
fertilization to initiate the development of a new organism is a question that
has fascinated scientists for over a century. The earliest studies of fertilization,
largely performed in marine animals, were summarized in 1919 by Frank
Lillie in Problems of Fertilization. In this treatise, he states regarding fertilization:

It [fertilization] is the central decisive event in the genesis of all sexually produced
animals and plants. Thus from one point of view it envisages the entire problem of
sex; from another point of view it constitutes the basis of all development and inheri-
tance. The elements that unite are single cells, each usually incapable, under natural
conditions, of continued existence or development—on the point of death; but by
their union a rejuvenated individual is formed which constitutes a link in the eternal
procession of life by virtue of its power of reproduction. [1]

Despite this early scientific interest in fertilization, it was not until almost 60
years later that Lionel Jaffe and co-workers discovered that the sperm initiates
a wave of calcium (Ca®*) across the egg (as initially proposed by Dalcq in 1928
[2]) and that this signal triggers the formation of a ‘rejuvenated individual'—the
newly developing embryo [3,4]. These first experiments documenting that Ca®*
initiates embryonic development at fertilization were performed in eggs of
medaka, a freshwater fish, and were made possible by the identification of jelly-
fish aequorin as a bioluminescent Ca**-sensing protein [5]. Similar experiments
performed shortly thereafter showed that Ca** was released following the fer-
tilization of sea urchin eggs [6]. With the development of new chemical and
genetically encoded Ca®" sensors and advances in experimental techniques of
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in vitro fertilization (IVF) and Ca”* imaging, we now know
that a Ca" rise signals the initiation of animal development
with no exceptions with cross-phyla sampling and even in
several species of flowering plants [7,8]. However, the pattern
of Ca®" rises at fertilization varies widely. Fertilization-
induced Ca*" changes depend on a large number of variables
including exactly how the Ca®* rise is initiated and how the
newly formed zygote responds to this Ca®* rise and perhaps
to other signalling pathways triggered at fertilization. The
collective set of responses, including the Ca?* rise, that is
required for the oocyte to begin development into an
embryo is termed ‘egg activation’. Here, we will review the
generation and modulation of Ca®" signals during egg acti-
vation, focusing mainly on knowledge gained from
intensive studies of mammalian fertilization over the past
30 years. However, we will also draw from studies of non-
mammalian animals to illustrate additional mechanisms of
generating and modulating the Ca”* signals that initiate
embryonic development.

Ca®* is a ubiquitous second messenger responsible for
numerous cellular responses to external stimuli. Its ubiquitous
nature implies that Ca®* signals must be tightly regulated and
that additional information must be encoded in the localiz-
ation, amplitude and timing of Ca”" release events. In this
way, different stimuli can be properly interpreted by the cell
and result in the necessary downstream responses. For
example, basal cytoplasmic Ca** levels maintained by consti-
tutive Ca®* release from the endoplasmic reticulum (ER)
suppress autophagy whereas higher levels of cytoplasmic
Ca”* promote autophagy [9]. In cardiac muscle cells, cyto-
plasmic Ca®* signals promote contraction whereas nuclear
Ca®* pulses activate transcription of specific genes [10]. In
mast cells, localized Ca?* influx across the plasma membrane
drives specific transcriptional responses not induced by
global cytoplasmic Ca®" rises [11]. Cells release and regulate
Ca”" under the control of a ‘Ca*" signalling toolkit' composed
of Ca®*-mobilizing signals, channels that regulate Ca®* influx
into the cytoplasm or release from intracellular stores, and
pumps and exchangers that remove Ca”* from the cytoplasm
[12]. In the next section, we will provide an overview of the
major molecular mechanisms used by somatic cells as their
toolkit to regulate cellular Ca®* signals. (For more detailed
descriptions of the Ca®' signalling toolkit, see excellent
recent reviews [12-15].) This will be followed by an in-depth
review of how the Ca”* signalling toolkit is used at fertilization
to generate the signals that drive embryo development.

2. Modulators of Ca** signals and
homeostasis—an overview

Ca*" signalling is feasible due to the presence of tightly regu-
lated and localized Ca** gradients in the cell. A simplified
schematic showing the relationships between the main
modulators of cellular Ca®* signalling is shown in figure 1.
Ca?* is available to cells from the extracellular environment,
which has very high (approx. 2 mM) Ca®" levels relative to
cytoplasmic Ca®* that is normally in the 100 nM range. The
entry of extracellular Ca®* into the cell is tightly regulated
by Ca®*-permeable channels on the plasma membrane that
are sensitive to a variety of stimuli. For example, voltage-
gated Ca”* channels open in response to changes in mem-
brane potential, whereas the large family of transient

receptor potential (TRP) channels responds to diverse stimuli
including temperature, stretch and osmolarity [16,17]. ‘Store-
operated Ca®* entry’ (SOCE) is a cellular mechanism to
replenish depleted ER Ca®* stores with Ca”* from the extra-
cellular environment. When ER stores are depleted, ER-
resident STIM proteins oligomerize and interact with ORAI
plasma membrane Ca”** channels to stimulate Ca®* influx
[18]. When open, all of these plasma membrane channels
allow rapid entry of Ca*' into the cytoplasm due to the
large concentration gradient from extracellular to intracellular
cytoplasmic compartments.

Intracellular Ca®* is largely sequestered within the ER (or
sarcoplasmic reticulum of muscle cells), but additional intra-
cellular Ca** stores include endolysosomes and
mitochondria. Peripheral tubular regions of the ER contain
membrane contact sites with the plasma membrane and
many organelles including lysosomes and mitochondria
[19]. At these sites, apposing membranes do not merge but
come into very close proximity, promoting the efficient trans-
fer of high local concentrations of Ca®* and other molecules
between the two compartments. Ca”* is released from ER
stores mainly through two channels: the inositol-1,4,5-tri-
sphosphate (IP3) receptor and the ryanodine receptor. Both
of these channels are activated by Ca?* itself, which can
induce an autocatalytic process termed ‘Ca**-induced Ca**
release’ and lead to the propagation of waves of Ca”*
across a cell. IP3 and sn-1,2 diacylglycerol (DAG) are
generated by the action of phosphoinositide-specific phos-
pholipase C (PLC) enzymes on phosphatidyl inositol-4,5-
bisphosphate (PIP2), often in response to ligand-receptor
interactions at the plasma membrane. IP3 binding to IP3
receptors leads to Ca”* release from ER stores in part by sen-
sitizing the IP3 receptor to Ca®*. DAG can directly impact
canonical TRP channel activity and indirectly influence
Ca”* signals by altering protein kinase C activity [20,21].
Two additional Ca®*" mobilizing signals, independent of
IP3-mediated signalling, are generated from nicotinamide-
adenine dinucleotide (NAD) and NADP: cyclic ADP ribose
(cADPR) and nicotinic acid dinucleotide phosphate
(NAADP) [22]. cADPR sensitizes the ER-associated ryano-
dine receptor to Ca®*, resulting in Ca”* release from ER
stores. NAADP in contrast, signals to two-pore channels in
lysosomes and other acidic organelles, resulting in Ca**
release from those membranous stores. Mitochondria,
which normally have relatively low Ca®" stores, release
Ca%* through the sodium—-Ca®* exchanger, NCLX [23,24].

Once released into the cytoplasm, Ca** must be removed
rapidly to terminate signalling and return cytoplasmic levels
to baseline. Cytoplasmic Ca”** removal is accomplished
through the combination of extrusion from the cell and
reuptake into intracellular stores. Extrusion across the
plasma membrane is mediated by plasma membrane Ca**
ATPase (PMCA) pumps and sodium-Ca®* exchangers
(NCX). Perhaps the most important mechanism of reuptake
into intracellular stores is through sarco-ER Ca** ATPase
(SERCA) pumps, which actively transport Ca®* across a
steep concentration gradient into the ER. Lysosomes probably
also have Ca?* uptake mechanisms, but the molecular basis for
this function is not known [14]. Mitochondria take up Ca**
through the mitochondrial Ca®* uniporter and, under con-
ditions of high cytoplasmic Ca®*, through the voltage-
dependent anion channel [15]. Alterations in the expression,
localization and activity of these modulators of Ca** signals

811007 0L Joig uadp  qosi/jeusnol/bao-buiysiigndKianos|edol H



low Ca? high Ca?*

O O
ATP NAADP

extracellular

Ca?"-permeable
channels

Figure 1. Elements of Ca®* toolbox in endoplasmic reticulum, mitochondria, lysosomes and plasma membrane of somatic cells. Orange dots indicate Ca®*; grey
arrows show direction of Ca?* flow. cADPR, cyclic ADP ribose; CAX, a**/proton exchanger; IP3, inositol trisphosphate; IP3R, IP3 receptor; MCU, mitochondrial
uniporter; NCLX, mitochondrial sodium—Ca** exchanger; NAADP, nicotinic acid adenine dinucleotide phosphate; NCX, sodium/Ca®* exchanger; ORAI, Ca**
release-activated Ca®* channel protein; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; PMCA, plasma membrane Ca®* ATPase; RyR, ryanodine
receptor; SERCA, sarco/endoplasmic reticulum (a®* ATPase pump; STIM, stromal interaction molecule; TPC, two-pore channel.

determine the timing and localization of Ca®* release,
reuptake and extrusion. The end result is extraordinary varia-
bility in the final Ca®* signals experienced by different regions
of the cell, explaining the wide variety of distinct signalling
pathways that use Ca®* as a second messenger.

3. Preparation for Ca”* signalling during
oocyte maturation

In all animals, oocytes are arrested in prophase of meiosis I
while they undergo growth and differentiation. In response
to hormonal or developmental signals, oocytes undergo
nuclear maturation, which entails completion of two rounds
of chromosome segregation, and cytoplasmic maturation,
which is a general term for the changes in cytoplasmic con-
tents and organization necessary to support fertilization
and embryo development. The oocyte’s prophase I nucleus
is termed the ‘germinal vesicle’ (GV) and we refer to oocytes
in this meiotic stage as GV oocytes. Following the maturation
signal, the GV breaks down (GVBD) and meiosis resumes.
Subsequent stages of meiosis may continue without

interruption, such as in Caenorhabditis elegans and some mol-
luscs, or meiosis may arrest again at various stages to
coordinate with the timing of fertilization [25]. In most
insects, the second arrest is at metaphase I, whereas in most
vertebrates the second arrest is at metaphase II. For the pur-
poses of this review, we will refer to oocytes that have
resumed meiosis and then secondarily arrested at another
meiotic stage in preparation for fertilization as ‘eggs’.

