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Summary

Fertilization triggers repetitive waves of cytosolic C&* in

analogues. In a second step, we use the model to make some

the egg of many species. The mechanism involved in the propositions about the possible characteristics of the sperm

generation of C&* waves has been studied in much detail
in mature ascidian eggs, by raising artificially the level of
inositol 1,4,5-trisphosphate [Ins(1,4,9)3] or of its poorly

metabolizable analogue, glycero-myo-phosphatidylinositol
4,5-bisphosphate [gPtdIns(4,9)2]. Here, we use this
strategy and the experimental results it provides to develop
a realistic theoretical model for repetitve Ca&* wave

generation and propagation in mature eggs. The model
takes into account the heterogeneous spatial distribution of
the endoplasmic reticulum. Our results corroborate the
hypothesis that C&+ wave pacemakers are associated with
cortical accumulations of endoplasmic reticulum. The

factor. We find that to account for the spatial
characteristics of the first series of C& waves seen at
fertilization in ascidian eggs, it has to be assumed that, if
the sperm factor is a phospholipase C, it is Cé-sensitive
and highly diffusible. Although the actual state of
knowledge does not allow us to explain the observed
relocalization of the C&* wave pacemaker site, the model
corroborates the assumption that Ptdins(4,9)2, the
substrate for phospholipase C is distributed over the entire
egg. We also predict that the dose of sperm factor injected
into the egg should modulate the temporal characteristics
of the first, long-lasting fertilization wave.

model is first tested and validated by the adequate match
between its theoretical predictions and the observed effects

of localized injections of massive amounts of Ins(1,4%)  Key words: Calcium waves, Fertilization, Ascidian, Sperm factor

Introduction [Ins(1,4,5P3], a diffusible second messenger that activates

In all eggs, fertilization induces a dramatic increase in cytosoli€&@* release from the endoplasmic reticulum (ER). As the
Ca*. This rise in C& occurs as a wave propagating throughactivity of the Ins(1,4,9)s receptor [Ins(1,4,5%R] is also
the whole egg from the site of sperm-egg fusion and drives egdimulated by cytosolic & an initially localized C&
activation (Stricker, 1999). In many species, includingincrease triggers the regenerative propagation of thevize
ascidians and mammals, this fertilization wave is followed byhroughout the egg while sustained activation of the
repetitive C&* waves of shorter duration and smaller amplitudelns(1,4,5PsRs gives rise to G4 oscillations and waves
(McDougall and Sardet, 1995; Stricker, 1999) similar to thoséBerridge et al., 2000).
observed in a variety of somatic cells stimulated by hormones, A universal trigger for the initial Cérelease at fertilization
growth factors or neurotransmitters (Berridge et al., 2000)as not yet been identified. Sperm-egg fusion can however be
Ascidian eggs moreover have the unique property of displayinggplaced by the injection of a soluble sperm extract (Swann and
two stereotypic series of €awaves (McDougall and Sardet Parrington 1999; Runft et al., 2002). In mammals, it has been
1995; Dumollard et al., 2002). Series [2Caaves consist of proposed that the active component of this sperm extract,
the large amplitude fertilization wave, followed by a fewknown as sperm factor (SF), is a new isoform of phospholipase
smaller spikes. Series | lasts for about 8 minutes and drivés (PLC) (the enzyme responsible for Ins(1,BH3ynthesis)
meiosis | up to the extrusion of the first polar body?*Ca known as PL@ (Saunders et al., 2002; Cox et al., 2002)
oscillations then stop for about 5 minutes. A second series ¢feviewed by Kurokawa et al., 2004). In ascidians, the key
Ca2* waves then resumes with a progressively increasing, arfelctor is an unidentified protein with a size of between 30 and
then decreasing amplitude. This series Il lasts for 15-2000 kDa (Kyozuka et al., 1998). It could be either a soluble
minutes, drives meiosis Il and stops just before the extrusidALC or an unknown activator of PLC (Runft and Jaffe, 2000;
of the second polar body (McDougall and Sardet, 1995).  Runft et al., 2002).

