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SUMMARY

Calcium wave pacemakers in fertilized eggs of ascidians
and mouse are associated with accumulations of cortical
endoplasmic reticulum in the vegetal hemisphere. In
ascidians, two distinct pacemakers (PM1 and PM2)

pacemaker PM2, located at the opposite pole. Microtubule
depolymerization does not alter the activity nor the location
of the three pacemakers. By contrast, blocking the acto-
myosin driven cortical contraction with cytochalasin B

generate two series of calcium waves necessary to drive prevents PM1 migration and inhibits PM2 activity. PM3,

meiosis | and Il. Pacemaker PM2 is stably localized in a
cortical ER accumulation situated in the vegetal
contraction pole. We now find that pacemaker PML1 is
situated in a cortical ER-rich domain that forms around

however, is insensitive to cytochalasin B.

Our experiments suggest that the three distinct calcium
wave pacemakers are probably regulated by different
spatiotemporal variations in Ins(1,4,5P3 concentration. In

the sperm aster and moves with it during the calcium-
dependant cortical contraction triggered by the fertilizing
sperm.

Global elevations of inositol (1,4,5)-trisphosphate
(Ins(1,4,5P3) levels produced by caged Ins(1,4,B} or
caged glycero-myo-PtdIns(4,3). photolysis reveal that the
cortex of the animal hemisphere, also rich in ER-clusters,
is the cellular region most sensitive to Ins(1,4,B} and acts
as a third type of pacemaker (PM3). Surprisingly, the
artificial pacemaker PM3 predominates over the natural

particular, the activity of the natural calcium wave
pacemakers PM1 and PM2 depends on the apposition of a
cortical ER-rich domain to a source of Ins(1,4,9)3
production in the cortex.

Movies available on-line
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INTRODUCTION 1997; Albrieux et al., 1998), both pathways (NAADP receptor
and Ryanodine receptor) do not seem to play a role in the
Eggs respond to activating stimuli such as sperm or a varietggulation of the sperm-triggered calcium oscillations in the
of parthenogenetic agents by generating calcium waves andascidian egg (Albrieux et al., 1997; Albrieux et al., 1998;
some cases continuing oscillations. Similar waves andoshida et al., 1998). Ins(1,4P activates Ins(1,4,P%
oscillations also occur in a variety of somatic cells stimulatedeceptors (Ins(1,4,8%R), located principally in the
by hormones or growth factors (reviewed by Jaffe, 1991endoplasmic reticulum (ER) (Miyazaki et al., 1993; Kline et
Miyazaki et al., 1993; Whitaker and Swann, 1993, Berridgeal., 1999; Kline, 2000), by relieving calcium inhibition of the
1997). Ongoing repetitive cytosolic [Ed ([Ca2']c) transients  opening of the channel (Mak et al., 1998). A calcium wave
following fertilization have been reported in ascidian,mediated by Ins(1,4,B%-induced (calcium-induced) calcium
mammalian, starfish, mollusc, nemertean and annelid eggslease (IICR) starts with an initial €aincrease in a
(reviewed by Sardet et al., 1998; Stricker, 1999). While the firsgubcellular region that triggers a regenerative propagation of
calcium wave drives egg activation, the following calciumthe calcium signal throughout the cell (Berridge, 1997,
oscillations are implicated in the completion of meiotic cellMarchant and Parker, 2001).
cycles and possibly in the proper development of the embryo Subcellular regions that repetitively initiate calcium waves
(reviewed by Jones, 1998; Ozil, 1998). (called here ‘calcium wave pacemakers’) have been described
In eggs, the generation of the meiosis-associated calcium both somatic cells and zygotes. Why these special regions
waves is thought to depend mostly on the production ofict as calcium wave pacemakers remains mysterious. In
Ins(1,4,5P3triggered by a sperm factor introduced into the eggsomatic cells, a stable subcellular region located in a fixed
at fertilization (Jones et al., 2000; Runft and Jaffe, 2000position acts as the sole pacemaker site for the initiation of
McDougall et al., 2000; reviewed by Stricker, 1999; Swann andlobal C&* waves triggered by different agonists (Ito et al.,
Parrington, 1999). Although the two other calcium-releasind999; Thomas et al., 1999). In these cells, the distribution of
messengers cADPribose and NAADP may mediate a calciunthe ER (the main Ins(1,4B3-sensitive calcium store) appears
dependant retrieval of the plasma membrane (Albrieux et atp underlie the differential sensitivity to Ins(1,45)that
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defines the pacemaker site (Lee et al., 1997; Petersen et &bm Villefranche sur Mer or Séte (Mediterranean) and kept in sea
1999; Thomas et al., 1999). Ins(1,£5Yiffuses rapidly in the water at 16-22°C. Denuded oocytes were prepared, handled and
cytoplasm (Albritton et al., 1992) and is thought to act as #ertilized as described previously (Sardet et al., 1989; McDougall and
global messenger inside the cell (Kasai and Petersen, 1998prdet, 1995).
However, studies carried out on MDCK cells suggest th
[Ins.(l’Af’5P3]C waves and oscﬂla’uons_ may “”de”"? f0e . _Unfertilized eggs were introduced into a wedge and injected
OSC'”,at,'P”S (Hirose et al., 1999). ,Th's raises the Interesur‘gccording to the modified method of Hiramoto and Kiehart, as
possibility ~ that complex spatiotemporal patterns  Ofgescribed previously (McDougall and Sardet, 1995). The cytosolic
[Ins(1,4,5Pslc may regulate different calcium wave gyes Calcium Green dextran (CG) and Texas Red dextran (TR, 10,000
pacemakers within the same cell. Da, Molecular Probes), as well as cIns(1,Bs®nd cgPtdins(4, 5