Even though GV oocytes possess a Ca** signalling toolkit,
their capacity to elicit Ca®* responses is reduced compared
with eggs, indicating that the ability to mount a robust
Ca®* response is acquired during oocyte maturation. This
concept was first discovered in starfish oocytes, in which
Ca®* release in response to fertilization is far lower in imma-
ture oocytes relative to mature eggs, despite having similar
Ca?* stores [26]. In the mouse, GV oocytes fertilized in vitro
display Ca* oscillations of lower amplitude, frequency and
persistence than those observed in eggs [27-29]. Similarly,
Ca”* release in response to IP3 or PLC{ injection is reduced
in GV oocytes compared with eggs [28,30,31]. Several pro-
cesses that take place during mouse oocyte maturation
probably contribute to this difference in Ca** response:

811007 0L Joig uadp  qosi/jeusnol/bao-buiysiigndKianos|edol H



increase in Ca®* stores, ER redistribution and increase in
sensitivity to IP3, probably due to upregulation and
phosphorylation of IP3 receptors. Ca®* stores increase about
four-fold during mouse meiotic maturation [29,32]. Interest-
ingly, the smaller store size in GV oocytes appears to be due
to a constant Ca>" leak out of the ER through the IP3 receptor
[33]. This leak ends around the time of GVBD, which is when
the expansion of the ER Ca** store commences.

An increase in sensitivity to IP3 during oocyte maturation
was first described in starfish oocytes and later demonstrated
in hamster and mouse oocytes [26-28]. In the mouse, this
finding is explained in part by a doubling of protein levels
of the major IP3 receptor isoform, IP3R1, because inhibiting
this maturation-associated increase in IP3R1 reduces IP3 sen-
sitivity and alters Ca”** oscillatory behaviour following
fertilization [30,34-36]. During oocyte maturation, a redistri-
bution of IP3R occurs, which mirrors ER redistribution (see
below) in terms of localization and mechanisms [30,31,37].
However, altering IP3R1 redistribution using actin filament
and microtubule depolymerizing agents does not change
the sensitivity to IP3 [31]. As a general rule, IP3R1 phos-
phorylation enhances the conductivity of the channel. IP3R1
possesses phosphorylation consensus sites for numerous
kinases, including M-phase kinases [such as polo-like
kinase 1 (Plk1), mitogen-activated protein kinase (MAPK),
cyclin-dependent kinase 1 (CDK1)], Ca**/calmodulin-depen-
dent protein kinase II (CaMKII), protein kinase A (PKA) and
protein kinase C (PKC) [38]. Using the MPM-2 antibody,
which recognizes an epitope present in proteins phosphory-
lated in the M-phase of the cell cycle, Lee et al. showed that
MPM2 immunoreactivity of IP3R1 was barely detectable at
the GV stage, increased sharply around GVBD, reached
peak levels at MI and MII, and decreased again after fertiliza-
tion [38]. This time-course of IP3R1 phosphorylation
coincides with the activity of CDK1 and MAPK. Consistent
with this finding, oocyte maturation is accompanied by an
increase in IP3R1 phosphorylation at the CDK1 consensus
sites 5421 and T799 [31]. Furthermore, overexpression in
eggs of a phosphomimetic IP3R1 protein in which the two
CDKI1 consensus sites (5421 and T799) and the ERK consen-
sus site (5436) were mutated to aspartic acid led to increased
sensitivity of the receptor to PLC{ injection or caged IP3
expression [39]. These findings strongly suggest that CDK1-
and MAPK-mediated phosphorylation of IP3R1 explains at
least part of the increase in IP3 sensitivity that occurs
during maturation. Phosphorylation of IP3R1 by PKA
occurs in oocytes but this phosphorylation is maximal at
the GV stage and decreases around GVBD, so it is unlikely
to contribute to the increase in IP3 sensitivity with maturation
[31]. Whether or not additional kinases and/or phosphatases
impact IP3R1 sensitivity is unknown.

The IP3R is not the only Ca®* regulatory protein whose
amount increases during maturation and has an important
function in eggs. Regulator of G-protein signalling 2 (RGS2)
is a protein that blocks the activity of both Gas and Goq pro-
teins, thus inhibiting heterotrimeric G-protein-coupled
receptor pathways that frequently trigger Ca®* release.
RGS2 protein levels are extremely low in GV oocytes, but
the mRNA is recruited for translation during oocyte matu-
ration, such that RGS2 levels increase approximately 20-fold
[40]. RGS2 prevents premature Ca”* release in eggs, which
helps to prevent spontaneous egg activation events from
beginning inappropriately prior to fertilization.

During the course of oocyte maturation, there is a reor-
ganization of several organelles, including the ER, Golgi
apparatus and mitochondria. Because the ER is the main cel-
lular Ca** store, ER redistribution during oocyte maturation
has been extensively studied and is correlated with the acqui-
sition of a robust Ca®* response. Using the fluorescent
lipophilic dye Dil to label ER membranes, studies in starfish,
marine nemertean worm, frog, hamster, human, mouse and
plant oocytes demonstrated changes in ER organization
during oocyte maturation [41-47]. In mouse, the ER is
evenly distributed throughout the cytoplasm of GV oocytes
with small accumulations in the interior, but not the cortical
area, of the cell [46]. During GVBD, the ER becomes denser
and envelops the meiotic spindle as it migrates towards the
cortex [48]. The egg exhibits bright cortical clusters of ER,
about 1-2 pm in diameter, that are absent from the region
overlying the meiotic spindle [46,48]. The localization of
both ER and IP3 receptors to cortical clusters in the egg situ-
ates the egg’s main Ca”' store and its releasing channel in
proximity to the site of sperm-egg fusion, which is where
the propagating Ca®" wave starts at fertilization. The mechan-
ism of this ER redistribution is a multi-step process driven by
both microtubules and microfilaments [48]. Cytoplasmic lat-
tices, unique to mammalian oocytes and preimplantation
embryos, appear to have a role in ER redistribution during
oocyte maturation because both Padi6- and Nlrp5-deficient
oocytes, which lack these structures, fail to form cortical clus-
ters [49,50]. Furthermore, Ca* oscillations are impaired in
NlIrp5 null eggs [50]. In Xenopus oocytes, the ER-rich struc-
tures found in immature oocytes have been characterized as
annulate lamellae (AL). AL are rich in IP3 receptor content,
but paradoxically show minimal Ca** release activity, as
opposed to ER patches in eggs, from which most Ca’" is
released in response to IP3. This finding suggests that AL
are a functional Ca®* store with attenuated IP3 receptor
activity [51]. Whether this structure plays a similar role in
mammalian oocytes is unknown. Although the pattern of
ER organization varies in different species, the fact that all
species examined change this pattern during oocyte matu-
ration suggests a conserved and functional role for ER
redistribution to prepare the egg for fertilization [52].

The Golgi apparatus of mouse, rhesus monkey and
bovine GV oocytes comprises a series of cytoplasmic stacks,
or ‘mini-Golgis’, more abundant in the interior than in the
cortical region of the cell [53,54]. Despite their unusual
appearance, these mini-Golgis are perturbed by the mem-
brane trafficking inhibitor brefeldin A, indicating that they
are functional. This experiment also demonstrated a role for
membrane trafficking during oocyte maturation because bre-
feldin A-treated oocytes fail to complete meiosis I and arrest
after GVBD [53]. During GVBD, these mini-Golgis fragment
and become dispersed more homogeneously throughout
the cytoplasm for the remainder of maturation. This pattern
is reminiscent of what takes place in somatic cells entering
mitosis [55]. The Golgi apparatus is estimated to provide
about 5% of the total cellular Ca** store. Golgi membranes
contain functional IP3 receptors [56], but the possible contri-
butions of this organelle to Ca®* release during egg activation
is unknown. It is also unclear if there is an important role for
the reorganization of the Golgi apparatus during oocyte
maturation, or whether it is simply a response to major ER
rearrangements or changing trafficking demands. One poss-
ible role for the Golgi fragments is serving as an



intracellular source of PIP2 for hydrolysis by PLC{ at fertili-
zation. The amount of vesicular PIP2 increases during
oocyte maturation and, interestingly, the localization pattern
of both PIP2 and PLC{ suggests that the vesicles could be
part of the Golgi apparatus [57].

Mitochondria also undergo redistribution during oocyte
maturation. At GVBD, they form a dense ring in the peri-
nuclear area, followed by dispersion throughout the
cytoplasm and formation of a new mitochondrial ring
around the meiotic spindle [58-60]. By the metaphase II
stage, mitochondria become homogeneously distributed
throughout the cytoplasm, with very few localized in the
polar body [59]. There is also a change in mitochondrial den-
sity or clustering during oocyte maturation that correlates
with changes in ATP production (i.e. ATP production is
high when mitochondria are found in large clusters [60]).
Because mitochondria are essential for sustaining Ca** oscil-
lations, at least in part by providing the ATP required for Ca**
pumps, these changes in mitochondrial localization, cluster-
ing and ATP output during oocyte maturation may be

necessary to elicit a robust Ca”* response at fertilization.

4. Shapes and consequences of
fertilization-associated Ca** signals

As mentioned previously, Ca®* signalling is a universal hall-
mark of egg activation in all sexually reproducing species
studied thus far. However, sperm-induced Ca** signals are
significantly different across multiple phyla [61]. The diver-
sity of Ca** dynamics during egg activation is schematized
in figure 2. In most non-mammalian species, the fertiliza-
tion-induced Ca®* pattern takes the form of a single or a
few waves. One exception is the marine worm Urechis
caupo, in which the sperm triggers entry of extracellular
Ca*" uniformly around the egg cortex and no Ca** waves
occur [69]. In medaka, sea urchins, frogs and C. elegans, a
local cytoplasmic Ca”* increase occurs immediately after
sperm—egg fusion, and a single Ca?* wave propagates from
the sperm entry site across the entire egg [3,62,64,66,70].
The Ca** wave generally lasts from one to several minutes.
Drosophila eggs also have a single Ca** wave; however, it is
initiated from the egg pole through mechanical pressure
and moves towards the centre of the oocyte and finally to
the entire egg [63]. In species that undergo physiological
polyspermy, such as newts and domestic fowl, each of the fer-
tilizing sperm evokes a single slow Ca®* wave that spreads
across a small portion of the surface of the egg. Collectively,
the multiple Ca** waves triggered around the whole egg
ensure a global and long-lasting intracellular Ca** increase
necessary for egg activation [71,72]. Another type of fertiliza-
tion-induced Ca** pattern is a series of oscillations that travel
in a wave-like fashion across the egg and last for minutes to
hours. For example, fertilized marine nemertean worm and
marine bivalve eggs display multiple oscillations that can
persist for 30-60 min [73-75]. Similarly, mammalian eggs dis-
play a series of Ca®" oscillations after sperm—egg fusion, but
these persist for several hours [76,77].