It is known that in most cell types the signal-induced*Ca  Given the pivotal role played by the €alynamics in the
increases rely on the production of inositol 1,4,5-trisphosphatactivation of the egg and its development into an embryo
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(Dupont, 1998; Ozil, 1998), a detailed understanding of thi
biochemical events responsible for the temporal and spati
organization of cytoplasmic €a signals at fertilization is
required. To this aim, simulations provide a useful
complementary approach to the numerous experimental studit
The basic mechanism of €aoscillations in eggs does not
differ much from that of CH oscillations in somatic cells.
Most models ascribe the oscillations to the autocatalyti
regulation exerted by cytoplasmican its own release from
the ER (Goldbeter et al., 1990; Sneyd et al., 1995) (Fig. 1
Some studies, however, stress the possible role of the activati
of PLC by C&*, a regulation that also leads to a regenerativi
increase in cytosolic Ga(Meyer and Stryer, 1988; Hirose et
al., 1999). Despite numerous theoretical approaches (review:
by Schuster et al., 2002), no model until now has focussed ¢
the rather typical shape of the repetitive?Caaves that are
triggered at fertilization. Fig. 1. Model developed to account for €ascillations and waves
Theoretically, C&* wave propagation can be ascribed to then ascidian eggs. The red pathway shows experiments of
same regulatory processes as oscillations (Sneyd et al., 19@5tdIns(4,5p2 (gPIF) or Ins(1,4,5p5 (IP3) flash photolysis, while
Goldbeter, 1996). It is clear, however, that the detailedhe blue pat_hway shows the events supposed to occur at fert!llzatlon.
characteristics of the waves much depend on the cell type. e model is adapted from previous reports (Dupont and Swillens,
eggs, these waves can take the form of sharp fronts, spirals 126, Dupont and Erneux, 1997).
tides (Lechleiter et al., 1991; McDougall and Sardet, 1995;
Fontanilla and Nuccitelli, 1998). The detailed shape of the o . . ]
front can also vary: both convex and concave fronts have be&#* wave is indeed seen as a switch in a bistable system.
observed (Stricker, 1999). Moreover, the large size of the egdRecovery, i.e. return to the basal’Ctevel, is seen to occur
allows a clearer manifestation of the effects related with then & much longer time scale than the increase #i.Ca
spatial inhomogeneity of the cytoplasm. Distinct subcellular In the present study, we simulate repetitivé ‘Geaves with
regions that repetitively initiate €2 waves have been @ spatio-temporal pattern analogous to that of series |
identified in the ascidian egg (McDougall and Sardet, 199Fscillations in ascidian eggs. We focus on thé*Geaves
Dumollard and Sardet, 2001; Dumollard et al., 2002). Threéduced by Ins(1,4,8s or its poorly metabolizable
such regions, called ‘calcium wave pacemakers (PM)’, havahalogue glycero-myo-phosphatidylinositol 4,5-bisphosphate
been reported. (1) PM1 is defined as the initiation sites of tHgPtdINs(4,5P2] and on series | G oscillations. We first
first series of C& oscillations (series I). PM1 is a movinga Simulate an existing model for €zand Ins(1,4,9)3 dynamics
wave pacemaker: the fertilization wave indeed initiates at th@hd show that it can reproduce the experimentally observed
site of sperm entry, while the initiation sites of the subsequert&@* waves triggered by flash photolysis of Ins(1,R&5pr
waves progressively migrate with the sperm aster towards tfgtdIns(4,592 ~ when  considering an  appropriate
vegetal contraction pole. (2) Pacemaker PM2 is Stabwwhqmoge_neous distribution of ER. We then show the re_sults
localized in the vegetal contraction pole, a cortical constrictio®f simulations of the model predicting the effect of a localized
of 15-20pum in diameter. It is a region of dense ER andinjection of a large amount of gPtdIns(42) This prediction
mitochondria accumulation. (3) An artificial pacemaker calledS confirmed experimentally. In a second part, we use our
PM3 is located in the animal hemisphere, and is defined as tAgodel to simulate the fertilization wave and the series?f Ca
cellular region most sensitive to an artificial stimulation byoscillations. We find that the best agreement with the
Ins(1,4,5Ps. It probably corresponds to a region rich in ERexp_er_lmentaI d_ata IS Obtamed if it is ass_um_ed that the SF in
clusters, present around the meiotic spindle in the matuscidian eggs is a €asensitive, highly diffusible PLC, and
unfertilized egg (Dumollard and Sardet, 2001). that.PtdIns.(4,532, the substrate for PLC, is homogeneously
Some theoretical models have already investigated tHéistributed in the whole egg.
spatial characteristics of the €aincrease occuring at
fertilization (Wagner et al., 1998; Bugrim et al., 2003; Hunding
and Ipsen, 2003). It was shown that the correct shape of t}%Odel_ _
fertilization wave inXenopusoocyte can be reproduced by Evolution equations
assuming that Ins(1,4B) is locally generated at the In ascidian eggs, Gaoscillations can be generated by a single
fertilization site (Bugrim et al., 2003). Moreover, these studiesind long-lasting increase of the poorly metabolizable analogue
emphasize the role of the spatial inhomogeneities in the E& Ins(1,4,5P3, gPtdIns(4,5p2 (Dumollard and Sardet, 2001)
distribution (Bugrim et al., 2003; Hunding and Ipsen, 2003)(see below); in such conditions, €aoscillations can be
in the Ins(1,4,993Rs distribution (Bugrim et al., 2003) or in ascribed to the well-known biphasic regulation of the type 1
Ins(1,4,5P3 production (Wagner et al., 1998) to reproduce thdns(1,4,5PsR by C&* (Bezprozvanny et al., 1991; Finch et al.,
experimentally observed spatial profiles. None of these studie$991; Miyakawa et al., 1999). Moreover, only the type 1
however, deals with repetitive €awaves, as those observed Ins(1,4,5PsR can be found in the ascidian genome
at fertilization of many species, including ascidians andhttp://genome.jgi-psf.org/cgi-bin/searchGM2.cgi?db=ciona4).
mammals. In the case of tk@nopusocytes, the fertilization The model used in the present study to describe the evolution
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of the levels of C&, Ins(1,4,5P3 and active receptors is a ER by the ATPases. The last term is a classical Fick term for
modified version of a prototypic model describing thediffusion.

sequential activation-inhibition of the receptor as the level of The distribution of ER is taken into account through two
cytosolic C&* increases (Fig. 10Dupont and Swillens, 1996). parametersA anda, which are both functions of space (r) to
The evolution of the fraction of receptor in an inactiveallow heterogeneity. Two parameters are necessary because the

(desensitized) stateg& is given by: amount of ER affects both the number of Ins(1ZB¥y and
Ca* pumps (located in the ER membrane), and the local
dRyes Cyto volumes of the ER and cytosol, respectively. Thus, the first
=ki(1l — Rie9 ———— — kRdes, (1)  parameterX) scales the number of channels [Ins(12sB5
dt DDCCytO [ha and C&* pumps] and similarly affects all flux terms across the
1+ 0 Kact E ER membrane. The other parameteyié defined as the local

ratio between the volumes of the endoplasmic reticulum and
where k is the rate of inhibition of the Ins(1,4PgR by the cytosol. It accounts for example for the fact that the release
cytosolic C&* and k. the rate of relief from this inhibition. Of @ given number of moles of €afrom the ER will induce
Activation of the receptor by G4 is assumed to be & lower increase of the €azconcentration in the cytosol than
instantaneous and characterized by a threshold constant K the associated decrease ofCeoncentration in the ER, due
The level of cytosolic G& (Ceyto) varies through CGa 10 the different volumes of these compartments. In this study,
release via the Ins(1,4/%9Rs and C& pumping by ca  We always assume that the distribution of ER follows the same
ATPases located in the membrane of the ER. We do ndlistribution than that of G&channels (Fink et al., 2000). Thus,
consider C& exchanges with the extracellular medium, astnere is a fixed relationship betwekfr) anda(r): assuming a
it is known that C& oscillations in ascidian eggs can occur SPherical shape for the ER, any changeafnof a factor
in the absence of extracellular#Speksnijder et al., 1989; Will be accompanied by a changeArof a factor 3, given
Carroll et al., 2003). Taking diffusion into account thethe surface/volume ratio of a sphere. In the following, we will