In both ascidian and mouse zygotes, the meiotic calciumwere dissolved in injection buffer (180 mM KCI, 1M EGTA, 30
oscillations are all waves that initiate in the cortex and traverseM BES pH 7.1). Approximately 1% of the egg volume was injected
the cell, lasting 20-30 minutes in ascidians (Speksnijder et afQ give a final concentrations of 10-g¥ for CG and TR dextran, 5
1989; Speksnijder et al., 1990a; Speksnijder et al., 1990BM for cIns(1,4,5ps, and 35uM for cgPtdins(4,572. o
Yoshida et al., 1998; Levasseur and McDougall, 2000) and%;To label the ER network, an oil droplet saturated with Qi

|

al‘/licroinjection and vital staining

; ; ; . ; Molecular Probes) was injected into oocytes, essentially as described
/"hours in mouse (Miyazaki et al., 1993; Deguchi et al., 200 Speksnijder et al., 1993). The yolk platelets were labelled by

anes and Nixon, 2000). .In ascidia}ns, Sperm-egg fUSiQ cubating oocytes for 5 minutes in M of Sytol2 (Molecular
triggers two stereotyped series of calcium waves called seriggopes).

| and Il (Yoshida et al., 1998). The calcium waves driving

meiosis | (series | calcium waves) originate from pacemakepimultaneous confocal imaging of [Ca  #]c and the

PM1, a sperm-related moving cortical site (McDougall andEndoplasmic reticulum

Sardet, 1995; Roegiers et al., 1995). By contrast, the serieslgbelled oocytes were mounted onto the stage of a Leica confocal
calcium waves, which end at the time of second polar bod{icroscope in a perfusion chamber and imaged (for details, see
formation, emanate from pacemaker PM2, which is Compose%cDougaH and Sardet, 1995). During ratiometric confocal imaging

. - . : [C&*]c, each TR image was used to monitor the distribution of ER
of an accumulation of cortical ER situated in the vegetal corte ee Results: and Figs 2, 3), while CG images were divided by TR

of the egg in a constriction called the contraction pol§mages to provide images of the variations off@a(McDougall and
(Speksnijder, 1992; Speksnijder et al., 1993; McDougall an@ardet, 1995). TR and Dil()s fluorescence (collected with a 590
Sardet, 1995; Roegiers et al., 1999). Strikingly, it has beefm bandpass filter) were excited by the 568 nm line of the Ar-Kr laser,
shown recently that in mouse, a vegetal cortical region rich ivhereas CG and Sytol12 fluorescence (collected with a 530 nm
ER clusters acts as a stable pacemaker of repetitive calciumndpass filter) were excited by the 488 nm line of the laser.
waves (Kline et al., 1999; Kline, 2000; Deguchi et al., 2000). S .
One aim of the present work was to examine the structulgtorélease of caged compounds and calcium imaging
of the subcellular region in the ascidian zygote cortexXor UV uncaging of cins(1,4,B} or cgPtdins(4,9) (Bird et al.,

associated with the moving pacemaker PM1 by imaging ER1_992), oocytes were coinjected with a mixture of CG and TR, and the
. - . - . L S caged compound. UV-flashes were produced on the Leica confocal
ggr:;il?r%n\)\zczsgmu'taneous'y with the site of initiation of microscope with the epifluorescence lamp (75 W mercury lamp).

. . Some uncagings were also performed on an inverted Zeiss microscope

We also wanted to analyse the role of variations inaxioplan 100 TV) equipped with a Princeton Instruments frame
[Ins(1,4,5Ps]lc  and the importance of cytoskeletal transfer digital camera, a Ludl stage and filter wheel and an Optiquip
reorganizations in the regulation of the calcium wavel50 W Hg-Xe fluorescent source. From the total number of calcium
pacemaker sites. We used flash photolysis of cageelease events we could trigger in some cIns(IP4,5)ncagings
Ins(1,4,5P3 (cIns(1,4,5P3) or its poorly metabolized exp_eriments, we can estimate the amount of cins(P#&)caged
analogue, caged glycero-myo-phosphatidylinositol (4,5yluring each UV-flash. We calculated that the amount of Ins(#,5)
bisphosphate (cgPtdIns(4P%), to raise [Ins(1,4,B]c in the generated after each f_Iash represents less than 3% of the injected
cell and investigated the regional sensitivity of eggs ang"S(1:4.5P3, representing less than OLM Ins(1,4,5ps. Images

. were acquired and processed using Metamorph 4.0 software
zygotes to Ins(1,4,Bx. Quite unexpectedly, we were able to niversal Imagi
. . . . ging).

create a third calcium wave pacemaker (PM3) in the anlmét\'J
pole cortex by globally elevating [Ins(1,483)c throughout  Use of cytoskeletal inhibitors
the cell. Finally we examined the effects of the actin andrhe eggs were held under the microscope in a perfusion chamber and
microtubule depolymerising agents cytochalasin B aneither nocodazole (1,2M in sea water, Sigma) or cytochalasin B (1
nocodazole on the various pacemakers. pg/ml in sea water, Sigma) perfused. The perfusion lasted less than 1

Together, our observations suggest that differenminute. During that period no recording could be made.
spatiotemporal patterns of Ins(1,£5)concentration and ER
distribution underlie the initiation and maintenance of three
distinct (one artificial and two physiological) calcium wave RESULTS

pacemakers in the ascidian zygote.
The sperm aster organizes a new peripheral ER-rich

domain in the egg within minutes of fertilization

MATERIALS AND METHODS The highly polarized organization of the ascidian egg and zygote
(i.e. fertilized egg) is shown in Fig. 1. The drawings in Fig.
Biological material 1D,E,F represent the cytoplasmic and cortical domains that