Although Ca** dynamics vary widely among species, the
Ca®* oscillatory pattern is stereotypical for mammals. Shortly
after sperm-egg fusion, the egg intracellular Ca**
tration rises more than 10-fold and persists close to this
level for several minutes before returning to baseline. This

concen-
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Figure 2. Diagrams of typical cytoplasmic Ca®* changes at fertilization across
various species. From top to bottom: nematode (Caenorhabditis elegans) [62],
fruit fly (Drosophila melanogaster) [63], purple mussel (Septifer virgatus) [7],
sea urchin (Paracentrotus lividus) [64], zebrafish (Danio rerio) [65], frog (Xeno-
pus laevis) [66], newt (Cynaps pyrrhogaster) [67] and mouse (Mus musculus)
[68]. Time indicated on scale bar for each Ca** trace. The three lines on the
newt trace represent spatially distinct signals induced by different sperm
during physiological polyspermy. Traces adapted from indicated references.

initial relatively long Ca®* transient is considered the main
Ca®* signal responsible for egg activation. The characteristic
shape of this first Ca®* transient has been well documented
in different mammalian species using ratiometric Ca** ima-
ging with epifluorescence signal detection [76,78-80]. Ca**
concentration rises slowly at first and then rises rapidly to a
peak, frequently followed by several short low-amplitude
increases from the peak. The Ca®" level then gradually falls
over the course of several minutes before dropping rapidly
back to baseline as cytoplasmic Ca**
sient is followed by a series of much shorter Ca**
that are also characterized by an initial slow rise in Ca**, a
rapid rise to a peak that is usually lower than that of the
first transient, and then rapid return to baseline [81]. In mam-
mals, sperm-induced Ca®" oscillations persist for several
hours, until around the time of pronucleus formation. The
frequency of Ca®* oscillations appears to be a species-specific
characteristic; however, it is possible that differences in
media composition rather than inherent species differences
influence oscillation frequency.

Long-lasting fertilization-associated changes in Ca®*
homeostasis orchestrate early and late events of egg

is cleared. The first tran-
transients
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activation. Artificial modulation of the Ca®" oscillatory pat-
tern by electropermeabilization revealed a correlation
between the total number of Ca®* transients applied and dis-
tinct cellular events of mouse egg activation [82]. Thus,
cortical granule exocytosis is triggered by a single Ca®* tran-
sient, whereas more than four transients are necessary to
induce cell cycle resumption and polar body emission. Fur-
thermore, robust pronuclear development, which is a later
event of egg activation, requires additional electropermeabili-
zation-induced Ca”* transients. Studies in rabbit and mouse
eggs concluded that the different egg activation events rely
on a cumulative effect of Ca®" input over downstream effec-
tors, rather than a specific number or frequency of Ca**
signals [83-85]. Therefore, eggs seem to be flexible regarding
the Ca** pattern for activation, if the total summation of Ca%*
stimuli is sufficient to trigger egg activation.

Interestingly, experimental manipulation of Ca** signal-
ling during or immediately after fertilization of mouse eggs
results in alterations in the pre- and post-implantation devel-
opmental programs and even postnatal growth rate. (Note
that the molecular mechanisms immediately downstream of
Ca*" signalling that promote egg activation are outside the
scope of this review; for more information on this topic see
[86,87].) In the mouse, experimental Ca?* modulation follow-
ing IVF causes alterations in the blastocyst transcriptome [84].
This finding is similar to observations in somatic cells, in
which experimental modulation of Ca** signalling causes
alterations in gene expression patterns [88]. Moreover, prema-
ture termination of the Ca®" oscillatory pattern following
fertilization results in lower implantation rates but no sub-
sequent differences in development to term. By contrast,
hyperstimulation of Ca** signalling following fertilization
does not affect implantation but impairs development to
term [84]. Similar experiments using rabbit eggs demon-
strated that artificial modulation of Ca®>* dynamics during
egg activation significantly affects implantation rates [83]. It
is notable that the modulation of Ca®" signalling during the
relatively short time of egg activation also has long-term
effects on offspring growth. Mouse offspring derived from
hyperstimulated eggs gained less weight after weaning and
the variation in body weight was much greater than that of
controls [84]. These findings regarding abnormal growth tra-
jectory and weight variance were also observed in two
different mouse models of decreased Ca®* signalling follow-
ing fertilization in vivo [89]. Therefore, fine regulation of
Ca*" signalling following fertilization is critical to obtain
developmentally competent embryos and healthy offspring.
A link between abnormal patterns of Ca”* signalling after
IVF and the long-term effects on growth trajectory could
be the impact of Ca®" signalling on egg redox state and
mitochondrial activity [90].

Despite advances in our understanding, it remains
unclear whether these findings reported mainly from in
vitro studies recapitulate the complex regulation of in vivo fer-
tilization, in terms of the need for a specific Ca** oscillatory
pattern for developmental success. Doubts arose after it
was reported that several different genetic mouse models in
which eggs show a very abnormal pattern of sperm-induced
Ca®* oscillations after IVF were still capable of producing off-
spring when fertilization occurred in vivo [89,91,92]. These
reports suggest that there may not be a need for a prolonged
series of Ca”* oscillations to activate eggs effectively in vivo.
Further studies are needed to define the fertilization-

associated Ca®" oscillatory patterns in vivo, within the
highly specialized environment of the oviduct, and to deter-
mine whether alterations in Ca®" signalling in vivo have
similar detrimental effects on offspring health as artificial
disruption in vitro.

5. Modulators of Ca** signals at
fertilization

5.1. Ca**-mobilizing signals

IP3 is the major Ca** mobilizing signal at fertilization and
was the first identified. Early biochemical studies in sea urch-
ins documented a rapid rise in both triphosphoinositides and
diphosphoinositides that occurred after insemination but
prior to evidence of Ca®* release, suggesting that IP3 med-
iates Ca®" release as had been shown previously in somatic
cells [93]. This idea was tested by microinjection of IP3 into
sea urchin eggs, which resulted in exocytosis of cortical gran-
ules and elevation of the fertilization envelope, both
indicators of an increase in cytoplasmic Ca®" concentration
[94]. Subsequent studies in frog, hamster, mouse, marine
worms and tunicates documented that IP3-induced Ca®*
release occurs at fertilization across multiple phyla [95-98].

Besides IP3-induced Ca?* release, some species use
alternative or additional mechanisms. In sea urchins,
cADPR serves as a redundant mechanism for Ca** release
at fertilization, presumably by activating the ryanodine recep-
tor [70,99]. There is also evidence in sea urchin and starfish
that NAADP stimulates Ca®" release at fertilization [100-
102]. Ca®* entry from the extracellular milieu serves as a
mechanism to increase cytoplasmic Ca** in echinoderms,
molluscs and worms. In starfish, Ca®* entry is a response to
sperm-induced activation of a voltage-gated Ca®* channel;
this interaction results in a ‘cortical flash’ of Ca* [103,104].
In sea urchins, both voltage-gated channels and NAADP-
induced Ca®' release contribute to the cortical flash [105].
Limpets are exceptional in that they depend exclusively on
Ca?* influx, and not intracellular stores, to provide the fertili-
zation Ca®" signal [106]. In C. elegans, Ca®" enters the egg
through TRP channels located in the sperm plasma mem-
brane following sperm-egg fusion [62]. In this way, the
sperm membrane becomes a ‘conduit’ for Ca®* entry as was
first proposed by Jaffe [107]. This mode of Ca*' entry is
responsible for the rapid local rise in Ca** that precedes the
global wave that crosses the egg, analogous to the cortical
flash in starfish, but is not essential for the occurrence of
the later global Ca** wave or for embryogenesis.

Some species undergo physiological egg activation in the
absence of sperm. For example, the Ca>* wave responsible for
activating Drosophila eggs is initiated from extracellular Ca**
sources in response to the mechanical stimulation of egg
plasma membrane TRP channels during ovulation [63,108].
The propagation of the wave, however, depends on IP3 recep-
tor-mediated Ca”* release [108]. Similarly, spawning alone in
species such as zebrafish and Sicyonia shrimp induces a Ca**
wave in the absence of sperm [109,110]. In shrimp, the Ca%*
wave is initiated downstream of magnesium ions in seawater,
but the molecular mechanism underlying Ca®* entry is
unknown [110]. Of note, separation of the initiation of the
Ca®" wave from the fertilizing sperm creates a requirement
for highly efficient single sperm entry soon after egg
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activation to ensure that diploid embryonic development
begins synchronously.

Generation of IP3 by PLC-mediated hydrolysis of PIP2 is
essential for Ca”" release at fertilization in most species
studied, but the specific PLC used varies. There are six
families of PLC enzymes in animals: PLCB, PLCy, PLCs,
PLCe, PLC{ and PLCp [111]. Each PLC family is activated
in distinct ways, but all PLC isoforms have a conserved cata-
lytic domain and Ca**-binding EF hand motifs. Hence, they
all carry out PIP2 hydrolysis to generate IP3 and DAG and
can be modulated by changes in Ca* levels.

The first experiments to identify a specific PLC that was
activated at fertilization to generate the IP3 responsible for
Ca*" release were performed in the starfish Asterina miniata.
Carroll and colleagues demonstrated that src homology-2
(SH2) domain-mediated inhibition of PLCy activity prevents
the sperm-induced Ca®* wave that follows the cortical flash
[112]. Similar experiments performed in the ascidian Ciona
intestinalis revealed that PLCy mediates Ca®" release in
these marine invertebrates as well [113]. These findings pro-
vided support for the idea that IP3 is the major
downstream mediator of the Ca®>* wave. In addition, these
findings suggested that a tyrosine kinase functions upstream
of PLCy activity at fertilization given that this is the most
common mechanism of activating PLCy [111]. Further studies
in sea urchin and Xenopus demonstrated that src family tyro-
sine kinases stimulate Ca®" release at fertilization by
activating PLCy [66,114]. Hence, a soluble tyrosine kinase/
PLCy/IP3 pathway to initiate Ca®* release appears to be a
common mechanism among external fertilizing species.
However, in mouse, SH2-domain-mediated inhibition of
PLCy activity has no impact on sperm-induced Ca** oscil-
lations, indicating that either PLCy is not involved or that it
must be activated by an alternative mechanism [115].