evolution equation for the concentration of cytosoli®@Ca diSCUss changes in ER distribution in termsiof
can be written: In contrast to other models, we do not assume that tfie Ca

concentration inside the ER remains constant, as the

dCeyto O fertilization C#* wave implies a massive release ofCiaom
= A(r) Oa(r)ka(b + 1Rg)(Clum — Ceyto) — the ER. In our model, the evolution of the concentration of
0 0 ) C&*inside the ER lumen (Gn) is given by:
Cio O d2C
AVAVI= oo O+ Deyto c;yto 0Cium |:}\/MP ngto O
Ko+ ngto O r =N O ———— — kb + IRa)(Clum — Ceyto)
ot 09" KZ+C2yo O
In this equation, IR represents the fraction of 2
h . . . 0°Cium
Ins(1,4,5P3Rs in an active state, and is given by: DERT (4)
r
IR
IRa= &1 Implicit in the latter equation is the fact that the ER behaves
0K act e as a continuous compartment invading the whole egg. In
1+ DC— O Equations (2) and (4), all fluxes must be seen as effective ones,
[~eyto [ as C&* buffers are not explicitly incorporated in the model.
where Finally, Ins(1,4,5p3 is assumed to be synthesized from
0 Ptdins(4,5P2 by PLC and degraded by both a phosphatase and
IRable= (1 — Ried [J P + a kinase. Thus, the evolution of the concentration of
O O gPtdins(4,5p; 0 Ins(1,4,5Ps3 (IP) follows:
KA+——O+IP
O O  Kgpuins@asp, O aIP SRV IP
——=lp+Vpc—Vsp ———
gPtdIns(4,5%> % o Ksp+ IP
o IpO O ) V3K P Corto + Dip 62£ )
Kgptmns(‘@z%l o S+ gPtdins(4,5y2 % Kak + IP Kask + Ceyto o2

lip [for Ins(1,4,5P3 input] allows us to simulate the
where IP and gPtdins(4P) represent the Ins(1,4F9and the  experiments of Ins(1,4,B} flash-photolysis (in this case, this
gPtdins(4,5p2 concentrations, respectively. gPtdins(Pbs  parameter takes a non-zero value during the simulated flash).
explicitly considered in the model, because we simulat&/p crepresents the basal rate of Ins(1,Bs®ynthesis in a
experiments of flash-photolysis of this poorly metabolizablemon-fertilized egg. In equation (5), this rate is assumed to be
analogue of Ins(1,4,B%. Parameter kfixes the rate of Gd&  Ca*-insensitive, in the absence of further indication as to the
release through the Ins(1,4%R and kb is a leak term; Gm PLC isoform present in the ascidian egg. However, given that
stands for the concentration of free?Cia the ER. The second VpLcis a small term [because it must lead to a basal low level
term of equation (2) represents the pumping cf*@ato the  of Ins(1,4,5Ps] the behaviour of the model remains
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unchanged if ¥.cis made C#'-sensitive. \épand \sk stand  injections of Ins(1,4,%3)3 or gPtdIns(4,52 (Dumollard and

for the maximal rates of Ins(1,4Pg5-phosphatase and -3- Sardet, 2001). We thus use numerical simulations to investigate
kinase, respectively, while g& and Kk are the Michaelis the hypothesis that a higher density of ER suffices to explain
constants of the same enzymes. Stimulation of Ins(P#,5) all the observations performed with respect to this new
3-kinase activity by C# is taken into account; the constant pacemaker. To account for the possible existence of such a
for half-maximal activation is represented byask. As  region, we assume thats maximal at the cortex of the animal
discussed below, the concentration of PtdinsRh5he  pole and linearly decreases towards the centre of the egg
substrate for PLC) is assumed to be homogeneous throughduertical variation only). Thus, in the region called pacemaker
the whole egg and to remain constant or at least not limiting (PM3),
(Xu et al., 2003). h
c>((r):O('(r)—a y+h if y=d, (7

Lir;gt?{gjgg:emes in the endoplasmic reticulum where y stands for the ve_rtica! distance from the upper point
o ) . . of the egg, h for the maximal increment of ER density and d
The ascidian egg is a large cell, the diameter of which igy the characteristic length of the pacemaker region. The ER
comprised between 100 and 35@. As many other eggs, the gjstripution defined by equations (6) and (7) is assumed to
cytoplasm is highly structured in specific domains that hostemain unchanged in the course of the simulations.
different  concentrations  of intracellular organelles The resulting distribution of the ER for our particular set of
(mitochondria, yolk platelets and endoplasmic reticulum). It isarameter values is shown in Fig. 2. The average density of the
also known that a spectacular reorganization of these egeR is 8%, which is of the order of experimental measurements
structures occurs at fertilization (Roegiers et al., 1999). Iperformed in other cell types (Depierre and Dallner, 1975; Fink
particular, a wave of cortical contraction leads to the formatiogt al., 2000). The resting cytosolic and luminal g aesult
of the contraction pole in the vegetal hemisphere, a regioflom an equilibrium between €4 fluxes across the ER
containing an accumulation of cortical ER (Roegiers et al., 199%embranes; in consequence, the steady-state levePbirCa
Dumollard and Sardet, 2001). As we focus here on tH#& Cathe absence of stimulation depends on ER density and this level
changes induced by the injection of Ins(1,Rs9r Ins(1,4,5P3  of Ca*is inhomogeneous both in the cytosol and in the lumen.
analogues, or occurring just after fertilization, we do notAlthough in the ER this inhomogeneity is not significant,
consider these rearrangements in the present study. As a fitgtosolic C&* varies from 0.106M to 0.167uM depending
hypothesis, we only consider inhomogeneities in the ERn the ER density (the higher the density, the higher the
distribution (parameteis andA) to test if those are sufficient to concentration). This effect is due to the locally lower cytosolic
account for the observed €avave initiation sites. To simplify
the simulations, we have chosen a 2D geometry. Thi
assumption amounts to looking at a slice through the egg, b

introduces a bias on the value of the fluxes. However, as mc a
parameter values are not known for the ascidian eggs, we thi _om——
that this assumption (which much reduces the computing time = "
is worthwhile.