Specimens of the tunicaRhallusia mammillatavere collected either contain different concentrations of ER, yolk platelets,
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Fig. 1. Distribution and
reorganization of organelles,
cytoplasm and cortex in
Phallusiaeggs and zygotes.
Unfertilized egg (A); zygote, 3
minutes after fertilization (B);
and zygote, 10 minutes after
fertilization (C). The distribution
of yolk platelets (blue) and
mitochondria (green) in confoc:
sections 3um below the surface
(A) or near the equator (B,C)
oriented along the animal-vege
(a-v) axis. The sperm aster reg
(sa, arrowhead) is a
mitochondria-free, yolk platelet
free zone. In B, a contraction
pole (cp) has formed. Bar, 23
pm. (D-F) The overall
organization of the unfertilized
egg (D); zygote, 3 minutes afte
fertilization (E); and zygote, 10
minutes after fertilization (F). E
network, red; yolk platelets, blu
mitochondria-rich domain, gree
microtubules, green lines.
Chromosomes (blue) are show
in the sperm aster, in the meiot
spindle and in the polar body

VA Rt

(pbl). (G,H) Unfertilized egg: th y ..'{.,
iy

P
distribution of ER in confocal el )
grazing tangential sections |(iin 0
(G) or 3um (H) below the
surface) of an egg oriented aloi
the animal-vegetal (a-v) axis. e
ER-rich domain; er arrow,
corridor of ER-rich domain
traversing the subcortical ER-
poor and mitochondria-rich
domain (m in green). (I) Unfertilized egg: distribution of cytosol visualized with injected Ca Green dextran (same eggealdseatibn as
that seen above in H). Yolk platelets are seen negatively as black round vesicles excluding the dextran dyenBar, 15

mitochondria and their reorganization after fertilizationno significant contribution from other organelles (EM
(Roegiers et al., 1999). Before fertilization, yolk platelets, whicltobservations not shown here). Therefore, the visualization of
are membrane-bound vesicles, are distributed throughout tlegtosol-rich domains reflects the distribution of ER-rich domains
whole egg but mostly excluded from the cortex by ER-richin ascidian eggs and zygotes. As illustrated in Figs 2 and 3, these
domains in the animal hemisphere and the subcorticaytosol-rich/ER-rich domains can be conveniently visualized
mitochondria-rich layer in the vegetal hemisphere (Fig. 1A,B)(TR image) while simultaneously imaging calcium waves (ratio:
The ER network is made of tubes and sheets and is organiz€& image/TR image).
into domains, the size of which increase after fertilization In ascidians, fertilization is characterized by a spectacular
(Speksnijder et al., 1993). In the unfertilized egg, ER-rickcortical contraction induced by the activating wave of calcium
domains occupy a large part of the animal cortex and subcorté®rownlee and Dale, 1990; Speksnijder et al.,, 1990a;
(Fig. 1G,H, er). However in the vegetal hemisphere, ER-ricispeksnijder et al., 1990b). The wave of cortical contraction starts
domains are restricted to corridors (Fig. 1G,H, arrowed emn the side of the egg where sperm enters, moves vegetally and
traversing a 5-fum-thick subcortical mitochondria-rich layer within 3 minutes concentrates the cortical ER and the subcortical
(Fig. 1H, m). Not shown here is the thin and dense monolayenitochondria-rich domain in the vegetal hemisphere around a
of cortical ER lying against the plasma membrane in the vegetabnstriction called the contraction pole (Fig. 1B,E; Roegiers et
hemisphere (Sardet et al., 1992; Speksnijder et al., 1993).  al., 1995; Roegiers et al., 1999). We now observe that the sperm
Using confocal microscopy, we found that the ER networlaster area can be recognized as a cytosol-rich/ER-rich domain
(labelled with DilGie)3 Fig. 1G,H) and the cytosol (labelled (Fig. 2B, TR, PM1) excluding both yolk platelets and
with the dextran dyes CG or TR; Fig. 11) have comparablenitochondria (Fig. 1B). Such an ER-rich/yolk platelet-poor
distributions when imaged in the same egg. On average, the E€gion in the centre of the aster can be observed apposed to the
network occupies about 25% and the cytosol occupies abocbrtex towards the end of the cortical contraction, 2-3 minutes
75% of the total cytoplasmic space in an ER-rich domain witlafter fertilization (Fig. 1B). Soon after the extrusion of the first
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Fig. 2.Series | and series Il physiologic A pbl pb2
calcium wave pacemakers (PM1 and v
PM2) are associated with two distinct A PM1 A
ER-rich domains. (A) Variations of
[Ca2*]c displayed as normalized ratio AFcc PM2
CGITR fluorescence (ferRFcerro) 2aCGIR
(1 image every 14 seconds). Theiga  Fcomro)
scale on the right corresponds to earli
quantitative measurements of fCla

using aequorin (see Speksnijder et al.,

1990a; Speksnijder et al., 1990b;