The hypothesis that sperm introduce a PLC activity into
the egg that is responsible for PIP2 hydrolysis and Ca**
release following sperm-egg plasma membrane fusion at fer-
tilization was first proposed by Whitaker & Irvine [94]. This
idea was based on studies in sea urchins presented earlier
that year demonstrating that injection of sperm extracts
results in the formation of the fertilization envelope, which
occurs downstream of Ca**-induced exocytosis of cortical
granules [116]. Similar experiments using sperm extract injec-
tions in ascidian, rabbit, mouse and hamster eggs
demonstrated that a factor present in sperm extracts could
generate Ca’*-dependent egg activation events in distinct
phyla [117-119]. Consistent with the idea that a soluble
sperm factor could be a common physiological inducer of
Ca*" release at fertilization, sperm-egg fusion precedes the
increase in cytoplasmic Ca®* in sea urchin, frog and mouse
[95,120-122]. However, it was not until 2002 that a novel
sperm-specific PLC, PLC{, was cloned from a mouse sperma-
tid cDNA library and identified convincingly as the protein in
sperm extracts capable of activating eggs [123]. Microinjec-
tion of cRNA encoding PLC{ caused Ca®" oscillatory
patterns very similar to those observed at fertilization. Impor-
tantly, removal of PLC{ from hamster sperm extracts by an
immunodepletion strategy caused the loss of the extract’s
Ca*" releasing activity following microinjection into mouse
eggs. Finally, mutation of a critical catalytic site residue

abrogated this activity, indicating that it was the PLC{ enzy-

matic activity that was responsible for Ca®* release. These
studies effectively demonstrated that PLC{ was the critical
component in microinjected sperm extracts that induces
Ca®* release, but left open the question of whether or not
PLC¢ was important for fertilization-induced Ca** release.

The first in vivo model to describe a role for PLC{ at ferti-
lization was generated using a mouse transgenic RNA
interference (RNAi) knockdown approach that resulted in
an approximately 40% reduction in sperm PLC{ protein
levels [124]. Eggs fertilized in vitro by these sperm had abnor-
mal patterns of Ca®* oscillations that terminated prematurely.
Subsequent experiments using human sperm lacking PLC{
obtained from infertile males demonstrated that the sperm
failed to induce Ca®" release when injected into mouse eggs
[125]. This finding was consistent with the clinical failure of
human egg activation following intracytoplasmic sperm
injection (ICSI) observed in these patients. Later, two different
point mutations in the catalytic region of human PLCZ1 were
identified that were associated with a case of male infertility
refractory to ICSI [126,127]. Both of these mutations were
associated with deficient Ca®" oscillation-inducing ability in
mouse eggs [127,128]. Additional novel PLCZI1 mutations
associated with human egg activation failure have since
been identified [129-132]. The recent development of three
different mutant mouse Plczl models confirmed that PLC{
is essential for normal Ca®" oscillations following fertilization
[91,92]. Surprisingly, in all three mutant models, the males
were not sterile but instead had very small litters. Both failure
of egg activation (failure to form pronuclei) and polyspermy
contributed to the subfertility. Careful evaluation of the Ca**
oscillation phenotype in one of these models revealed that
eggs fertilized in vitro by a single sperm exhibited approxi-
mately 3 Ca®" transients on average, but that the onset of
these transients was delayed by approximately 45-60 min
relative to eggs fertilized with wild-type sperm [92]. Interest-
ingly, sperm lacking PLC¢ did not induce any Ca** transients
following ICSI, suggesting that events associated with
sperm—egg plasma membrane fusion were essential for this
PLCC-independent Ca®'-releasing activity. The molecular
basis for this additional egg activation mechanism is
unknown.

PLC{, the smallest PLC identified to date, is unique when
compared with previously identified PLCs [123]. It lacks a
pleckstrin homology (PH) domain present in all other PLCs
and lacks coiled coil, src homology, ras-association and
RAS-GEF domains that are present in some but not all
other PLCs [111]. Because PH domains mediate the associ-
ation of PLCs with the plasma membrane through an
interaction with their substrate PIP2, the lack of this
domain in PLC{ explains its ability to diffuse freely through
the egg cytoplasm. Indeed, there is evidence that plasma
membrane PIP2 does not serve as a substrate for PLC{ at fer-
tilization [57,133]. In mouse eggs, plasma membrane PIP2
levels do not decrease at fertilization. Additional PIP2 is loca-
lized to intracellular vesicles, and depletion of intracellular
vesicle-associated PIP2 impairs Ca®" oscillations induced by
the fertilizing sperm [57,134]. The nature of the PIP2-associ-
ated vesicles is not known, but they are distinct from ER
clusters. The interaction of PLC{ with these vesicles appears
to be mediated by basic residues in the XY-linker, EF-hand
and C2 domains [129,135-137]. The catalytic activity of
most PLC isoforms is autoinhibited by negatively charged
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Figure 3. Generation of a (a®* wave. Localized production of IP3 (teal circles) by PLC (teal semicircles) leads to IP3-mediated (a®* release from clusters of IP3

receptors in endoplasmic reticulum (ER) membranes. The released Ca’*
gradient. In addition, the released Ca**
eventually to Ca>*
show the direction of IP3 or Ca®* flow.

residues in the XY-linker region; the enzymes are activated by
various mechanisms of releasing autoinhibition [111]. This is
not the case for PLC{. The XY-linker in PLC{ is positively
charged and its deletion causes a loss of enzymatic activity,
suggesting that PLC{ is constitutively active [138]. Ca®* is
the only known activator of PLC{Z, with an EC50 of approxi-
mately 50 nM and 70% maximal activity at 100 nM [139].
Hence, PLC{ is almost maximally active at the basal intra-
cellular Ca** levels present in the egg cytoplasm. By
contrast, other PLCs are activated by approximately 10-fold
higher Ca®* levels [111].

Although PLC{ is responsible for the PLC activity that
initiates Ca®* release during egg activation, an open question
is whether or not endogenous egg PLCs contribute to the
Ca®" oscillatory pattern by generating additional IP3-
mediated Ca?* release. On somatic cell membranes, ligand-
G-protein-coupled receptor interactions frequently stimulate
PLCp isoform-mediated generation of IP3 and DAG through
the activity of heterotrimeric G-protein a subunits in the Geg
family [111]. By analogy, one proposed mechanism for sperm-
mediated egg activation was through a sperm ligand—egg
receptor interaction that could activate PLCS. Support for
this mechanism came from the observation that overexpres-
sion of the Gag-coupled m1 muscarinic receptor in mouse
eggs followed by exposure to its cognate ligand, acetyl-
choline, caused egg activation events downstream of
cytoplasmic Ca®* elevation [140,141]. However, subsequent
experiments demonstrated that although stimulation of Gag
could cause complete egg activation, sperm did not require
this activity to successfully activate eggs, indicating that
Gag-mediated PLCS stimulation was not required for Ca®
release at fertilization [142]. The role of PLCB was also
tested using a knockdown strategy to generate mice carrying
eggs with decreased levels of PLCS1 [143]. Reduction in
PLCPB1 caused a significant decrease in the amplitude of
sperm-induced Ca”* transients, but did not impact other
characteristics of the oscillatory pattern, suggesting a con-
tributory but not major role for PLCSl. An interesting
recent study took advantage of the development of a new flu-
orescent IP3 sensor to monitor both Ca®* and IP3
concurrently in fertilized mouse eggs [144]. Using this tool,
it was shown that during later phases of the Ca®*
following fertilization, Ca®* activates PLC to generate IP3
peaks that follow each Ca®* transient. These findings further
support the idea that endogenous egg PLCs are active at

oscillations

promotes Ca’*
stimulates PLC to generate additional IP3 in a positive feedback loop. Continued IP3 production and Ca®*
release from distal IP3 receptor dlusters in distinct ER regions and a wave of (a**

-induced Ca®* release from nearby dlusters, increasing the cytoplasmic Ca**
diffusion lead

release across the cell. Orange dots indicate Ca**; grey arrows

fertilization and impact the overall Ca** signals experienced
by the early embryo, but which PLC, if any, has yet to be
determined.

5.3. IP3 receptor

The IP3 receptor is an ion channel that releases Ca®* from the
ER in response to IP3 and Ca** binding. It is composed of
large subunits that assemble as tetramers to generate a
greater than 1 MDa Ca** channel mainly present in ER mem-
branes. Only a small portion of the IP3 receptor extends into
the ER lumen; the majority extends into the cytoplasm,
giving it a square mushroom-shaped structure that is evident
by cryo-electron microscopy [145]. Each subunit has a single
IP3-binding site. IP3 receptor opening requires binding of IP3
to each of the four subunits along with Ca®* binding, which
has a biphasic impact on channel opening [146-148]. Small
increases in cytoplasmic Ca®* levels promote channel
opening, whereas high (greater than 300 nM) Ca®" concen-
trations inhibit channel opening. Hence, Ca”* released by
channel opening feeds back on the IP3 receptor to promote
closing, resulting in intermittent Ca”* release events from
single receptors. When IP3 receptors are enriched in specific
locations, this feedback system leads to localized Ca’*-
induced Ca®" release as nearby receptors open in response
to Ca®" released by others. Finally, as sufficient Ca* is
released to enable diffusion to more distant sites, distal IP3
receptors open. When supported by Ca**-induced activation
of PLC to generate additional IP3, this process can eventually
lead to the formation of regenerative Ca®* waves that travel
across the cell (figure 3) [94,134,149]. Generation of these
Ca®* waves depends on the absolute number, spacing and
localization of the IP3 receptors as well as the localization
and intensity of the signals generating the necessary IP3
and Ca®" inputs.

The large cytoplasmic portion of the receptor supports the
modulation of IP3 receptor function by numerous agonists
and antagonists in addition to IP3 and Ca®* (reviewed in
[150,151]). These modulators include other small molecules
such as ATP and NADH, reactive oxygen species, and

a**-binding proteins such as calmodulin. IP3 receptor
opening is also modulated by phosphorylation/dephosphor-
ylation and other covalent modifications including
ubiquitination, cross-linking and limited proteolysis. For
example, PKA, PKC and CaMKII all phosphorylate the IP3
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receptor to regulate channel opening [152-154]. Hence, the
IP3 receptor serves as a signalling hub that integrates
inputs from many different signalling pathways to drive the
resulting Ca®" signals received by the cell.