The ER is modelled as a continuous network of varying
density throughout the cytosol. Thus parametedefined as
the ratio between the volumes occupied by the endoplasm
reticulum and by the cytosol, is a function of space (r). A«
suggested by direct observations on mature eggs (Dumolla
and Sardet., 2001; Sardet et al., 2002), we assume that 1
density of the reticulum is higher in the cortex than in the
cytosol. The thickness of this higher density region is of a fev
microns. In the model, it is assumed that there is a gradient
reticular density from the periphery to the centre, given by:

U e [
o' (r) = o [ +ocewr J, (6) Vv
0 l
Fig. 2. Grey-scale representation of the density of the endoplasmic
whereag is the basal density of ERc reflects the amplitude reticulum (param(_et_ea) used in the simulations of &=oscillations
of the gradient, &is the radius of the egg and w reflects theand waves in ascidian eggs. The ER is assumed to be more

steepness of the gradient. The spatial coordinate r is calculatgf[icentrated in the cortex of the egg, with a maximal value in the
in a system centred on the centre of the egg animal cortex. Parametarmeasures the local ratio between the ER

. . .. and the cytosolic volumes. Scale: blagk0.12; white,a=0.07. This
Moreover, we consider another_ type of mhomogen_elt)ER density is given by equations (6) and (7) with the following
strongly suggested by recent experimental observations; it hggrameter values to characterize the gradient of ER-density from the
been shown that the artificial pacemaker located in a broggériphery to the center and the shape of the pacemaker (see text):
cortical region of the animal hemisphere (PM3) serves as thsal density of ERg=0.07,0c=0.10, w=0.04,¢=75um, h=0.04

initiation site of the C# waves induced by exogenous and d=15um. a, animal pole; v, vegetal pole.
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volume in the regions of high ER density (parameterBy  or globally (Dumollard and Sardet, 2001). The amount of
contrast, variations in affect both release and pumping andIns(1,4,5P3 released is set by the duration of the UV flash and
do thus not affect the steady-state levels cf*Ca always remains rather small (less than (QM). Flash-
photolysis of increasing amounts of Ins(1,2H)nitiated a
Ca* wave that spreads further from the site of the UV-flash.
Sperm factor _ _ This observation is reproduced by the model (Fig. 3). TR& Ca
In the last part of our study, we investigate the sperm factqgave remains limited to a portion of the egg for Ins(1Ps5)
hypothesis. We start from the basic assumption that SF isfishes of short duration because, in these cases, passive
soluble PLC (Swann, 1996; Saunders et al., 2002; Cox et adiffusion of Ins(1,4,5P3 remains localized. Only when the
2002; !—|owe|| et al., 2003). Thus, we S|mulatg fertlllzatlon byamount of released Ins(1,45%)is large enough (Fig. 3, third
assuming that a large amount of PLC is locally introduced in theyw) does the level of Ins(1,4P9reach the threshold required
egg. This additional PLC is superimposed on the basal PLfg trigger a C& wave that traverses the whole egg.
activity of the egg. SF is assumed to diffuse and to be degradefls(1,4,5p5 can thus induce spatially restricted?Caignals
The value of the diffusion coefficient will be discussed later. Th%nd |ns(174,5?3 does not act as a g|oba| messenger ina |arge
time scale of SF degradation is chosen to fit the observegl, such as the ascidian egg. For the parameter values used in
duration of series | G4 oscillations in ascidian eggs. We also the simulations, the characteristic time for Ins(155)
made the assumption that the activity of the injected PLC igiffusion (80 seconds) is larger than that of Ins(1Rs5)
stimulated by cytosolic G4 (see below for the justification of degradation (about 12 seconds).
this hypothesis). Thus, when modelling fertilization, a new Also in agreement with a relatively fast degradation of
quation (_:iescribing the evolution of the level of sperm factofs(1,4,5p3, activation of the eggs by a single injection of
activity is introduced: Ins(1,4,5Ps cannot induce repetitive €awaves, neither in the

OSF 92SE model, nor in the experjments. As modelled above (Fig. 3) and

= _ keFSF + D5 , (8) observed in the experiments (Dumollard and Sardet, 2001),

ot or2 when the Ins(1,4,9s flashes are localized, the £awave

. originates from the site of Ins(1,4f%) release. More

where lsr stands for the rate constant of SF degradation angurgprisingly when Ins(L,4,8} or itsg ;cf’oézly metabolizable
Dsr for the diffusion coefficient. Introduction of SF occurs analogue g,PtdIns(4,E§, is ,homogeneously increased in the

through appropriate initial conditions. Moreover, equation (S)yhole eqg, the G4 wave is always seen to originate from the
is modified to take into account the PLC activity of the SF: .5tax in a broad area near the animal pole of the eggs

oIP c2 P (Dumollard and Sardet, 2001). As proposed in the experimental
—— =VpLc+ VSF{SF]$ —“Vep——— — study, the existence of this pacemaker revealed by an atrtificial
ot Kisk+ Cyto Ksp+ IP type of stimulation (called PM3) can be ascribed to a denser
) distribution of ER near the cortex of the animal pole. We have

IP Coyo | p,, 2P (5)  tested this hypothesis in the model. In Fig. 4, gPtdIndt4s)