Roegiers et al., 1999). Fertilization elic

series | calcium oscillations (PM1 boxe B

in blue) and the extrusion of the first

polar body (pb1l). Series Il calcium

oscillations (PM2 boxed in pink) can b

observed after the extrusion of pbl, in

last 15-20 minutes, and end just befort

the extrusion of the second polar body

(pb2). (B) Only the red lines, which

represent the ER network, and the blu
chromosomes are depicted. The red

arrows show the origin and direction o

calcium waves initiated by the different
pacemakers. (Left) PM1-confocal ratio

imaging of cytosolic calcium (CG/TR) (

image every 9 seconds). The ratios art

shown as pseudocoloured images: hig

[Ca2*]c concentrations are in red and

yellow; lower [C&*]c in blue. The

CG/TR ratio image sequence shows tt

initiation and propagation of the secon

calcium wave triggered by the moving

series | pacemaker (PM1, white

arrowhead at 4 minutes 0 second®@)). All calcium waves in the series start in a peripheral ER-rich domain corresponding to the sperm aster
(sa; arrowhead in TR image), which moves with the cortical contraction. The TR image st@@Wc@responds to the third calcium wave

initiated by pacemaker PM1. (Right) PM2-ratio CG/TR sequence of a series Il calcium oscillation (1 image every 14 secoads3. skt

initiated from the same vegetal cortical region of the egg (contraction pole area; white arrowhedd).tF¥h2 sperm aster (sa, arrowhead in

TR image) has enlarged and has moved into the interior of the egg away from the calcium wave pacemaker (PM2) locatécaticmepode

which, in this case, is below the imaged confocal plane.

[Ca™l¢

+41um

L 0.1 uM

polar body (5-6 minutes after fertilization), the sperm aster an@iherefore the moving pacemaker that elicits series | calcium
the growing spherical zone of ER accumulation around it moveraves (PM1) is located first at the sperm entry site and then on
away from the zygote cortex (Fig. 1C; Fig. 2B, TR, PM2).  the cortical side of the ER-rich sperm aster region.

These observations demonstrate that, 2-3 minutes after sperm-After extrusion of the first polar body, calcium waves cease for
egg fusion, the introduced sperm centrosome organizes a nodeb minutes depending on the species of ascidian (Speksnijder et

cortical and subcortical ER-rich domain. al., 1989; Yoshida et al., 1998; Levasseur and McDougall, 2000).
o ) Calcium waves then start again from a different and stable
Two physiological calcium wave pacemakers (PM1 location. During a period of 15-18 minutes, 5-12 waves that rise
and PM2) are associated with two distinct cortical ER- and then diminish in amplitude (Fig. 2A, PM2) emanate from a
rich domains calcium wave pacemaker situated in the vegetal contraction pole

The first pacemaker initiates series | calcium waves (Fig. 2{Speksnijder, 1992). This pacemaker (series || pacemaker: PM2)
PM1 activity begins with a large fertilization or ‘activation is located in a 2-6um-thick accumulation of cortical ER
wave’, which spreads through the whole egg from the point dMcDougall and Sardet, 1995; Roegiers et al., 1999). As
sperm entry to the antipode (Speksnijder et al., 1990a; Roegieligistrated in Fig. 2B PM2, series Il calcium waves clearly do not
et al., 1995). This activation wave is immediately followed by ariginate from the sperm aster which, by that time, has moved
series of 1-4 calcium waves (Fig. 2A) whose initiation siteaway from the egg cortex (observed in 20 different eggs). Also
progressively relocate towards the vegetal pole of the eggt this stage, the location of sperm DNA shows no preferred
(McDougall and Sardet, 1995). We show here that the initiatiorelationship with the vegetal contraction pole where calcium
sites of these waves lie in the most cortical region of the ER-riclvaves originate (data not shown).

domain associated with the sperm aster (Fig. 2B, PM1). This Therefore, in ascidian zygotes, the two physiological
domain, which extends from the cortex to the subcortex of theacemakers PM1 and PM2, which are responsible for eliciting
egg (Fig. 1B; Fig. 2B, PM1) coincides with the location of spernseries | and Il calcium waves are both associated with cortical
DNA (labelled with injected Hoechst 33258; data not shown)accumulations of ER.
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A: cIP3 uncaging B: cgPIP2 uncaging
bl
Py
AFcarr ’fL' j\. A AFcerr
FCG!TR[Q) —{\V A A & FCG!TR(D)
a b c d ; 1 .

n:3 5516
=PM2 =PM3 N.D

Fig. 3.An artificial calcium wave pacemaker (PM3) is generated by uncaging of cingp: drsgPtdins(4,3).. (A) Variations of [C&*]c

induced by local and global UV photorelease of cIns(1/4,B) activated eggs (1 image every 5 seconds; the images displayed in the CG/TR
sequence correspond to the orange dots on the graph). The contraction pole (cp), first polar body (pb1, also indicatecirpwa inta) and

the size of the UV-flashed area (blue circle) are indicated. (a-c) Localized UV-flashes of increasing duration (1 secosetfords @r b,

and 2.5 seconds for c) give rise to calcium waves initiated in the flashed area. The waves propagate further as incresafg amoun
Ins(1,4,5)P3 are photoreleased. (d) Brief (0.5 seconds) global UV-flashes over the whole egg increase the intracellulaPilis{Ek,and

give rise to calcium waves initiated in the egg cortex (1 image every 5 seconds). [gar, & bar graph shows the number of waves that
emanate from the animal hemisphere cortex (PM3) or the vegetal hemisphere cortex (PM2) after flash photolysis ofRInd&) @|6pal

UV photorelease of gPtdIns(4P)in unfertilized eggs. A single UV-flash of long duration (red arrowhead, t=0) gives rise to calcium
oscillations that resemble the physiological series | calcium oscillations and leads to the extrusion of pbl (1 imagse®1gs)0CG/TR
sequence: most gPtdIns(4%)induced calcium oscillations are waves initiated in the cortex of the animal pole region (see bar graph). The
arrow in the TR image shows the meiotic spindle-associated ER-rich domain that marks the animal polgnBar, 23

A third pacemaker (PM3) can be induced by further calcium signals. Such artificially activated eggs can still
artificially raising Ins(1,4,5) ~ Ps levels in unfertilized respond in a graded manner to local release of increasing
€ggs amounts of Ins(1,4,8% produced by localized UV-flashes (Fig.