The release of Ca* through the IP3 receptor is essential at
fertilization for most animals studied. This was first demon-
strated in hamster eggs, in which microinjection of a
function-blocking monoclonal antibody that inhibits Ca**
release from the IP3 receptor prevented sperm-induced
Ca*" oscillations following fertilization [155]. Similar studies
in mouse eggs demonstrated that the antibody blockade of
IP3 receptor function completely prevented egg activation
[156]. In starfish, the critical role of IP3-receptor-mediated
Ca®* release at fertilization was demonstrated using an ‘IP3
sponge’ that prevents receptor activation by absorbing IP3
[37]. Although IP3 receptor activity is essential for sea
urchin fertilization, the release of Ca”* through the related
ER-resident ryanodine receptor is also necessary for a full
Ca?* release response [99,104]. In ascidians, the IP3 receptor
generates Ca®" release responsible for the fertilization-associ-
ated Ca®* wave, but Ca®" released through the ryanodine
receptor promotes post-fertilization plasma membrane inser-
tion events that do not occur when only the IP3 receptor is
active [157]. Although the ryanodine receptor can be detected
in mammalian eggs, it does not appear to contribute signifi-
cantly to Ca®" release or other egg activation events at
fertilization in mammals [158-161].

Many animals, including Xenopus, Drosophila, C. elegans
and starfish, appear to have a single IP3 receptor isoform
[37,162-164]. However, three highly homologous IP3 recep-
tor subunits (IP3R1, IP3R2 and IP3R3) are found in
mammals; several splice variants also have been identified
[165]. The IP3 receptor can be composed of either homotetra-
mers or heterotetramers of distinct subunit types [166].
Although all subunit types carry out similar Ca®* release
functions in response to IP3 and Ca?*, there are differences
in their regulatory properties. For example, IP3R2 has a
higher affinity for IP3 than IP3R1, and IP3R1 and IP3R2
are activated when phosphorylated by PKA, but IP3R3 is
not [167-169]. IP3R1 has been detected in mouse and
bovine eggs where it is enriched in the cortical region
[30,170]. In mouse and bovine eggs, IP3R2 and IP3R3 also
can be detected; however, IP3R1 is far more abundant
[34,36,170]. Hence, it is likely that IP3R1 carries out the
majority of the fertilization-induced Ca”* release activity in
mammalian eggs as first demonstrated in hamster eggs by
Miyazaki et al. [155].

An important consideration regarding the regulation of
IP3 receptor activity is the particular ER subdomains where
the receptor is localized. As mentioned above, IP3 receptor
quantity, localization and phosphorylation status change
during oocyte maturation in mammals and these changes
probably impact Ca®* signalling. In Xenopus oocytes, IP3
receptor quantity changes minimally during maturation
but there are still significant differences in IP3 receptor-
mediated Ca®" release events between oocytes and eggs
[51,163]. It turns out that these differences are modulated
in part by the association of IP3 receptors with distinct
ER subdomains such as annulate lamellae, which are
remodelled during oocyte maturation [51]. In mammalian
eggs, specific differences in IP3 receptor behaviour based
on localization to ER subdomains have not yet been
demonstrated.

Two-pore channels, which localize to acidic organelles of the
endolysosomal system, release Ca®* in response to stimu-
lation by NAADP. These channels were first identified
based on their similarities to voltage-gated Ca”* channels
and TRP channels [171]. Their identification provided a poss-
ible molecular basis for the observation originally made in
sea urchin egg homogenates that NAADP releases Ca®*
from reserve (yolk) granules, a cellular compartment distinct
from the ER and a functional equivalent of lysosomes [172].
The reserve granules mediate the contribution of NAADP
to the generation of the cortical flash during sea urchin ferti-
lization, probably through one of the sea urchin TPC
isoforms, though a direct connection has not yet been docu-
mented [105]. More recent studies indicate that NAADP
interacts with an accessory protein that modulates TPC open-
ing rather than directly with the TPC [173]. It is likely that
only small amounts of Ca®" are released from endolysosomal
stores in response to NAADP; however, these Ca®* release
events can then trigger Ca®*-induced Ca®" release mediated
by ER-associated IP3 and/or ryanodine receptors [22,174].
Likewise, IP3 receptor-mediated Ca** release from ER stores
can promote Ca®" release from acidic stores through retro-
grade signalling [175]. This crosstalk appears to depend on
the close apposition of ER and acidic stores at membrane con-
tact sites [19,176].

The sarco-ER Ca®*-ATPase (SERCA) is a P-type Ca>* pump
located in ER membranes that transports Ca”* against a con-
centration gradient from the cytoplasm into the ER lumen. In
mammals, it is encoded by three genes (Atp2a1-3) that gener-
ate the three main isoforms (SERCA1-3), but because the
transcripts are subject to alternative splicing, they give rise
to 11 SERCA isoforms [177]. These isoforms differ in their
tissue and developmental expression patterns, affinity for
Ca*', and regulation. SERCAla and 1b are expressed in
adult and foetal fast-twitch skeletal muscle, respectively.
SERCA2a is expressed in cardiac and slow-twitch skeletal
muscle, whereas SERCA2b is ubiquitously expressed and
considered the housekeeping SERCA isoform. SERCA3 iso-
forms are found in certain non-muscle cells, usually co-
expressed with SERCA2b. The functional organization of
SERCA proteins, like all Ca%*-ATPases, is composed of a
transmembrane domain containing 10 membrane-spanning
helices and three cytoplasmic domains: the actuator, phos-
phorylation and nucleotide-binding domains. The SERCA
pump contains two Ca**-binding sites in the transmembrane
domain and hence transports two Ca”* ions per ATP hydro-
lyzed. SERCA pumps can be inhibited by general P-type
ATPase inhibitors, such as La®>* and orthovanadate, and by
the specific inhibitor thapsigargin [178].

SERCA? isoforms are the main variants present during
fertilization. In Xenopus oocytes, endogenous SERCA2 is
found in cortical clusters [179]. Exogenous expression of
avian SERCALI results in IP3-induced Ca”* oscillations of
higher frequency and shorter duration, indicating that
SERCA isoforms probably are important in Ca®" regulation
at fertilization in frogs [180]. In mouse eggs, SERCA2B is
the major isoform expressed [181]. A role for SERCA in sus-
taining Ca®* oscillations following fertilization was



demonstrated by showing that thapsigargin treatment
severely reduces the magnitude and duration of the first
Ca*" transient and decreases persistence of oscillations [76].
Whereas SERCA2B protein levels remain relatively constant
during oocyte maturation, a spatial redistribution of the
protein occurs, which mimics ER redistribution from a
more diffuse pattern in GV oocytes to cortical clusters in
eggs [181]. This localization positions the SERCA pump in
close proximity to the IP3 receptor, which probably facilitates
refilling ER Ca®" stores after depletion following fertilization.

5.6. Plasma membrane Ca’*-ATPase pumps and
sodium—Ca”* exchangers

The PMCA is a P-type Ca®" pump that transports excess
intracellular Ca”* outside of the cell to maintain homeostasis.
It has high affinity for Ca** and low transport capacity, and it
exchanges Ca®" for H*. Its domain structure is similar to
other P-type pumps (one transmembrane and three cyto-
plasmic domains), but it also contains a calmodulin (CaM)-
binding site in its C-terminus that functions as an auto-inhibi-
tory domain. Under resting conditions, this domain folds into
the ATP-binding site, inhibiting the pump. When intracellular
Ca?* increases, Ca®*-bound CaM interacts with the CaM-
binding site, releasing the auto-inhibitory conformation of
the pump and restoring activity [177,178]. PMCA can also
be activated by acidic phospholipids through interaction
with two binding sites, one in the transmembrane domain,
one in the carboxy terminus of the pump. Therefore, mem-
brane composition can affect both activity and localization
of PMCA [178,182,183]. Among acidic phospholipids, PIP2
is the most potent activator of PMCA. Moreover, the inter-
action between PMCA and PIP2 not only activates PMCA
enzymatic activity, but also protects PIP2 from hydrolysis
by PLC enzymes, thus modulating Ca®* responses [184]. Tt
remains to be determined if this modulatory role of PMCA
is relevant in mouse eggs, where the pool of PIP2 hydrolyzed
by PLC{ is located in intracellular vesicles rather than in the
plasma membrane.

Mammalian PMCA is encoded by four genes (Atp2b1—4)
that are alternatively spliced to generate around 30 isoforms.
PMCA1 and PMCA4 are ubiquitously expressed and con-
sidered the housekeeping PMCAs. PMCA?2 is expressed in
the nervous system and mammary gland, whereas PMCA3
is expressed in the nervous system [178]. In Xenopus oocytes
and eggs, the presence and localization of PMCA was demon-
strated using an antibody that recognizes all four mammalian
PMCA isoforms [179]. This study demonstrated a functional
role for PMCA in frog oocytes but not eggs. Inhibition of
PMCA in fertilized mouse eggs results in Ca®" oscillations
in which the first transient has higher amplitude and longer
duration, indicating a role for PMCA in extruding excess
Ca*" after fertilization [185]. Similarly, Ca** oscillations trig-
gered by PLC{ injection can be sustained in the absence of
extracellular Ca®* if Ca** efflux through PMCA is blocked
by 5mM Gd*" [181]. Microarray data from mouse oocytes,
eggs and preimplantation embryos indicates that Atp2b1 is
the most abundant isoform, followed by Atp2b3, while
Atp2b2 and Atp2b4 are nearly undetectable [186-188]. How-
ever, information about the presence and localization of
PMCA at the protein level in mouse eggs and its potential
role during fertilization is lacking.

Ca*" efflux can occur through PMCA, but also through [ 10 |

the Na*—Ca”* exchanger (NCX). This transporter, present in
the plasma membrane of most cells, exchanges three Na*
for one Ca®* and the directionality of the fluxes depends on
the membrane potential and the concentration gradients of
these cations [189]. NCX contains 10 transmembrane helices,
where the ion transport sites and two Ca**-binding regulat-
ory sites reside. In mammals, NCX is encoded by three
genes, Ncx1-3, with Ncx1 and 3 undergoing alternative spli-
cing. NCX1 is ubiquitously expressed, NCX2 is expressed in
the nervous system, and NCX3 is expressed in the brain
and skeletal muscle [189]. The relative importance of NCX
activity to overall Ca®* efflux varies depending on the
tissue; it is essential in the heart to extrude Ca®* from myo-
cytes during each cardiac cycle, whereas it does not play a
major role in the liver [190].

Removal of extracellular Na* causes the NCX to function
in the reverse mode, leading to Ca®" influx. This approach
has been used to infer the presence of NCX in hamster,
mouse, rat and Xenopus oocytes [191-195]. In Xenopus
oocytes, further characterization demonstrated that both
NCX1 and NCX3 are expressed in the plasma membrane
and are more abundant in the animal hemisphere [195]. In
the mouse, experiments using extracellular Na* depletion,
as well as Na* ionophore and Ca”* addition after incubation
in Ca®"-free medium, demonstrated that NCX is present in
oocytes and eggs. However, the changes in Ca®* fluxes
observed after manipulating Na* gradients are modest, and
oocytes can recover from these perturbations, suggesting
that NCX does not play an important role under physiological
conditions [193].