Vax Kzk + IP Kask + Ceyto o2 assumed to be homogeneously released in the whole egg.
However, the C& wave clearly initiates in the region with the
Kasris the threshold constant characterizing the stimulatiohighest density of ER (see Fig. 2 for the distribution of the ER).
of the PLC activity of the SF by €a The values of W.cand  The shape of this region of higher density (see ‘Inhomogeneities
VsF are taken as constant in the whole egg, based on tlirethe endoplasmic reticulum distribution’) has been fitted in the
assumption that Ptdins(4Py) is homogeneously distributed simulations to get the best agreement with the experimentally
(see ‘Simulation of the series | €aoscillations induced by observed forms of the €awave. The best results are thus
fertilization’). obtained when the gradient in(ER density) is only vertical
(along the animal-vegetal axis). Equally important for the
. : appropriate shape of the €avave is the slightly more elevated
Simulation method . ~quantity of ER in the cortex. Because of this inhomogeneity, the
Numerical simulations have been performed using a variablgave propagates faster in the periphery, allowing for the
time-step Gear method. To simulate diffusion, the Laplacian iansformation of a convex front at the onset of the propagation
made discrete using the finite difference method. The egg jto a slightly concave one as the wave spreads through the egg
divided into mesh points, using a cartesian grid with no fluxrig. 4), as seen in the experiments.
boundary conditions._ The circular shape of the egyg is From a theoretical point of viewy (ER density) is a
reproduced by applying the appropriate no-flux boundargifurcation parameter. In other words, increasing the valae of
conditions at all grid points located at a given distance frorgualitatively changes the behaviour of the system, from resting,
the centre (corresponding to the egg radius). The egg radiustéSexcitable and finally to oscillatory. Thus, at a given fixed level
75um and the mesh size is Jufn. of stimulation [Ins(1,4,3)s or gPtdIns(4,3)2], the cytoplasm is
excitable for eliciting a CGa wave only whem is above a critical
level. The values ofi and of the stimulation intensity used in

Results - . . Fig. 4 are such that PM3 is the only part of the egg initially able
An artificial pacemaker site (PM3) is revealed by flash- to generate a Gaspike. In the rest of the cytoplasm and in the
photolysis of Ins(1,4,5)P3 or gPtdIns(4,5) P2 cortex, the synergy between this low level of stimulus and the

Experimentally, caged Ins(1,4P) was photo-released either Ca*increase coming through diffusion from an adjacent region
locally (i.e. the flash was restricted to a small region of the egg)f the cell is required to generate &Cspike.
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1sflash 2sflash 2.5sflash stimulation (not shown). The wave-like behaviour exemplified
in Fig. 4 is restricted to a limited range of stimulation levels.
In both the model and the experiments, if the magnitude of the
global gPtdIns(4,%), increase is too low (below 0.03M
secondl), it only generates a spatially limited £adncrease
confined to the animal pole region. By contrast, for the largest
influx terms (above 0.0pM second?), the C&" increase
occurs simultaneously in the entire egg. For all situations
represented in Fig. 5, the local variations of ER*@asociated
with the wave of cytosolic Gaare very small given the high
level of C&* in this compartment. We have taken an initial
value of 875uM for the C&* concentration in the ER (Montero

et al., 1995; Hofer and Schulz, 1996).

In contrast to Ins(1,4,83, gPtdIns(4,99, is very slowly
metabolized and its level remains elevated for a long time. As
a consequence, several2Capikes can be generated by a
single flash. The model can reproduce this behaviour if the rate
of degradation of gPtdIns(4/) is assumed to be ten times
smaller than that of Ins(1,4/) degradation as it was found
experimentally (Bird et al., 1992). Fig. 6A indeed shows that
in response to a localized gPtdins(Pp)ncrease of high
amplitude, two C#& waves are generated; the first one
originates from the region of stimulation (here chosen to be in
the vegetal pole), while the second one starts in the region of
higher ER density in the animal pole region (PM3). A close
Fig. 3. Simulations of the effect of localized Ins(1,&5)njections. look at the evolution of the variables of the model indicates

Results have been obtained by integration of equations (1) to (5) Wilﬁ?at at that t"."e. (125. seconds), gPtdins@5)is

the ER density represented in Fig. 2 and the following parameter omogeneously distributed in the egg; the second wave thus
values: Ryo=40pum2 second?, Der=4 pm2 second?, Dip=280pm? originates from the region that is the most sensitive to a
secondl, Kac0.54M, Kinh (=(k/k+)/M) 0.28uM, k=4 103 homogeneous level of gPtdins(4%) This prediction is
second?, ki=1.285 second, b=2.5 164second!, K=1uM, vmp=1.2  corroborated by the experimental results shown in Fig. 6B.

UM second?, Kp=0.35uM, VpLc=0.015uM second?, Vsp=0.67uM

second?, Ksp=8 uM, V3x=3.35 162 uM second?, K3x=0.5uM,

Ka3k=0.3pM, na=2, n=3. Most of these values come from previous Injections of large amounts of gPtdIns(4,5)P2 mimic the
]Toocljelling studies, where_tﬂe%/ wel;e either tak(eg from thedlitéarature aemporal pattern of Ca2* seen at fertilization

itted to get agreement with the observations (Dupont and Erneux, :

1997; Dupont et al., 2000). In the three simulations, during the flash!‘arge amounts of gEtdIns(é'._E&) globally releasgd in the egg
time lip=7 uM second! in the mesh points (46 to 54) along the X '”d“‘?e a complex series of Cancreases that .s'trlkl_ngly resemble
axis, and (89 to 97) along the Y axis (this region is indicated as a the first phase of Gawaves observed at fertilization of ascidian
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black square in the first panel). The resulting Ins(1%,B)crease eggs (Dumollard and Sardet, 2001). Fig. 7 shows the simulation
taken as an average on the whole egg ranges between 0.05 and 2.®f the injection of a large amount of gPtdIns(B5{red trace).
UM depending on the flash duration. Initial conditions afgs€0.1 At time 0, the concentration of the latter compound is increased

MM, Cum=875uM and the corresponding steady-state values of the up to a high value; it then decreases to zero according to equation
other variables. To perform the simulations, mesh points are labellegs), in which the maximal velocities have been adapted for

1 to 100 from left to right, and from top to bottom. To account for thegPtdIns(4,5I§’2 [instead of Ins(1,4,B%; see legend to Fig. 4]. The
circular shape of the egg (in two dimensions), the appropriate meshhigh level of gPtdIns(4,B) causes a long-lasting Eancrease,
points are excluded from the system. In this and all subsequent o) eq by two shorter spikes (black trace). Also visible are the