To analyse the role of Ins(1,4%)in regulating the repetitive 3Aa,b,c). This graded response takes the form of calcium waves
calcium waves described above, we photoreleased clnsPk,4,5)that spread further and further from the site of the UV-flash.
and cgPtdins(4,8» (a poorly metabolizable Ins(1,4%)  Shorter flashes give rise to waves that do not cross the egg
analogue (Bird et al.,, 1992). Local or global increases irf'aborted’ waves) (Fig. 3Aa,b), whereas longer flashes trigger
[Ins(1,4,5P3]c can be generated by either applying a brief UV-waves that cross the whole egg (Fig. 3Ac).

flash to a small area of the egg (Fig. 3Aa,b,c) or by exposing the A clear relationship between the amplitude and the speed of
whole egg to the UV-flash (Fig. 3Ad,B). Owing to frequentthe calcium waves is observed during global uncaging of
contamination of clns(1,4,B} provided by manufacturers with clns(1,4,5)P3 or cgPtdIns(4,9), over the whole egg, waves of
uncaged Ins(1,4,B}, injection of cIns(1,4,%) often leads to  highest amplitude being the fastest (data not shown). Initiation
an initial rise in [C&"]c, the formation of a contraction pole and sites of calcium waves could only be resolved for slow waves
the extrusion of the first polar body several minutes afteresulting from brief pulses of UV light (Fig. 3Ad). Our analysis
injection (Fig. 3A). However, the injection does not trigger anyshows that 14 out of the 16 waves induced by global uncaging
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of cIns(1,4,5)P3, emanated from the cortex in a broad areghen triggers a wave from the contraction pole (Fig. 4Bii).
surrounding the animal pole of the egg (Fig. 3Ad, bar graph). Although the vast majority of the artificially induced calcium
We could never generate more than a single calcium transiemives come from the animal pole (83%, Fig. 4B, bar graph), a
by uncaging c Ins(1,4,B}. We therefore used cgPtdins(#5) small proportion of the artificially induced waves (4 out of 53,
to achieve a longer-lasting activation of the Ins(1R5) Fig. 4, bar graph) originate from the vegetal contraction pole
receptors (Ins(1,4,B3R). cgPtdins(4,%). injection does not where the natural pacemaker PM2 is located (Fig. 4B, uv2). In
activate eggs in most cases. Large increases in intracellularfew cases (3 out of 53), artificial waves initiate almost
gPtdIns(4,5p2 trigger calcium oscillations that resemble seriessimultaneously at both poles (Fig. 4B, uv3).
| calcium oscillations normally triggered by fertilization. They These results indicate that raising Ins(1/235)levels
are characterized by a sustained increase #JCdollowed by  homogeneously throughout the zygote preferentially induces a
oscillations whose frequency decreases (compare Fig. 2A,3Bstable artificial pacemaker located in the animal cortex (PM3).
Such calcium signals are able to drive the first meiotic cell cycldt is somewhat surprising that during the 20 minute period when
the first polar body being extruded on average 8 minutes and iite physiological pacemaker PM2 is operating in the vegetal
seconds after the global UV-flash that uncages cgPtdIng¢4,5) contraction pole, the cortex of the animal hemisphere appears to
(n=7). The magnitude (amplitude and duration) of the initialremain the region of the zygote that is most sensitive to
calcium increase as well as the frequencies and duration of thes(1,4,5ps.
calcium oscillations that follow vary with the amount of ) ] -~
gPtdins(4,5p. photoreleased in the egg. Our analysis shows thathe three pacemakers are differentially sensitive to
55 out of 58 oscillations induced by gPtdins(B5are waves —Ccytoskeletal inhibitors
emanating from a broad peripheral area in the animdh order to further characterize and distinguish between the three
hemisphere (Fig. 3B, bar graph). The artificially inducedcalcium wave pacemakers, we tested their sensitivity to the
calcium wave pacemaker PM3 remains in a stable location imicrofilament and microtubule depolymerizing agents
the animal hemisphere (Fig. 3B). This is true even after a corticalytochalasin B and nocodazole. Nocodazole perfusion has been
contraction triggered by the elevation of f@a caused by shown to depolymerize microtubules and prevent aster formation
cgPtdIns(4,992 photorelease. In this case a vegetal contractiom Phallusia mammillataeggs but it does not affect the cortical
pole similar to that produced after fertilization forms. Even whercontraction and the formation of a contraction pole rich in
gPtdins(4,59, is photoreleased in a small region in the vegetatortical ER (Roegiers et al., 1999; F. Roegiers, University of
hemisphere, which gives rise to a first wave starting in th&lice, Nice, France, PhD thesis, 1999). \bserved that
flashed area, the calcium oscillations that follow are all wavegerfusion of nocodazole during the activation wave prevented
triggered in the animal pole cortex (data not shown). Theste formation of the subcortical ER-rich domain around the
observations suggest that, after an initial localized UV-flash, thiatroduced sperm centrosome and its relocation away from the
photoreleased gPtdIns(4f%) rapidly diffuses into the whole cortex (data not shown). Neither the location nor the activity
egg, homogenizing its intracellular concentration. This providesf the three pacemakers seem to be affected by nocodazole
further evidence that the animal pole cortex is the area moseatmentj=10 for PM1 and PM2n=9 for PM3; Fig. 5A,B).
sensitive to Ins(1,4,8%. Finally, calcium influx seems not to  Perfusion of 1lug/ml cytochalasin B on unfertilized eggs
play a role in the location of PM3, as similar results are obtaineolocks the sperm-triggered cortical contractions, drastically
when cgPtdIns(4,%» uncaging experiments are performed inaltering sperm-triggered calcium waves (Fig. 5C). However,
either normal sea water or calcium-free sea water that containgtochalasin B treatment also induces polyspermy (in 7 out of
2mM EGTA (data not shown). 15 cases; data not shown). To avoid any interference with
Taken together, these results show that a stable artificiagperm-egg fusion, we perfused cytochalasin B during the
calcium wave pacemaker (PM3) can be induced in the animptopagation of the activation wave (Fig. 5D). The egg starts to
pole cortex when Ins(1,4/) or gPtdins(4,9)2 levels are contract but fails to complete the contraction. Within a minute