Both PMCA and NCX undergo changes during oocyte
maturation that suggest a decrease in Ca>* efflux in meta-
phase II eggs compared with GV oocytes. Mouse oocytes
respond to an increase in intracellular Na™ or a depletion of
extracellular Na* by increasing Ca®* influx, due to the NCX
‘reverse mode’ activity. Mouse eggs, on the other hand, fail
to respond to these changes in Na' gradients [193]. The
reason for maturation-associated downregulation of NCX
activity is unknown. In Xenopus, PMCA is endocytosed
during oocyte maturation, leading to depletion of this
ATPase from the plasma membrane and a reduction in Ca**
efflux [196]. Whether or not internalization of PMCA also
takes place in mouse oocytes has not been assessed. A
decrease in Ca*" efflux during oocyte maturation is another
mechanism to maximize Ca®" responses at fertilization.

5.7. CGa%" influx channels

We have long been aware that Ca®* influx occurs at fertiliza-
tion across numerous species. For example, fertilization of sea
urchin and marine worm eggs results in a dramatic increase
in Ca** influx within a few minutes as indicated by radio-
labeled Ca®* uptake [197,198]. In fertilized hamster and
mouse eggs, early electrical recording studies demonstrated
that alterations in extracellular Ca®* concentrations change
the frequency of periodic hyperpolarizing responses,
suggesting that Ca”* influx modulates the frequency of the
intracellular Ca®* release events responsible for hyperpolariz-
ation [77,191]. In the complete absence of extracellular Ca%,
fertilization-induced Ca®* oscillations rapidly cease due to
the depletion of ER Ca?* stores [76,191]. In addition to the
refilling of ER stores, Ca®* influx in mouse eggs is required
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for second polar body emission, suggesting that cortical Ca**
signals downstream of Ca®" influx are essential for complete
egg activation [185].

There are numerous Ca®*-permeable channels on the
plasma membrane that when open allow Ca®* to transit
from the extracellular milieu down an approximately
10 000-fold concentration gradient into the cytosol. These
channels are activated by a wide variety of signals. The vol-
tage-gated Ca®" channels open in response to changes in
membrane potential and are best known for their roles in
excitable cells such as neurons and cardiomyocytes. The
TRP channels are ubiquitously expressed, and most are
involved in transmitting sensory inputs or environmental sig-
nals. The TRP channels are permeable to multiple cations in
addition to Ca®*, with variable selectivity toward different
cations, and are functional at resting membrane potentials
in non-excitable cells [16]. Ubiquitous store-operated Ca**
channels on the plasma membrane are activated in response
to depletion of intracellular Ca** stores, often following PLC-
mediated activation of Ca** release through the IP3 receptor.
There is experimental evidence for a role for each of these
three channel classes in supporting Ca®" influx necessary
for successful egg activation, though the evidence for SOCE
is very limited.

SOCE is well established as a major mechanism in
somatic cells whereby ER stores are replenished following
depletion [199,200]. This mechanism functions across the
animal kingdom, including in insects, birds, amphibians
and mammals. The major molecular basis for SOCE is that
the ER has two molecular sensors of CaZ" store depletion,
STIM1 and STIM2, which are ubiquitously expressed single
transmembrane proteins with Ca”**-binding EF hand
domains in the ER lumen. In response to ER store depletion,
Ca*" dissociates from the STIM proteins, which then oligo-
merize and move toward ER-plasma membrane contact
sites. STIM oligomers form large clusters, or punctae, that
directly interact with plasma membrane ORAI channels, sti-
mulating Ca®* entry. Because depletion of ER Ca®" stores
occurs in the many species that depend on IP3-mediated
Ca*" release at fertilization, SOCE appears to be an obvious
mechanism to replenish ER stores. However, SOCE is inacti-
vated in mammalian cells during mitosis [201] and in
Xenopus it is inactive during meiosis [202], suggesting that
it is unlikely to have a role at fertilization. Both STIM1 and
ORAI1 proteins are expressed in mouse eggs [203,204], but
two different studies using chemical SOCE inhibitors con-
cluded that SOCE was not required at fertilization in the
mouse [185,205]. Other groups used exogenously expressed,
fluorescently tagged STIM and/or ORAI proteins to draw
conclusions regarding SOCE function in mouse oocytes
[204,206]. Both of these studies concluded that SOCE was dis-
abled or minimally active in metaphase Il-arrested eggs,
consistent with the inhibitor studies. However, conflicting
studies in pig oocytes reported that STIM1 and ORAII
were necessary for egg activation; these studies used knock-
down approaches whereby siRNAs were microinjected into
immature oocytes to deplete protein levels [207,208]. Unfor-
tunately, neither of these studies tested the impact of
protein knockdown on IP3-sensitive ER Ca”* stores in
mature oocytes prior to fertilization. Because low ER Ca**
stores before fertilization would be anticipated to result in
inhibition of Ca®" oscillatory behaviour following fertiliza-
tion, these studies were not conclusive. In an effort to

definitively determine whether SOCE was required to replen-
ish ER stores at fertilization, a mouse knockout approach was
used to generate eggs lacking both STIM1 and STIM2; Orail-
null eggs were also tested [68]. Stim1/Stim2 double knockout
eggs had normal ER Ca”* stores and no alterations in Ca**
influx or Ca®* oscillatory behaviour at fertilization relative
to controls. Furthermore, eggs lacking ORAII, the only
ORAI channel expressed in mouse eggs, exhibit normal
Ca*®" handling and homeostasis at fertilization. These find-
ings clearly indicate that in the mouse, SOCE is not the
Ca”* influx mechanism responsible for refilling ER stores fol-
lowing fertilization. It remains possible that in other animals
SOCE could be used.

Voltage-gated Ca®* channels (Cay) are also important
mediators of calcium influx. They are composed of a pore-
forming a1 subunit associated with an intracellular § subunit,
and extracellular o2 subunit bound by disulfide linkage to a
transmembrane § subunit, and sometimes a transmembrane y
subunit [17]. Their differential responses to alterations in
membrane potential are largely driven by the al subunits,
which are encoded by ten distinct genes in mammals. The
voltage-gated Ca®" channels are divided into three families
based on their structure and function. The Cayl channels
are sensitive to large changes in membrane potential and
tend to support long-lasting, large-conductance Ca®" cur-
rents; hence, they are known as ‘L-type’ channels. The Cay2
channels are largely expressed only in brain regions and
will not be discussed further here. The Cay3 channels are sen-
sitive to small changes in membrane potential at negative
voltages, are rapidly inactivated, and have transient kinetics
leading to their characterization as ‘T-type’ channels. An
interesting feature of T-type channels is that they can be
open even in resting cells at a window of membrane potential
between the activating and inactivating potentials; the result-
ing inward Ca* current is called ‘window’ current [209].

There is evidence for both L-type and T-type Ca®* chan-
nels in supporting Ca”* influx following fertilization in
different species. Many marine animals and amphibians use
L-type Ca** channels for this purpose; their opening is trig-
gered by a large change in membrane potential (known as
the ‘fertilization potential’) that occurs in response to either
sperm—egg binding or fusion [210]. For example, oocytes of
the marine worm Pseudopotamilla occelata use L-type channels
to generate the global Ca®* wave responsible for resumption
of meiosis, but not the initial sperm-induced Ca?* increase
[211]. In the marine bivalve Mytilus edulis, the initial rise in
Ca®* following fertilization is dependent on Ca** influx
through L-type channels, whereas internal Ca®" stores pro-
vide later Ca®* signals [75]. Limpet oocytes depend entirely
on Ca®* influx through L-type channels to provide the egg
activation signal [106,212]. Mammalian eggs do not have a
positive shift in membrane potential at fertilization, so
would not have a mechanism to open L-type channels
[213,214]. However, mouse eggs do have a classical T-type
current that can be activated under physiological conditions
[215,216]. The channel supporting this current is Cay3.2,
which is likely to be active through a window current mech-
anism [217]. Mouse eggs lacking Cay3.2 have lower levels of
Ca”* influx during oocyte maturation and following fertiliza-
tion. Furthermore, female mice whose eggs lack Cay3.2 have
reduced litter sizes, suggesting that this channel is critical for
efficient egg activation and development to term [217]. How-
ever, Cay3.2 cannot be the only Ca?* influx channel active at



fertilization in the mouse because in at least some eggs lack-
ing Cay3.2, Ca?* oscillations can persist long-term following
fertilization.

In the past few years, attention has turned to the possible
roles of TRP channels in supporting Ca®* influx at fertiliza-
tion. The TRP superfamily is encoded by a large number of
distinct protein-coding genes: 28 in mice, 17 in C. elegans,
and 13 in Drosophila [16]. TRP channels are divided into sub-
families based on sequence and topological homology, but
the channels within each subfamily are not always activated
by similar mechanisms. The canonical TRPs (TRPC1-7 in
mammals) are activated downstream of PLC activation and
there is some evidence for their involvement in SOCE in
somatic cells [218]. It is unlikely that any of these TRPs func-
tion to support Ca®" influx at fertilization, at least in the
mouse, because mice globally lacking all seven TRPC chan-
nels are fully fertile [219]. TRPV3 is a warm temperature-
dependent TRP channel whose activity is potentiated by
PLC activation [220], suggesting it could function at fertiliza-
tion. TRPV3 is expressed and functional in mouse eggs, and
when stimulated using chemical activators supports Ca**
influx and egg activation [221]. However, Trpv3-null mice
are fertile, and their eggs have no alterations in sperm-
induced Ca** oscillatory patterns, indicating that this channel
is dispensable, though it could contribute to supporting Ca**
influx at fertilization. TRPM7 is a constitutively active ion
channel permeable to divalent cations including magnesium
and Ca®*, but it can be activated by mechanical signals and
inhibited by low millimolar magnesium levels [222,223].
TRPMY? is unusual in that it functions both as a channel
and a serine/threonine kinase due to the presence of an intra-
cellular kinase domain at the C-terminus [224]. Functional
ion channels with characteristics of TRPM7 are expressed
on mouse eggs and can support Ca®" influx. Chemical inhi-
bition of these channels in fertilized one-cell embryos
impairs development beyond the two-cell stage [225]. To
definitively test whether TRPM7 is required to support
Ca”* influx at fertilization, Trpm7 was conditionally deleted
from mouse eggs using the Gdf9-cre transgene [89]. Eggs
lacking TRPM? did not have classical TRPM7 ion currents
and in addition, their ability to support both spontaneous
and ER store depletion-induced Ca** influx was lost. Further-
more, they had significantly blunted responses to alterations
in extracellular Ca®* and magnesium, and reduced Ca?* oscil-
lation frequency and persistence following fertilization.
Although female mice carrying Trpm7-null eggs were fertile,
their heterozygous offspring had abnormalities in weight
variance and growth trajectories. These findings indicate
that TRPM7 mediates spontaneous and SOCE-like Ca**
influx, is largely responsible for the impact of extracellular
Ca®" and magnesium concentrations on Ca?* influx, and is
required to support Ca®* influx following fertilization.

