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Summary species hee ommpleted meiosié.Therefore C%fi is likely

_ having effects on dierse signalling pathays at fertilization
1. Mammalian eggs are arrested at metaphase iﬂfeggs of different species.

their second meiotic dision when ovulated and remain Mammalian eggs are ovulated while arrested at

arrested until fertilized. The sperm defis into the §9  metaphase of the second meiotiwision (Metll). They
phospholipase & which triggers a series of €aspikes emain arrested at this stage until fertilized, and if not
lasting seeral hours. The C4 spikes provide the necessarygeyenerate. It mas physiological sense to peat entry
and sufficient trigger for all thevents of fertilization, nto the embryonic cell cycles without sperm, firstly
including &it from metaphase Il arrest and extrusion ofacause delopment to term of such parthenotes is not
cortical granules that block the entry of other sperm. possible due to the need toveagnes of paternal origin in
: N :

2. The oscillatory C# signal switches on mammals, and secondly to peat granth of potentially
calmodulin-dependent protein kinase Il (CamKll), whichigncerous cells in the female genital tract.
phosphorylates the egg-specific protein Emi2, earmarking it |t has Jong been known that Tais both necessary
for degradation. @ remain metaphase Il arrestegge must  5nq sufficient for mammalian fertilization to oc€uFhus if
maintain high leels of Maturation-Promoting &€tor ¢+ rises are blocked all thevants of fertilization are
(MPF) actvity, a heterodimer of CDK1 andyclin Bl. jphibited. Theterm ‘egg actiation’ is used to describe
Emi2 preents loss of MPF by blocking cyclin Bl hese gents and encompass not only cell cycle resumption
degradation, a process which is acle by inhibiting the ot of Metil arrest bt also the release of cortical granules
actwvity of the Anaphase-Promoting Compl€yclosome. (cg), which block the entry of other sperm, angt ather
CamKIl is not heever the primary initiator in the eyets associated with the egg-embryo transition.
extrusion of Eortl_cql granules. o This review concentrates on recentwéopments in

3. C&* spiking is also obseed in mitosis of one- oy ynderstanding of the signalling pathway used by the
cell embryos, probably because phospholipaedtains cg+ signal from the sperm at fertilization to induce release
a ruclear localisation signal and so is released into thg)m egg arrest. It then goes on t@mine data supporting
cytoplasm following nuclear eelope breakdan. The ihe hypothesis that € changes are also important for
function of these mitotic Ca spikes remains obscure, longer term embryo aelopment, seeral divisions after its
although thg are not absolutely required for passaggye|l-established meiotic role. Theview hints at some

through mit(_)sis_. _ ideas as to hw these tw temporally separate processes
4. Intriguingly the pattern of G4 spikes observed at may be connected.

fertilization hare a efect on both pre- and post-

implantation deelopment in a manner that is independent¥hat does calcium do at fertilization?

of their ability to actiate eggs. This suggests that the’Ca _ _ ,

spikes which are set in train at fertilization arevihng ~  Thereé are tw main eents which are triggered
effects on processes initiated in thavhefertilized egg t ~ directly by the C#; rise at fertilization: CG release, which
whose influences are only observedesa cell diisions IS responsible for the block to pol)_/sp.ermy; and initiation of
later The nature of the signals remain littleptored ut Cell oycle resumption out of meiosis from Metll arrest.
their importance is clear and so warrant furthepefore examining these processes iy detail it is first

investigation. worth commenting on the spatiotemporal aspects of the
C&*, signal in mammalianggs. Some of the first €a
Introduction recordings of eggs were performed on species in which a

. o ) ) __single C&", rise was observed to pass across the egg from
Ca* is a ubiquitous intracellular  signalling the sjte of sperm fusion. Embryonicvepment quickly
molecule; and intracellular Cd (C&") changes during ensyed. In striking contrast when similar studies were
signal transduction processesvédeen widely gamined performed on mammalianggs it was clear that sperm
over seveaal decades. Fertilization is one suciere where  ,quced a series of Earises (hereafter ‘spis’) that lasted

Y 2-5 i i i . . .
_Ca_2+i plays a protal role=> In most species a rise in €a several hours”® Figure 1 illustrates the sperm-inducecfCa
is induced by the fertilizing sperm and forms the essentlglgnm in mammalian eggs.

trigger for the gg-embryo transition. This is a remarkable The ability of mammalianggs to respond to sperm

feat of conservation considering thagge of diferent th 5 long lasting CH. signal suggested that the long
species arrest at different points in meiosis, or in SOM&mulus was required to induce thggeo actvate properly
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Figure 1. Schematic of Cé*i spiking in mammalian eggsMet Il arrested mammaliarggs show a series of @éi spikes
lasting se&eral hours, until pronuclei form in the 1-cell embryo. Nuclear envelopakatown at the start of mitosis in the
1-cell embryo is the time at whicCa?*, spiking is re-initiated. Cessation of spiking is moseljikdue to nuclear
sequestration of PLE; which is then released into the cytoplasm during first mitosis.