homogeneously elevated in unfertilized eggs. of cytochalasin B perfusion, the egg rounds up again,

o _ indicating that the cortical microfilament organization had been
The artificial pacemaker PM3 predominates over the disrupted. Under these conditions, the activity of PM1 and
physiological pacemaker PM2 its movement are strongly altered, whereas the activation of

Global increases of gPtdIins(4%)levels can be generated in PM2 is completely inhibited nE4, Fig. 5D). If, however,
zygotes undergoing series Il calcium waves (Fig. 4). Whenytochalasin B is perfused after the cortical contraction and
cgPtdins(4,992 is uncaged homogeneously throughout theextrusion of the first polar body, pacemaker PM2 is established
zygote, an artificial pacemaker PM3 is induced and initiateand becomes insensitive to cytochalasimnB2( Fig. 5E). In
calcium waves (Fig. 4A). The physiological pacemaker PM2 canontrast to the natural pacemakers PM1 and PM2, the artificial
subsequently trigger calcium waves before the completion gfacemaker PM3 could not be perturbed by cytochalasin B
meiosis Il, as the effect of exogenous gPtdIinsi,B)probably  perfusion (=4; Fig. 5B,F).

overcome by endogenously generated Ins(B4,8yig. 4A).

Occasionally in a single zygote (Fig. 4B), three different types

of calcium wave are induced by global uncaging ofDISCUSSION

cgPtdins(4,9- after the passage of a series Il calcium wave

(Fig. 4Bi,ii). A first UV-flash (uvl) elicits a calcium wave This study demonstrates for the first time that distinct ER-rich
initiated by the artificial pacemaker PM3 in the animal cortexperipheral regions of the same egg cell can host different
that spreads towards the vegetal hemisphere (Fig. 4B, uvl). Aftealcium wave pacemakers, generating stereotyped patterns of
the passage of the UV-induced wave, the natural pacemaker P¥betitive calcium waves. We also show that the animal pole
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has ceased (calcium waves shown in i
and ii; Bar, 23um). This particular
experiment shows that global UV-
flashes over the whole zygote (uvl,
uv2, uv3) can elicit three different types
of waves. The first global photorelease
of gPtdIns(4,592 (uvl, flash duration 3
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Fig. 5. Differential sensitivity of the three pacemakers to
cytoskeletal inhibitors. Patterns of [€f oscillations triggered

by fertilization (A,C-E) or after photorelease of cgPtdIns@z5)
(B,C,F) in ascidians eggs perfused with nocodazole (A,B) or
cytochalasin B (C-F) or both (B). The green arrowheads indicate
the time of perfusion of the cytoskeletal inhibitors nocodazole
(noc) or cytochalasinB (cytoB). Interruptions in the graphs are
due to the fact that no measurements could be made during the
time of perfusion. The black arrowheads mark the time of
fertilization (f), while the red arrowheads indicate the time at
which a UV flash is applied to uncage cgPtdIns@5)
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cortex of the egg is the area most sensitive to Ins(P#&6)d  pole is not sufficient in itself to initiate and sustain PM2
it can act as an artificial calcium wave pacemaker duringctivity. Indeed, even though global elevations in calcium or
sustained increases in Ins(1,#5%)evels. Surprisingly, this Ins(1,4,5P3 result in the formation of a contraction pole that
artificial pacemaker predominates over the natural pacemakeontains the characteristic ER accumulation, microvilli and

PM2 situated in the vegetal cortex. microfilaments, this ER-rich cortical domain is not the site of

_ _ artificial pacemaker PM3. This indicates that the activity of the
The physiological pacemakers PM1 and PM2 are physiological pacemaker PM2 must rely on additional factors
located in ER-rich cortical domains and require besides cortical ER accumulation and global elevation in the
factor(s) brought by sperm level of Ins(1,4,593.