Given the previously established role of Cay3.2 in
supporting Ca®" influx at fertilization, a double knockout
mouse model was established to generate eggs lacking both
Cay3.2 and TRPM7? [89]. These eggs had reduced ER Ca**
stores and minimal Ca”* influx following ER store depletion.
During approximately the first hour following fertilization,
the double knockout eggs had only one or two Ca®* transi-
ents, a finding very similar to the oscillatory pattern
observed in wild-type eggs cultured after fertilization in
Ca”*-free medium. These findings indicate that Cay3.2 and
TRPM? are largely responsible for the Ca®" influx needed

to replenish ER stores and to support persistent sperm- m

induced oscillations. However, many of the double knockout
eggs restarted their oscillations again after about an hour,
suggesting that a new Ca”®' influx mechanism becomes
active over time. The restart pattern did not occur when the
double knockout eggs were fertilized by ICSI, indicating
that the new influx mechanism depends on either sperm-
egg plasma membrane interaction or fusion. Female mice car-
rying Cay3.2/TRPM7 double knockout eggs had reduced
litter sizes explained by differences in implantation or post-
implantation development and the offspring had increased
weight variability relative to controls. These findings indicate
that together, Cay3.2 and TRPMY serve as essential mediators
of Ca®* influx following fertilization in mice, though
additional channels such as TRPV3 could also contribute.
Whether or not they serve a similar function in eggs of
other mammals is not known.

There is new evidence that TRP channel function in Ca**
influx at fertilization is conserved in insects and worms. As
mentioned above, Drosophila egg activation is initiated by
Ca*" influx that occurs in response to mechanical pressure
during ovulation, though propagation of the Ca** wave
depends on IP3-mediated Ca®* release [63,226]. It turns out
that the pressure-induced Ca®* influx is mediated by Trpm,
the only Drosophila orthologue of mammalian TRPM7 [108].
In C. elegans, a sperm plasma membrane TRP channel,
TRP-3, serves as a conduit for localized Ca®* influx into the
egg following sperm-egg fusion [62]. In the absence of
sperm TRP-3, eggs still activate following sperm-egg fusion
but their global Ca** wave is delayed and abnormally
shaped. Taken together, these findings indicate that TRP
channels are essential modulators of Ca** signals required
for the activation of development in both protostomes and
deuterostomes. A schematic illustrating the Ca?* release,
reuptake and efflux mechanisms active in mouse eggs
following fertilization is shown in figure 4.

Eggs of numerous species can be activated in the absence of
sperm, known as parthenogenetic activation, by artificially
increasing cytoplasmic Ca®* levels. Although the importance
of CaZ" was not known at the time, Jacques Loeb found
during a series of studies beginning in the late 1800’s that pla-
cement of sea urchin eggs into hypertonic solutions resulted
in the elevation of the fertilization envelope, an initial step of
fertilization [227]. It was later discovered that many different
stimuli could be used to induce “artificial parthenogenesis’ in
marine animals, including electrical currents, various acids
and ultraviolet light [228-230]. Based on these studies, Gre-
gory Pincus found that mammalian eggs could undergo
parthenogenetic activation when exposed to hypertonic sol-
utions, acid or heat [231]. This body of work paved the
way for numerous subsequent experimental studies using
parthenogenetic activation to answer basic questions in
developmental biology, including the finding that artificially
activated mammalian eggs only develop part way due to
imprinting [232,233]. More recently, parthenogenetic acti-
vation has been used for clinical applications during
assisted reproductive technologies (ART) in humans (ICSI
failure) and domestic animals [to improve egg activation fol-
lowing ICSI or during cloning (somatic cell nuclear transfer,
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Figure 4. Cycle of Ca®* transient generation in mammalian eqgs at fertilization. Starting at the top left, the large grey arrows show temporal order. For each panel, the
cytoplasmic Ca®* trace is coloured orange at the portions of the trace that are generated mainly due to the steps illustrated in that panel. Top left: Sperm PLCZ acts on
PIP2 in intracellular vesicles to generate IP3, which stimulates IP3R-mediated Ca®* release and subsequent Ca®*-induced Ca®* release. Top right: Ca®* stimulates
mitochondrial ATP production; ATP is required for SERCA pump activity. Bottom right: Ca®* is pumped back into the ER through SERCA pumps and out of the
eqg through PMCA pumps and NCX. Bottom left: Ca** flows into the cytoplasm through TRMP7, (a,3.2 and TRPV3 channels and is then available for SERCA
pumps to replenish ER Ca®* stores in preparation for the next Ca** release event. Orange dots indicate Ca®* at its destination; small grey arrows show the direction
of flow. Ca3.2, T-type voltage-dependent Ca** channel; IP3, inositol trisphosphate; IP3R, IP3 receptor; MCU, mitochondrial uniporter; NCX, sodium/Ca** exchanger;
PIP2, phosphatidylinositol 4,5-bisphosphate; PLCZ, phospholipase C zeta; PMCA, plasma membrane Ca>* ATPase; SERCA, sarco/endoplasmic reticulum Ca”* ATPase pump;
TRPM?7, transient receptor potential cation channel subfamily M member 7; TRPV3, transient receptor potential cation channel subfamily V member 3.

SCNT)]. The present section aims to review the different
stimuli used for egg activation in mammals, with emphasis
on the latest methods reported and the role of Ca** in these
artificial processes.

Many different methods are used to induce the rise in
intracellular Ca®* levels that artificially triggers cell cycle
resumption and embryo development. We refer to these
methods as ‘artificial egg activation’ (AEA) because they
are often used in the presence of the paternal genome and
therefore are not the same as parthenogenetic activation.
Whereas some of these methods mimic the physiological
repetitive Ca®" increases observed in mammals, others
simply induce a single large rise in Ca®* that is sufficient to
activate the downstream effectors necessary to complete
egg activation. Finally, alternative methods completely
bypass the Ca®*-dependent steps to induce AEA by activat-
ing directly the necessary downstream signalling pathways;

these methods will not be discussed here as they are outside
the scope of this review. Typical Ca®" traces observed in
mammalian eggs following the various methods of egg
activation are shown in figure 5.

6.1. Physical stimuli

Mechanical activation can be achieved efficiently in a small
number of species. Under physiological conditions, Droso-
phila egg activation is initiated by mechanosensitive ion
channels. These eggs can be artificially activated by osmotic
swelling after exposure to hypotonic water or by applying
hydrostatic pressure to mature eggs [226]. Ca®* entry pro-
voked after mechanical membrane disruption of frog eggs
also results in AEA.

Electrostimulation has been used in several species to trig-
ger egg activation [82,83,236]. This strategy involves the use
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Figure 5. Representative Ca** traces resulting from egg activation by various methods. Top row, chemical inducers of artificial egg activation (AEA) in bovine eggs
[234]. Bottom row, in vitro fertilization (IVF) [68], Plcz7 cRNA injection [123] and intracytoplasmic sperm injection (ICSI) [235] in mouse eggs; ICSI using sperm
lacking PLCZ activity, in medium containing CaCl,, followed by two treatments with ionomycin in human egg [235]. Scale bar applies to all traces. Traces adapted

from indicated references.

of high-voltage electrical pulses to induce transitory pores in
cellular membranes. The resulting influx of Ca®" from the
extracellular space causes a transient rise in intracellular
Ca”". The advantage of this method is that the Ca®* rises
can be controlled completely based on the equipment set-
tings. Traditionally, electrical pulse length was from
milliseconds to microseconds, but these relatively long-dur-
ation electric pulses can open large pores that are
irreversible and lead to cell death [237]. New technology
allows the use of electrical pulses with nanosecond duration.
The main advantage to this approach is that nanosecond
pulses preferentially affect intracellular membranes with
almost no effect on the plasma membrane [238]. In mouse
eggs, nanosecond pulsed electric fields (nsPEF) support
Ca?* efflux from the ER and even induce spontaneous Ca**
oscillations while maintaining the integrity of the plasma
membrane [239]. This procedure results in a high activation
rate and a significant improvement in parthenogenetic
embryo development. The use of nsPEF for egg activation
in species other than mouse has not been tested.

6.2. Chemical stimuli

Chemicals are the most popular stimuli used for egg acti-
vation across most species. Different responses are
registered after egg exposure to chemical agents, varying
from a single Ca** transient to spontaneous Ca”* oscillations.
The characteristic responses serve as a reference for their
classification (figure 5).

6.2.1. Single peak

Ca*"-selective ionophores are the most commonly used
chemicals for egg activation. Ionophores are natural lipid-sol-
uble agents that reversibly bind ions. Ca®* ionophores such as
ionomycin and calcimycin (A23187) bind Ca** in a 1:1 ratio
and facilitate its transport across the cell membrane. In
somatic cells, exposure to calcimycin promotes Ca”* efflux
from intracellular stores as well as Ca®" influx from the extra-
cellular space [76], whereas ionomycin at low concentrations
acts primarily on intracellular membranes but also induces
extracellular Ca?* influx [240]. In mouse, human and
bovine eggs, treatment with either ionophore leads to a
rapid rise in intracellular Ca** followed by a slow decline

over the course of several minutes. Ca®* mobilization stops
after drug washout, resulting in a transient effect, though
additional ionophore treatments can result in additional
Ca”" increases in the same egg. Ca®* ionophores are used
in some human ART clinics to artificially activate eggs that
fail to activate following ICSI. Although both ionophores
function similarly, a direct comparison between ionomycin
and commercially available ‘ready to use’ A23187 revealed
that ionomycin is more efficient in activating both mouse
and human eggs [241]. However, even an ICSI protocol in
which the sperm is injected in medium containing CaCl, fol-
lowed by two treatments with ionomycin does not truly
mimic a physiological Ca®" oscillatory pattern (figure 5).