2%‘;[%%;23 't(e)vsrl]?rf]g?'ctgtsoﬁlE@;E&?@;@?S&%W &m%%m of changes of C4 concentration within the ER (blue trace); note

representing the Gawaves, the scale is different for each image,  that ,C&+ depletion of the ER (up to ~40%) is significant only for
with red and blue representing the highest and the lowest the first C&* increase. As far as the spatial aspects are concerned,

instantaneous levels of cytosolicCaespectively. the first massive Gaincrease propagates so rapidly that it seems
to occur quasi-instantaneously in the whole egg. The second (and
other subsequent) peaks clearly originate from the cortical area

The level of stimulation [simulated here in the form of theof the animal hemisphere, which possesses the highest ER

amplitude of the gPtdIns(4/3) influx] can also be viewed as density. These theoretical results are in full agreement with the

a bifurcation parameter. The model accounts for thexperimental results (see Fig. 3B of Dumollard and Sardet, 2001).

experimental observation (Dumollard and Sardet, 2001) that

the global amplitude and the propagation velocity of th& Ca

wave both increase with the amount of gPtdInsi,£leased  Simulation of the series | Ca2* oscillations induced by

into the egg (Fig. 5). These increases iR*Geave amplitude fertilization

are associated with a widening of the?Ciont but the local ~ Gjven the observed agreement between our simulations and the

maximal amplitudes do not change when varying the level afxperimental observations, we have used the model to make
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Fig. 4. Simulation of the effect of a global increase in [gPtdInsR]5Results

We have assumed that the 2Gaensitive PLC
supposed to represent the SF has a relatively high
diffusion coefficient (15um?2second?). If this is not
the case, partial Gawaves propagating only in the
region of the egg opposite to the site of SF increase
are observed, while the [€3c remains constantly
elevated in the region closer to the injection site (not
shown). This is owing to the fact that far away from
the site of SF increase, the level of Ins(1B35%
still in the oscillatory regime, because the level of
PLC in this region is relatively low as significant

have been obtained by integration of equations (1) to (5) with the ER density dijffusion has not yet occurred.
represented in Fig. 2 and the same parameter values as in Fig. 3, except for the Finally, we have investigated in the model the

fact that gPtdIns(4,Bp has been used instead of Ins(1,Rg5)hus the rates of

degradation (¥pand \kk) have been divided by ten. To simulate the activation

the Ins(1,4,993R by both gPtdIns(4,8» and the basal Ins(1,4F% level, we
must replace the second part of equation (3) by:

IP

gPtdins(4,5p, [
— U+
KgpPtdins(4,592 []

IRable= (1 - Rieé

ad
(h+ IP
a

I:II;I:IDI:I

gPtdins(4,592

O [=2N]
KgPtdins(4,592 %1 K E+ gPtdIns(4,392

OoOoopoo

with Kgptdins(4,59,=8 UM. These latter changes reflect the facts that
gPtdIns(4,5p2 is slowly metabolized and that Ins(1,485Rnd gPtdIns(4,%»
bind to the same site of the receptor, and that gin§{#t&)s less affinity for the
receptor. A basal level of Ins(1,4%)equal to 18 nM (corresponding to the
stationary state in Ins(1,4P with the basal LC activity) is always present.
During the flash time (2 secondsyrtins(4,57,=0.045uM second!in the whole
system. The successive panels show the spatial distributior?baChe times
indicated by the points on the curve on the left.

efffect of changing the amount of SF injected into the
%gg. As shown in Fig. 9, our preliminary model
predicts that the amount of SF influences the shape
of the first large fertilization spike. As expected
intuitively, the duration of the fertilization spike
increases with the dose of SF introduced into the egg.
Interestingly, the shape of the spike also depends on
the dose of SF. The number of small-amplitude
spikes superimposed on the plateau increase 4f Ca
rises if the dose of SF decreases. For lower doses of
SF (Fig. 9A), the level of Ins(1,4,83 is close to that
able to induce oscillations. By contrast, if [SF] is
large (Fig. 9B), the Ins(1,4,B} concentration is so
high that C&* remains at a high steady-state level set
by the actual Ins(1,4,B} concentration.

Discussion

To our knowledge, we have presented here the first
theoretical study devoted to the specific
characteristics of the oscillatory €aignal occurring

at fertilization. Our approach relies on the
experimental observations performed previously
(Dumollard and Sardet, 2001). The ability to model

some theoretical predictions about the possible nature of thbe experiments of flash photolysis of caged Ins(1R4,8hd
sperm factor (SF). We simulate fertilization as a localized risés analogue first allowed us to focus on the events downstream
in SF concentration from zero up to an arbitrary value. If wdrom Ins(1,4,5[P3 generation; we were able to ‘fit’ our equations
assume that the SF is a?Gaensitive PLC that can diffuse in and parameter values to describe adequately tHed@aamics

the cytosol [equations (band (8)], the model reproduces the
temporal pattern of cytosolic &a changes observed at

fertilization of ascidian eggs (Fig. 8). The level of PLC activity
rises instantaneously (corresponding to the injection of SF) ar
then decays exponentially, due to the first-order degradatic
term. As for Ins(1,4,%)3, it massively rises with the step-wise

increase in PLC; it then globally decays due to its catabolist
by the Ins(1,4,93 3-kinase and 5-phosphatase and to the
decrease in PLC. However, because of the stimulation of PL
activity by C&*, the concentration of Ins(1,4Pyoscillates in
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synchrony with C#& oscillations (Meyer and Stryer, 1988).
The spatial properties of the €ascillations shown in Fig.
8 have not yet been investigated in the model. Simulations v,

3 E
0.025

0.03 0.035 0.04 0.045 0.05 0.055

Rate of gPtdIns(4,5P5 influx (UM s-1)

Fig. 5. Relationship between the mean velocity and global amplitude

the moving pacemaker observed in series 3*@acillations Sl . .