The abundant ER network in the ascidian zygote is the main These additional factors are probably brought by the sperm,
Ins(1,4,5P3-sensitive calcium store. It is organized into ER-as injection of sperm extracts in ascidian eggs can effectively
rich domains or clusters that grow in size after fertilizationinduce the two physiological pacemakers PM1 and PM2
(Spesknijder et al., 1993; Roegiers et al., 1999). The ER-ricfKyozuka et al., 1998; McDougall et al., 2000; Runft and Jaffe,
domains may create amplification sites that favour calciur2000). The nature of the factor brought by sperm is still
wave initiation and propagation because of the bettecontroversial. Current candidates include a protein activator of
coordination of elementary calcium signals (puffs) in thesehospholipase C (PLC) in ascidians (Runft and Jaffe, 2000),
cytoplasmic domains (Berridge, 1997; Stricker et al., 1998an activated PLC in mammals (Jones et al., 2000; reviewed by
Kline et al., 1999; Kline, 2000, Marchant and Parker, 2001)Swann and Parrington, 1999) and other possible proteins in
Pacemaker PM1 forms at the site of sperm-egg fusion arethinoderms (Kuo et al., 2000).
subsequently moves towards the vegetal hemisphere. We _ . .
clearly show here that PM1 activity moves with the corticallhe animal pole cortex is most sensitive to
and subcortical ER-rich domain that gathers in the sperm ast#s(1,4,5) Pz and can act as an artificial pacemaker
region (Fig. 2B). The motion of PM1 towards the vegetaPM3)
hemisphere is undoubtedly due to the acto-myosin-drive@lobal flash photolysis of cins(1,4Pg)and cgPtdins(4,Fp,
cortical contraction triggered by the activating calcium waveproduces waves emanating from pacemaker PM3 located in a
The contraction also relocates and concentrates the cortidaload peripheral area in the animal hemisphere. Because it
ER in the contraction pole (Roegiers et al., 1995; Roegiers eébes not depend on the presence of external calcium, this
al., 1999). The cortical contraction and the displacement dfigher sensitivity of the animal hemisphere to a global rise in
PML1 are blocked by the microfilament depolymerizing agenins(1,4,5P3 probably relies on the presence of numerous ER-
cytochalasin B (Speksnijder et al., 1990a; this study). Thisich domains in the animal cortex and subcortex of the egg
treatment dramatically alters PM1 activity (Fig. 5), which(Fig. 1). Similarly, the cortex of unfertilized mouse eggs shows
suggests that either the motion of the sperm aster or an intachigher sensitivity to Ins(1,4 /8 compared with the interior
cortical microfilament network are critical for PM1 activity. of the egg (Oda et al., 1999).
Nocodazole treatment further demonstrates that the As discussed above, global calcium waves result from the
subcortical ER-rich domain that forms around the spernmactivation and co-ordination of elementary events2{Ca
centrosome is not required per se for the activity of the movingpuffs’) (Berridge, 1997; Marchant and Parker, 2001).
pacemaker PM1. Interestingly, in Xenopus oocytes, when Ins(1,4B83 is
Pacemaker PM2 takes over from pacemaker PM1 near tiphotoreleased, the calcium puffs elicited in the animal
time of meiosis | completion. At the time of polar body hemisphere are bigger and closer to each other than in the
extrusion, when MPF is low, PM2 activity is suppressedvegetal hemisphere. However, this asymmetry does not seem
(Levasseur and McDougall, 2000). As MPF rises againto result in the preferential initiation of global calcium waves
calcium waves of larger and larger amplitude are theim the animal hemisphere (Callamaras et al., 1998Jehopus
triggered by PM2 from the vegetal contraction pole: abocytes a sustained elevation in Ins(1Bs5evels induces
constriction 15-2Qum in diameter that forms in the vegetal repetitive calcium waves that originate from a small number of
hemisphere as a result of the acto-myosin driven corticapecific ‘focal puff’ sites particularly sensitive to Ins(1,#5)
contraction. Within the contraction pole, PM2 activity is(Marchant and Parker, 2001). We do not know if such
situated in a 2-@um-thick cortical zone of ER accumulation microscopic focal puff sites exist in ascidian eggs. On the
sandwiched between a tuft of microvilli and a 7¢ii-thick  macroscopic level, the presence of a mitochondria-rich and
mitochondria-rich domain (McDougall and Sardet, 1995ER-poor subcortical region in the vegetal hemisphere may be
Roegiers et al., 1999). critical for creating the functional heterogeneity necessary to
Treatment with cytochalasin B at the beginning of corticainduce PM3 activity and the preferential initiation and
contraction inhibits the activation of PM2 (Fig. 5). In this casepropagation of global calcium waves in the animal hemisphere
the contraction pole containing the accumulation of cortical ERf the egg.
does not form. However if cytochalasin is perfused just after We have repeatedly observed that the artificial pacemaker
the extrusion of the first polar body, an ER-rich cortical layePM3 in the animal pole predominates over the physiological
has had time to form in the vegetal hemisphere and, althougtM2 when Ins(1,4,%s (or gPtdins(4,992) levels are
the egg rounds up, pacemaker PM2 is activated and emitshamogeneous throughout the egg (Fig. 4). This suggests that,
normal series of waves until the completion of meiosis Il. Thisn contrast to somatic cells, the particular spatiotemporal
suggests that an ER accumulation in the contraction pole @haracteristics of the rise in cytosolic Ins(1,BH)evels in
necessary for PM2 to function. ascidian zygotes are likely to be important for the definition of
However, this accumulation of cortical ER in the contractiorthe pacemaker sites (see below).
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Different spatiotemporal patterns of [Ins(1,4,5)  Ps]c production of Ins(1,4,%s or repetitive elevations in
may generate distinct cortical calcium wave Ins(1,4,5P3 levels in the contraction pole underly PM2
pacemakers in ascidian zygotes activity. In mouse eggs it has been shown that long-lasting

Ins(1,4,5pP3 is thought to be the main secondary messengaralcium oscillations displaying similar temporal characteristics
involved in egg activation and in the regulation of the meiotido those produced by sperm, can be generated through the
calcium oscillations in most species (reviewed by Sardet et atpntinuous photorelease of cins(1,£%5)Jones and Nixon,
1998; Stricker, 1999; Swann and Parrington, 1999; Kline2000). Similarly, the ascidian PM2 activity may rely on a
2000). In ascidians, although there is evidence for the presencentinuous low production of Ins(1,4P%)in the contraction
of ryanodine receptors (RyR) in the cortex of the egg, thepole somehow leading to a stable [Ins(1B3}) gradient
apparently do not play any role in the regulation of the sperrmecessary for the repetitive firing of calcium waves from that
triggered calcium oscillations (Albrieux et al., 1997; Yoshidasite. Alternatively, a pulsatile and localized generation of
et al, 1998). Similarlyy, NAADP, which desensitizesIns(1,4,5P3 could create the gradient of Ins(1,85)
Ins(1,4,5P3-mediated calcium signalling in ascidians, isconcentration necessary to maintain PM2 activity at a much
thought not to participate in the regulation of the spermsmaller energy cost. It is known that the prolonged stimulation
triggered calcium oscillations (Albrieux et al., 1998). of a calcium-activated PLC can result in [Ins(1,Bd0