This has been borne out by gdet work which has its regulatory partnemwhich in mammals is cyclin B1. If
demonstrated that in order to get complete CG release atajradation of cyclin Bl is puented then eggs remain
to induce &it from Metll arrest the egg needs tovea Metll arrested?® even though sperm he fused and C%il
experienced multiple G4 spikest®! Interestingly fever spiking has been initiated. High MPF aitfj is not just
spikes are needed to promote CG release than gelk ¢ obsered during Metll arrest, i is seen in all eukaryotic
resumptiof® but this may mak physiological sense if the cells as thg pass through mitosisln mitosis, the decrease
fertilizing sperm has a more immediate need to block the MPF activity at the metaphase-anaphase transition is
entry of other sperm than it does to trigger tlygg @0 mediated by the Anaphase-Promoting Comjilgclosome
complete its meiotic division. (APC/C), a lage multimeric protein compke whose
The initiator of Cé*i release in mammalian eggs isactiity is essential for exit from mitos®.By the nature of
not fully resolved but is a protein dedred into the egg by its large multisubnit size APC/C is likely subject to a
the sperm. The most By candidate is a sperm-specificnumber of control points in its acity; the most described
member of the phospholipase C (PL@)nily, PLCZ.*>1* being the spindle assembly checkpoint (SAC).CSA
Although other sperm initiating factors Jea keen components are members of the Mad and Banily as
reported®*’ they remain to be substantiated and theres nowell as Mpsl kinasé! These act to inhibit APC/C awify
appears some consensus that the sperm protein is probdigfore full congression and microtubule attachment of
PLCC acting alone. The generation of a RL&lockout chromosomes on a metaphase spindle. In this way mis-
mouse would help finally to res@vthis issue and is segrgaion of chromosomes isveided at anaphase.
expected within the ne few years. InterestinglyPLCZ  Although there isédence that in frog Metll arrest may be
appears to be the initiating factor in mammals and Bftdsachiered by components of the S& family inhibiting
but not in some fish and primite chordates, suggesting itis APC/C, in mammals this mechanism appears less
a recently solved PLC memberRegadless of the actual important®? Recently a neel APC/C inhibitor Early
nature of the initiating factor it is clear that the?Cspikes Mitotic Inhibitor | (Emil) was established as being required
at fertilization are dvien by inositol trisphosphate to prevent premature APC/C activity as cells enter
production acting on its endoplasmic reticulum receptanitosis3334 A related protein Emi2/Erpl (Emil-related
(InsRR).19-22 PLCZ contains within it a nuclear localisation protein 1), was then later identified, found to bgge
signall#2324 which promotes its accumulation in thespecific, and n@ seems to be the likely target of €a
pronuclei that form at the completion of meiosis Il. Thection3>-38
nuclear accumulation of Pl{Gappears to be the mechanism Loss of Emi2 at fertilization is achied through
by which Cé*i spikes are terminaté&?®and accounts for phosphorylation by calmodulin-dependent protein kinase I
the fact that when pronuclei formation is blocked2¢a (CamKll). This fits with the obseation that CamKll
spiking continues indefinitefRf activity increases at fertilization on a €asignal®*4° and
Although it has been established for some time thatso constitutiely-active CamKIl induces cyclin Bl
Ca2+i is required to induce cellycle resumption, the degradation and so cellycle resumption from Metll
mechanism by which this is achél has only recently arrest*! This phosphorylation of Emi2 by CamKII creates a
been described. The most downstream target é*fi Bahe docking site for polo kinase which further phosphorylates
kinase MPF (Maturation-Promoting Factor or M-PhasEmi2 and this second phosphorylation acts as a trigger for
Promoting Factor). MPF agtty is high in unfertilized ggs Emi2 loss, through its polyubiquitination by the E3alg
and rapidly falls at fertilizatioA”-? MPF is a dimer but its Skpl-Cullin/F-box protein. This mechanism ofgdadation
catalytic subunit CDK1 is without activity unless bound tahus fir has been demonstrated only in froggs?®38
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However Emi2 appears to be physiologically redat in first is that raising G4 in G2 embryos accelerates entry
mammals for Metll arrest, since when this protein isto mitosis?® suggesting that although €ais non-
knocked down in Metll arrestedggs, it induces them to essential it can actually affect passage through this cell
parthenogenetically awtite*? Furthermore when its cycle transition. In sea urchin embryoszt;adoes play an
synthesis is prented during oogte maturation, the ogtes essential role, as shown by the block to anaphase when
fail to arrest at Metlf2 Tagging both cyclin B1 and Emi2 Ca2+i changes areuifered® In mammals one could gue
with different fluorescent proteins and imaging theithat Emi2 should be absent at first mitosis since it is
degradation simultaneously in the samggereseals that degraded on exit from Metll, and if so passage through
Emi2 loss occurs ahead of cyclin BllTherefore the basic mitosis dictated by astition of the APC/C would not be
signal transduction pathway which operates at fertilizatiotependent on éé} as it is during Metll arrest. Emi2els
is likely to be actiation of the APC/C through loss in have rot been assessed during the first mitotigisitn,
Emi2, stimulated by CamKIll phosphorylation. Aetion however they do increase again following the cessation of
of the APC/C induces deadation of cyclin B1, so MPF Ca2+i spikes at pronucleus formatid#3making it possible
falls and oocytes can then resume their second meiotiat Emi2 is actually present during the first mitotic
division. division. This stimulates the question of what sg&ge the
Interestingly CG release, which occurs ahead of cadimbryo uses to deade Emi2, because presumably this
cycle resumption, although €adependent appears not tomust happen in order for the APC/C to beacturing the
involve CamKIl.** Thus a constituiely active mutant of first mitotic division. So far only a G4 dependent
CamKlIl, although able to induce celyae resumption, mechanism of Emi2 degradation has been described. Future
does not produce the extent of CG release observed witludies are therefore required to assess #yeimvwhich the
sperm. This suggests that a second, independent signaliémgbryo controls Emi2 activity.
pathway is used which is most likely tovislve myosin