‘1 ; ; o f the artificially induced Cd waves and the intensity of the
(PM1) of the asc'dlar! eqg. indeed require both addltlona?timulus. Point)é have been obtained as in Fig. 4 wi%/h the same
hypotheses and new S|.mulat|o.n techniques. It may be that tfﬁ‘zz'nameter values, except for the rate of gPtdIngP4Bjlux. For
source of Ins(1,4,8p is moving along the cortex as a jyy rates lower than 0.08Vl second?, the C&* waves do not
consequence of the cortical contraction-induced movement gfopagate throughout the whole egg (abortive waves). Conversely,

the sperm aster towards the vegetal hemisphere (Dumollafgt influx rates higher than 0.Q8/ second?, the C&* increases
and Sardet, 2001; Dumollard et al., 2002; Carroll et al., 2003pccur nearly homogeneously over the whole egg.
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A

Fig. 6. (A) Theoretical prediction of
the effect of a gPtdIns(4 B} increase
in the vegetal hemisphere of the
ascidian egg. A high amplitude
increase in gPtdIns(4B) initiated in
the vegetal hemisphere of the egg
(indicated by a black square) evokes 100
two successive Cawaves, the first Time ()
one emanating from the locus of

stimulation and the second one

emanating from the region of higher

ER density in the animal pole region

(PM3). Simulations have been B

performed as in Fig. 4 with a
gPtdIns(4,5p2 increase
IgPtdins(4,5p,=12 UM second? for 4
seconds, at the mesh points (45 to £
along the X axis and (80 to 90) alon:
the Y axis, as indicated by the black
box in the first panel. The successivi
panels show the spatial distribution «
Céa2* at the times indicated by the
points on the curve on the left.

(B) Effect of local photo-release of
gPtdIns(4,592 in an unfertilized t=1"55"
ascidian egg. First row: confocal imayc
of [C&*]c (the concentration of cytosolic &3 taken 2 seconds'(Rafter local UV uncaging, the area of UV uncaging is indicated by a black
square. Second row: a €avave is initiated at 1 minute 45 seconds @51) in the animal pole and traverses the whole egg.

t=2' 05"

observed experimentally. Moreover, to account for the observeatketermine the excitability of a given part of the cell, unlike in
spatial characteristics of these artificial waves, we were led mther existing models (Wagner et al., 1998; Fink et al., 2000;
make some reasonable assumptions about the ER distributiBgrim et al., 2003; Hunding et al., 2003). Under these
in the cortex and cytoplasm. For this first part of the study, weonditions, the regions with higher ER density naturally play
would like to stress the following results. the role of pacemaker sites. This assumption also allowed us

(2) If the ER density is modelled by taking into account thedo make an experimental prediction about the initiation site of
respective volumes accessible to both compartments (the ERe successive waves induced by the local release of high doses
and the cytosol), it represents a bifurcation parameter that cah gPtdIns(4,592 (Fig. 6A); this prediction is corroborated by
the experiments (Fig. 6B).

(2) We propose for the first time that the spatial
distribution of the pacemaker site is in fact a key factor in
determining the shape of the wave front. In particular, to
reproduce the rather flat shape of the?Caave front
observed in ascidian eggs, it is most appropriate to assume
that the ER density varies only along the animal-vegetal
axis. In the model, we have also assumed a higher ER
density just below the plasma membrane to support the
higher speed of propagation of the2Cavaves in the
ascidian egg cortex. Such an assumption was also found to
be necessary to reproduce the correct shape of the
fertilization C&* wave in frog eggs (Bugrim et al., 2003).

(3) Simulations highlight the fact that Ins(1,485)s not

Ca+ or gPtdIns(4,3;, level
+22D RUIWNEAU]

Fig. 7. Simulation of the effect of a massive, global increase of
glns(4,5P2 in the ascidian egg. The temporal pattern of th& Ca
spike much resembles that observed at fertilization. Simulation
has been performed as in Fig. 4 wighidins4,5,=25 pM

second! in the whole system during the flash time (0.3
seconds). The black, red and blue traces represent the average
level of cytosolic C#t, gPtdIns(4,592 and luminal C&',
respectively.
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Fig. 8. Simulation of the series | €aoscillations induced by 0 T ]
fertilization. Shown are the evolutions of the average concentrations 0 100 200 300 400 500

in Ca* (black), Ins(1,4,9)3 (blue) and SF (red). Results have been Time (s)

obtained by numerical simulations of equations (1), (4),a(&d (8) . . - .
; ) Fig. 9. Effect of varying the dose of SF injected into the egg.
with the same parameter values as in Fig. 3. Moreongr=0.15 Simulations are the same as in Fig. 8, except for the initial localized

M, kse=5.56 103 second! and 150pum? second?. Initial > ;
Eondit?g;s are the same as in F%F:S exL(l;ept that [SHIv0 the Eg)e in [SF], which equals 38V for panel (A) and 6@M for panel

mesh points (16 to 20) along tKkeandY axes.