Eggs also can be artificially activated with 7% ethanol,
which results in a dramatic rise in intracellular Ca®*, mainly
due to IP3-mediated Ca®* release from intracellular stores
[234,242]. Ethanol activation has been successfully achieved
in mouse, bovine and porcine; however, ethanol was not
effective for human egg activation [234,242-244]. In bovine,
the Ca®* rise induced by ethanol is longer than that observed
following ionophore-mediated activation and is associated
with a higher activation rate [234]. Ethanol effects cease
upon drug washout, comparable to ionophore treatment.

A single increase in the egg intracellular Ca** level results
in relatively low rates of egg activation in mammals. Presum-
ably, a transient rise in Ca”* levels leads to inactivation of
maturation promoting factor, a key Ca?* target whose inacti-
vation is essential for resumption of meiosis, but is not
sufficient to sustain late events of egg activation that require
additional Ca** signals [82,245,246]. For this reason, iono-
phore- or ethanol-mediated activation are usually followed
by a treatment with protein synthesis or protein kinase
inhibitors to improve activation rates [247].

6.2.2. Multiple peaks

In mammals, the information to elicit egg activation is
encoded in sperm-induced repetitive Ca®* signals. Therefore,
chemicals that trigger Ca®* oscillations activate eggs more
efficiently than chemicals that induce a single rise, even
though the eggs are flexible regarding the exact Ca** oscil-
latory pattern for activation. Strontium is the compound of
choice for egg activation in rodents, but its efficacy in other
species is controversial. The discovery that strontium

811007 0L Joig uadp  qosi/jeusnol/bao-buiysiigndKianos|edol E



activates mouse eggs was made inadvertently during exper-
iments designed to examine the ability of various divalent
cations to substitute for Ca®* during sperm capacitation
[248]. In the mouse egg, strontium induces prolonged Ca**
oscillations and supports preimplantation embryo develop-
ment. Strontium-induced activation is mediated by the IP3
receptor, probably through its sensitization to Ca®*, and
depends on the presence of TRPV3 in the egg [221]. A long
first Ca®" transient is observed immediately after eggs
are exposed to strontium, which is followed by repetitive
smaller spikes resembling the oscillatory pattern observed
after IVF [249]. In bovine, pig and horse, strontium can
induce egg activation; however, the activation rate and
embryo development are lower relative to other activation
methods [247,250-252]. In large animals, Ca%* dynamics
after strontium-mediated activation remain unexplored, but
it is likely that the activation failure is related to inefficient
induction of Ca*" oscillations. Strontium does not induce
Ca*" oscillations in human eggs and, consequently, fails to
trigger egg activation [253,254].

Thimerosal is a mercury-containing organic compound
that induces Ca®" release in several cell types. It evokes
repetitive Ca®* oscillations in eggs, as was first observed in
experiments with golden hamster eggs [255]. Thimerosal
increases the sensitivity of the IP3 receptor to Ca®" by oxi-
dation of sulfhydryl groups, resulting in multiple Ca**
oscillations with similar dynamics to sperm-induced Ca**
signalling, but egg activation is not observed with use of thi-
merosal alone [256]. Thimerosal has a deleterious effect on
eggs due to tubulin oxidation, which prevents its polymeriz-
ation and impairs spindle formation [257]. However, a
sequential treatment of thimerosal followed by dithiothreitol
(DTT), a reducing reagent, prevents tubulin oxidation and
results in a single intracellular Ca** rise that leads to egg acti-
vation in pigs [258]. Surprisingly, although the use of DTT
stops thimerosal induced Ca®* signalling in the egg, it enhances
Ca”" response after IVF or other activators of Ca*'-spiking,
which highlights a difference in the mechanism of Ca®* release
[256]. In cow and human eggs, thimerosal also evokes Ca”*
oscillations, whereas in sea urchin, thimerosal induces a
single Ca®* wave that closely resembles fertilization signalling
[234,259,260]. The use of thimerosal for egg activation is not
widespread, probably due to both safety concerns about mer-
cury and the need for a reducing reagent that results in the
premature termination of the Ca®* oscillations.

6.2.3. ‘Physiological stimuli

Even though we do not fully understand the long-term
effects of AEA, methods that best mimic sperm-induced
Ca*" responses are likely to be more effective than those
that induce non-physiological patterns. Therefore, microinjec-
tion of eggs with sperm extracts, PLC{ or IP3 to trigger egg
activation is more attractive for clinical applications. Sperm
extracts were first proposed for egg activation after it was
shown that they had this activity. Activation rates of cloned
horse embryos using stallion sperm extracts were signifi-
cantly improved relative to other methods [261]. Recently,
the use of sperm extracts for activation of SCNT reconstructed
embryos in zebrafish was reported to improve the early
development of parthenogenetic and cloned embryos; how-
ever, it remains uncertain if the Ca%* response is similar to
that induced by sperm [262].

To avoid using complex biological extracts, the use of
cRNA encoding PLC{ emerged as a suitable solution.
Bovine SCNT embryos activated by PLCZ1 cRNA microinjec-
tion exhibited not only a similar Ca** oscillatory pattern but
also a similar gene expression profile when compared with
IVF controls [263]. Moreover, ICSI and parthenogenetic
activation rates, as well as embryo development, were
improved with PLCZ1 cRNA microinjection in human eggs
as compared with ionomycin-mediated activation [264].
Similar results were reported for mouse eggs [265].

There are several concerns regarding the use of PLCZ1
cRNA and sperm extracts for clinical use. First, it is not poss-
ible to accurately control the expression of PLC{ protein from
microinjected cRNA [264]. In addition, governmental policies
closely regulate the use of biological extracts and nucleic
acids for clinical treatments because of the potential for infec-
tious or hereditary long-term outcomes. Both considerations
can be bypassed by the use of recombinant PLC{ protein.
In this regard, microinjection of human eggs with recombi-
nant human PLC{ protein produced in E. coli overcomes
clinical ICSI failure and supports embryo development to
the blastocyst stage [266]. Despite these promising results,
recombinant PLC{ is not yet commercially available.

The increasing use of artificial reproductive technologies
has sparked interest among researchers and human as well
as animal clinics about AEA. However, special caution needs
to be taken due to the concerns regarding possible long-term
effects on offspring health of abnormal Ca** signalling after
IVF. Further investigation is required to design accurate
methods for egg activation that mimic physiological events,
sustain embryonic development and ensure offspring health.

In mammals, after ovulation there is a defined time window
for successful fertilization and development after which
deterioration of the egg takes place, known as post-ovulatory
ageing. Post-ovulatory aged eggs display increased fragmen-
tation, reduced fertilization and developmental potential and,
when successfully fertilized, abnormalities in the offspring
[267]. Eggs that undergo post-ovulatory ageing in vitro or in
vivo have altered Ca”* responses triggered by many stimuli
including sperm, IP3 and PLC{. Both the amplitude and
the rate of rise of Ca>* transients are lower in post-ovulatory
aged eggs [268-271]. The likely reasons for these changes are
that the size of ER Ca”" stores is smaller and that the IP3
receptor sensitivity and level of phosphorylation are
decreased in aged eggs [271,272]. Also, the spatial organiz-
ation of the IP3 receptor is altered with ageing in that the
cortical IP3R clusters normally present in freshly ovulated
MII eggs are dispersed [272]. IP3 receptor sensitivity, phos-
phorylation and cortical clustering are all associated with
efficient Ca®" release [33]. Inhibition of IP3R1 phosphoryl-
ation in mouse eggs results in a decrease in both amplitude
and persistence of Ca”* oscillations [38]. Consistent with
this finding, the total duration of Ca?* oscillations is also
shorter in post-ovulatory aged eggs [269,270,273]. Post-ovula-
tory ageing also results in higher frequency of Ca**
oscillations [269,271,273]. An increase in Ca* influx triggers
more frequent Ca®* oscillations [205]. Interestingly, in
bovine eggs, increased Ca”* influx occurs during post-ovula-
tory ageing; this influx seems to be responsible for the lower



developmental potential of aged eggs [274]. Whether Ca**
influx is altered in post-ovulatory aged eggs of other mam-
malian species is currently unknown. The rate of decrease
of Ca®" transients is also smaller in post-ovulatory aged
eggs, probably because SERCA2 mRNA and protein levels
are reduced [269,271,273]. Mitochondrial function is ham-
pered in post-ovulatory aged eggs, which can affect Ca**
oscillations in at least two ways [272,273]. ATP production,
necessary for SERCA and PMCA pump activity, is reduced
and Ca®" uptake into the mitochondria is probably dimin-
ished. Alterations in these two processes would result in a
decline in the eggs’ ability to buffer cytosolic Ca®* and
could explain why the decrease in Ca®" levels after each
transient is slower in aged eggs.

An IP3R1 protein fragment generated by caspase-
mediated cleavage may also cause altered Ca®* signalling
during post-ovulatory ageing. In Jurkat cells undergoing
apoptosis, caspase-3 cleaves IP3R1, generating a 95 kDa C-
terminal fragment that contains all transmembrane domains
and the channel pore [275]. In vitro aged eggs contain this
95 kDa fragment, which is not present in freshly ovulated
eggs. Injection of mRNA encoding this fragment into fresh
eggs results in fragmentation and impaired Ca* oscillations,
suggesting that processing of the IP3 receptor is responsible,
at least in part, for altered Ca®" signalling during ageing
[276]. Interestingly, whereas Ca* oscillations trigger egg acti-
vation in freshly ovulated eggs, they cause apoptosis in post-
ovulatory aged eggs [277]. The fusion of an in vitro aged,
activated egg with a freshly ovulated egg decreases fragmen-
tation and improves developmental potential, indicating that
some cytoplasmic factors are lost during ageing. One such
molecule is the anti-apoptotic factor Bcl-2, whose mRNA
and protein levels are reduced in aged eggs [270].

The process of post-ovulatory ageing and its detrimental
effects on fertilization and embryonic development are par-
ticularly relevant for ART. An extended period of time can
occur between egg retrieval and insemination, especially in
‘rescue ICSI' cases, in which eggs that failed to fertilize fol-
lowing insemination are later injected with sperm. Further
elucidation of the mechanisms involved in post-ovulatory
ageing is key to developing protocols to alleviate this age-
dependent deterioration of fertilization and developmental
potential during ART procedures.

8. Some remaining questions

Throughout the text, we pointed out areas of uncertainty or
controversy regarding how Ca®* signals are modulated at fer-
tilization. Here, we will highlight a few new areas that could
have significant impacts on these Ca®* signals but have not
been studied in depth. First, altered metabolic states have
broad-ranging impacts on cellular physiology through chan-
ged dynamics of reactive oxygen species. These impacts
probably include Ca®* handling, for example, by affecting
the amount of Ca®" in intracellular stores, production of
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