light chain kinase (MLCK), since inhibition of MLCK What does fertilization-associated calcium do for
blocks CG releast®. longer—term development?

What does calcium do at first mitosis? Single monotonic rises in (2:';'?\ are generally poor
activators of mammalian eggs. Eggs may partially complete

By the time pronuclei form in the 1-cell embryo it istheir second meiotic dision, so extrude a polar badyut
committed to passage through the first cell cycle with Se-arrest at a me metaphase and stay arrested without the
phase starting shortly after pronuclei are obsg@nDue to formation of a pronucleu¥. This is likely due to poor or
sequestration of PL{into the pronuclei, Czé] spiking also transient dgradation of Emi2, whose activity comes back
stops at around this timé23-260ne would assume that the and inhibits the APC/C allowingyclin B1 reaccumulation
Ca@*i spiking has ne performed its task and can beand MPF actiity. The general exception to this is the
disregarded in respect of embryo éopment. Hovever  ability with a single C%l*i rise to actiate eggs that he
this is not the case. passed the windo of their normal in vivo time of

It was shan some years ago that a transferreéertilization®2 Here this is best explained by the aggdse
nucleus from a fertilized one- or dwcell embryo had the being less able to maintain high MPFvdis. Thus the
ability to induce C#, spiking and so adtite an essential nature of the oscillatoryGasignal may well be
unfertilized Metll @g following fusion of the tw*64” to provide a long enough signal in which to ensure thg e
However when the fusion xperiment was performed with escapes meiost$:>* This cannot haever be he sole
the pronucleus of a parthenote no eggvatitin from Metll  function of Cé*i because diéring regimens of
arrest vas seen. These observations arew neasily —experimentally-induced G4 spiking designed to gé vey
explained by the nuclear sequestration of PLi@to the high rates of egg aetition, do not all induce good quality
pronuclei of the fertilized embryo, and itsvidus absence embryo deelopment0-55-60
from the pronuclei of parthenotes. The fact that PLE In one study eggs were incubated iR*Sontaining
stable enough in the pronucleus during the first tell medium to experimentally induce spiking in *Gafor
divisions, also readily explains the observation tha%ﬂCavarying periods up to 24 #. Here S#* is acting as a Ca
spiking is seen again during the first mitotic division omimetic on the gg InsBR, which in terms of channel
fertilized embryos bt not parthenote® Presumably during opening contains both aesting and inhibitory C#&
mitosis PLQ is released into theytoplasm where it can binding sites. Importantly 8tis very much less (600-fold)
generate inositol trisphosphate and s&*Cspikes. These potent than C# in inhibiting the InsER, so efectively
spikes havever appear non-essential for passage througsensitizes the recept®rit was shown that eggs incubated
mitosis because if tiyeare blocked by C# buffers then for varying times in Sf-containing medium to produce
mitosis proceeds with normal timing. Furthermore high rates of egg aeftition, go on to form blastocysts with
parthenotes do not shothese spikes and yet readilydifferent numbers of inner cell mass cells and
undego mitosis, confirming the non-essential nature dfophectodermal cel. The embryos with the least inner
Ca?* in the mitotic division. cell mass cells, which go on to form all the embryonic