a global messenger in a cell as large as an ascidian egg and tkahopusoocyte (Bugrim et al., 2003) concludes that an
it can have only a local action. In fact, this was already manifeglevated concentration of Ins(1,4%) near the site of
in the experimental results showing that abortivé*@aves fertilization appears as the most probable mechanism to
are generally induced by localized flash photolysis ofeproduce the experimental observations. The contradiction
Ins(1,4,5P3 [see Fig. 3A of Dumollard and Sardet (Dumollard between the latter theoretical results and ours can be explained
and Sardet, 2001)]. In immaturgenopusoocytes, such by the fact that the study fotenopusoocytes simulates the
abortive Ca* waves in response to localized Ins(1,B5) unique fertilization wave as a switch between a stable state
flashes have also been recorded (Marchant et al., 1999).  with low cytosolic C&* and another stable state with a high
Significant variations in the €4 content of the ER are cytosolic C&*. The passage from one state to the other can, in
predicted in the model only in the case of high amplitude anthis case, be induced by a sufficient perturbation, i.e. the initial
long-lasting cytosolic G increases, such as those induced by docalized rise in Ins(1,4,8%. This hypothesis cannot hold for
massive and global gPtdIins(4%)jncrease. Moreover, the initial fertilization in ascidians or in mammals, where wave
level of C&* in the ER greatly influences the shape and duratiopropagation must obviously be associated with an oscillatory
of these long lasting cytosolic &aincreases, as it directly (and not a bistable) dynamic.
modulates the Ins(1,4F3-sensitive C#& rise in the cytosol. The main conclusions that can be drawn from this second
(4) In a second part of our study, we have used our modphrt of the study are summarized as follows.
to investigate, in a theoretical manner, what could be the events(1) If the SF is a PLC, it must be €aensitive. Otherwise,
upstream from Ins(1,4,B} formation at fertilization. On the only spatially restricted Gawaves would propagate when the
basis of the available data, we have made the assumption tatel of SF becomes too low. The assumption of &'Ca
the SF is a soluble factor like PLC (Swann et al., 2001). Whilsensitive PLC appears crucial in the model to avoid the
the best candidate for the sperm factor in mammals is a ngwogressive decrease of the amplitude of the seconddfy Ca
form of PLC (PLQ) (Saunders et al., 2002; Cox et al., 2002) spikes. In the case of a €dnsensitive PLC (not shown), the
the activity of the sperm factor of ascidians can be blocked bgxtent of the C# wave propagation decreases together with
the injection of SH2 domains of PyGupposed to inhibit any the level of Ins(1,4,%)s, which itself follows that of PLC
PLCy activity (Runft and Jaffe, 2000; Runft et al., 2002). Itactivity. Thus, the amplitude of the €apikes decreases with
thus seems that the sperm factor of ascidians is a PLC or e level of PLC. This effect is also observed for
activator of it. gPtdIns(4,592 injections (Fig. 7) and is the same as that
Besides the experimental evidences in favour of the fact thabserved and simulated with different doses of Ins(1p4,5)
the SF would be a PLC-like factor or its activator, we havéFig. 3). By contrast, when PLC is stimulated by GCa C&*
ruled out the possibility that the SF in ascidians could be wave always invades the entire egg as thé* @ant itself
molecule similar to Ins(1,4,B3. We have indeed seen above generates the Ins(1,4f%) required to propagate further. A
[see section ‘An artificial pacemaker site (PM3) is revealed byecent study, published after we finished our simulations,
flash-photolysis of Ins(1,4,B} or gPtdins(4,9)2] that reports that PLC is indeed C&"-sensitive (Kouchi et al.,
Ins(1,4,5Ps appears to be a local messenger that canno2004). Surprisingly, the characteristics of thig Cactivation
through a single increase, induce repetitiveé*Qéses. By  quantitatively match our predictions; indeed it has been
contrast, a theoretical study of the fertilizatior®Caave in  reported that the activation constant of BLEy C&* lies
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around 10’ M (Kasr=0.15uM in our model) and that this fertilization of Phallusia mammillatgDumollard and Sardet,
activation occurs cooperatively with a Hill coefficient of 1.7 [a2001; Dumollard et al., 2002), they are clearly visible in other
value of 2 was put in equation’)p(Kouchi et al., 2004). species such &sscidiella aspersélevasseur and McDougall,
Conversely, our results would also agree with the othet998; McDougall et al., 2000) or even in mammals (Swann et
hypothesis that the SF in the ascidian could act via ayPLGl., 2001). However, even though these additional spikes have
(Runft and Jaffe, 2000; Runft et al., 2002), anothef*Ca been observed during the fertilization?Cavave after natural
sensitive isoform of the PLC. fertilization, sperm extract or sperm factor RNA injections in
(2) The diffusibility of the SF must be rather high. In theAscidiellaor mouse eggs, no correlation between the amount
model, we have assumed a diffusion coefficient of 158  of sperm extract or sperm factor injection and the appearance
second!, which is higher than the value that would beof these spikes has yet been established.
predicted on the basis of the molecular mass of the(PLC In conclusion, our study demonstrates that when
[approximately 70 kDa (Cox et al.,, 2002)], which would Ins(1,4,5P3 is produced throughout the whole ascidian egg,
correspond to a diffusion coefficient of about $0n?  spatial inhomogeneities in the ER distribution are responsible
secondl). However, our results have been obtained on théor the appearance of the artificialCavave pacemaker PM3
basis of an egg diameter of 1féh (corresponding to an in the animal pole of the egg and dictates the spatio-temporal
ascidian egg), which is larger than that of a mouse egg (abocharacteristics of the €awaves triggered by this pacemaker.
70 um), where the PLT has been identified. In the ascidian This model also predicts that the activity of the natural
egg, the molecular weight of the still-unknown sperm factopacemaker PM1 induced by fertilization is regulated by a
was estimated to lie in a range from 30 to 100 kDa (Kyozukaoluble C&*-activated PLC that is injected into the egg. This
et al., 1998). This discordance might suggest that in ascidid?LC should hydrolyse Ptdins(4%)in the whole egg and its
eggs, the sperm factor is an activator of &"@Gansitive PLC, activity would oscillate leading to oscillatory changes in
with a lower molecular weight than PLC itself. Ins(1,4,5P3 mediating PM1 function. This latter prediction
(3) Further hypotheses have to be put forward to account f@an only be tested by monitoring the spatio-temporal variations
the observed relocalization of PM1. We have not yet simulatedf Ins(1,4,5PP3 levels in a single egg undergoing fertilization.
the possible movement of a source of SF. Simpler hypothesds, the future, the model can be extended to investigate the
such as the existence of a region more sensitive to Ins@z4,5)origins of the detailed characteristics of théGaaves in the
in the vegetal pole, or a preferential localization of the SF irggs of different species, for example, the periods of the waves,
this same region, have been tested in our model but did not letite existence of pacemaker zones other than those obseved in
to a good agreement with experimental results. We thinkascidian eggs or the shapes of thé*Gpikes.
however, that the modelling of the movement of PM1 (and
thereby the appearance of PM2) would be premature. Indeed,G-D. is ‘Chercheur Qualifi¢ du FNRS (Belgium)'. R.D. is a Marie
although the temporal €apatterns seen at fertilization or in Curie Fellow. We thank K. Swann, C. Sardet, A. McDougall and S.
response to massive gPtdIins(®&jelease are very similar, the SWwillens for critical reading of the manuscript.
spatial characteristics of both €aesponses are different: in
the case of gPtdIins(4P release, the second and successiv$Qeferences
Ca* waves emanate from PM3 in the animal pole; whereas iE . . .
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