There are heever caveats in dismissing the structures, were those exposed t&" $or the least amount
importance of Cﬁi spikes to the first mitotic division. The of time. The rgime which produced embryos that were
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Figure 2. Schematic model of he early events of értilization can influence embryo delopment.Some of the stgs o
pre-implantation developmentedepicted leading up to implantation. At fertilization,ZQaspiking switches on CamKIlI,
which has an important role to play in promoting loss, probably througiratation, of a number of proteinegponsible

for arresting the g@g a& Metll befoe fertilization, and also in promoting the synthesis of a number wf emebryonic
proteins through either &nscription or translation. Suboptimal CamKIl activation may influence embryo development by
hindering both these processes. See text for further details.

most similar in composition to fertilized eggs, were thosether signalling pathways are recruited to maintain arrest
placed in St media for 24 h; this period encompassinghat are independent of Emi2. One such pathis likely to
meiotic it and first mitosis, both periods in which 2Cla be the mos.MAPKinase pathway. In mouse loss of mos, a
spiking is normally observed. More ghat studies hee MAPKinase Kinase Kinase, allowgygs to escape arrest
been performed by Jean-Pierre Ozil and his collaboratoester just a fas hours®* Furthermore Metll arrest in frog
using an actiation chamber in which eggs can beesed egys appears towlve more than one signalling patiay®®
to a series of artificially induced é‘gspikes of \arying Therefore maintenance of arrest at Metll mayolve
amplitude and duratiof?:3Using such a chamber in which multiple pathways all of which need to be successfully
spike frequeng and duration are altered it is clear that fodownregulated for optimal embryonic cell division.
protocols which all gie high rates of gg actvation longer The second possibility is that the 2C|asignal needs
term deelopment is not uniform, with the quality of to switch on the expression of various proteins, whose early
postimplantation deslopment falling of dramatically for expression is needed for good embrywaligpment. This
some C#&'", spiking regimeg®°6-> hypothesis is supported by the observations that the number
At present it is not resolved WoCaz"i spiking at of Ca2+i spikes eperienced by an agfting egg can
fertilization, and possibly first mitosis, areviry their influence the xpression of ne proteins in the early
effects seeral cell divisions laterlt is proposed here that embryd® and that ne protein synthesis is required for
there may be te possibilities (summarized in Figure 2).zygotic genomic actation®® In regard of the ability of
The first is that a suboptimal Etgsignal fails to stimulate Ca\2+i to influence proteinx@ression, it is important to note
fully the degradation of proteins whose function ishat CamKll can phosphorylate and so switch on
essentially to help maintain Metll arrest and whoseytoplasmic polyadenylation element binding protein
presence could hinder the cell divisions of the embry¢CPEBYF”-%8to stimulate protein expression in hippocampal
Given that Metll arrest is so successful, for goodiendrites through increased mRIgdolyaderylation. Gven
physiological reason, and so protracted, it is likely thahe importance of CPEB in the translationdicéngy of
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certain mMRMs in oocytes before fertilizatif it is
tempting to speculate that %‘:Iaactivated CamKll is also

C&* increases in>gonential phases during mouse
oocyte actration. Nature1981;294.754-7.

able to affect protein expression through CPEB dggse 8. CuthbertsorKS, Cobbold PH. Phorbol ester and sperm

Zygotic transcription bgins much earlier than preusly
thought during the 1-cell embryo std§é® so it remains

actvate mouse oodes by inducing sustained
oscillations in cell C&. Nature1985;316541-2.

possible that CamKIll is imlved in the expression of 9. Miyazaki S, Igusa Y Fertilization potential in golden

zygotic proteins. Of course theseatwossibilities for hav

Ca* has long-term effects are not mutualkcleisive: Ca?*,

could be both iwmolved in stimulating the »@ression of 10.
nascent proteins (e.g. through CPEB) and also gnagkng
others (e.g.Emi2). Assuming both processes are reliant on
Ca2+i activation of CamKlIl, then suchypotheses makes the
actual dynamics of the signal important, since CamKI1.
activation by Cé*i is sensitte 1 frequeng and
amplitude’®74

Conclusions

Knowledge of hav the oscillatory C%f'i signal at 12.

fertilization is initiated and the @mstream signalling
pathways it affects hae keen elucidatedwer recent years.
The establishment of CamKIl as an important transducer
Ca* action in cell cycle resumption opens the possibilit
of solving the phenomenon of\lcha2+i can h&e a much
longer term effect on embryo wiopment, seeral cell
divisions later from its established role inxi¢ from Metll
arrest. V@ may find that optimal embryo ddopment is
made possible inggs by the CamKIll-mediated switching 14.
on of genes through transcription and/or translation during
fertilization combined with the stimulated degradation of
proteins required in the protracted csitle arrest at Metll.
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