The artificial pacemaker PM3 produced by uncagingscillations (see Meyer and Stryer, 1988 for details).
cgPtdIns(4,992 globally in the activated egg (Fig. 3) or zygote Considering that, the sperm factor is thought to be a PLC
(Fig. 4) elicits calcium oscillations with similar temporal activator in ascidians (Runft and Jaffe, 2000) and a calcium-
characteristics to those generated by PM1. This stronglgctivated PLC in mammals (Swann and Parrington, 1999; Rice
suggests that a single, large and sustained increase enal., 2000), the prolonged stimulation of PLC during meiosis
Ins(1,4,5P3 levels regulates the physiological pacemakeil in ascidians could indeed result in a pulsatile production of
PM1. Ins(1,4,5P3. Measurements of Ins(1,4%) levels in single

If their temporal characteristics are similar, the spatialiving eggs are now needed to find out whether Ins(1p4,5)
characteristics of PM3 (broad and stable pacemaker) and PNptoduction is continuous or pulsatile.
(focused and moving pacemaker) are, however, very different. ) ) )
Considering that any rise in Ins(1,4%5)throughout the egg Polarized calcium signals and the animal-vegetal
above a critical level triggers waves from the animal poldolarity of eggs and zygotes
pacemaker PM3, the most likely explanation for the movingstable calcium wave pacemakers residing within cytoplasmic
pacemaker PM1 is that it is due to a localized production cdreas rather than in the immediate vicinity of the plasma
Ins(1,4,5P3 at the pacemaker site. Our current hypothesis isnembrane have been characterized in some somatic cells (Ito
that a highly active sperm factor located in the site of spernet al., 1999; Thomas et al., 1999). In pancreatic acinar cells the
egg fusion and then in the moving sperm aster region generatésgger zone’ is an ER-rich zone in the apical region where
the high rate Ins(1,4,B} that sustains PM1 activity. type 3 Ins(1,4,9)3R are abundant (reviewed by Petersen et al.,

PM1 stops operating just before the expulsion of the first999). In Hela cells, ‘pacemaker €auffs sites’ with stable
polar body, when low MPF allows for the growth of the perinuclear locations are at the origin of the initiation of a
microtubules, which can push the ER-rich sperm centrosongobal calcium wave upon stimulation. In these cells, the
away from the cortex. The delocalization of the sperm astgrhysiological pacemaker site apparently coincides with the
ER-rich domain does not seem to play a major role in tharea of the cell that is most sensitive to Ins(1Rk3n neurite-
switching between PM1 and PM2 activity, since there are nbearing cells, the calcium wave pacemaker site is regulated by
changes in the pattern of calcium waves when thishe shape of the cell itself and there is no need for a local source
delocalization is prevented by nocodazole treatment. of Ins(1,4,5P3 production to induce Ins(1,4/3 waves and

In ascidians, early and late calcium waves that emanate frothe stable calcium wave pacemaker (Fink et al., 1999). In
the physiological pacemaker PM2 are of lower amplitude andontrast to somatic cells, we believe that, in ascidian eggs and
are typically aborted (McDougall and Sardet, 1995). We couldygotes, both cortical ER accumulations and local production
generate similar aborted waves in the vegetal cortex by locaf Ins(1,4,5P3 are required for the generation of repetitive
photorelease of Ins(1,4/% in the vegetal hemisphere (Fig. 3) calcium waves by the physiological pacemakers.
but not by global Ins(1,4,B}% increases which, in the vast It has been known for a decade that in the ascidian zygote,
majority of cases, induce PM3. This leads us to suggest thegpetitive calcium waves are generated from a cortical ER
PM2 activity in the vegetal contraction pole also relies on accumulation in the vegetal contraction pole (Speksnijder et
localized production of Ins(1,4/83. The vegetal contraction al., 1990b). Similarly, in the mouse, it has been discovered only
pole is a special region of the cortex characterized by a tuft eécently that meiosis Il-associated oscillations originate from
microvilli (Roegiers et al., 1995; Roegiers et al., 1999). Wehe vegetal cortex where ER clusters are situated (Kline et al.,
postulate that this plasma membrane-enriched regioh999; Deguchi et al., 2000). A vegetal calcium wave
represents a concentrated source of membranous PtdIRs(4,5pacemaker that generates repetitive calcium waves associated
and potential source of Ins(1,43)in close proximity to the with meiosis | has also been observed in the nemertean
2-6 um-thick layer of cortical ER. This dense accumulation ofCerebratulus lactugStricker, 1996; Stricker et al., 1998). The
ER adhering to the plasma membrane would represent a tighfigct that, in nemerteans, mouse and several species of
coupled target of locally generated Ins(1,BHpnd the site of  ascidians, repetitive waves originate in the vegetal cortex,
the initial calcium release events (focal puffs) that trigger eachuggests that vegetal calcium wave pacemakers could be an
calcium wave in the contraction pole. evolutionarily conserved feature in protostome and

It is not clear at present whether a slow continuousleuterostome early development. We may wonder whether this
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is a mechanism used to prime the vegetal pole region for latesnes, K. and Nixon, V(2000). Sperm-induced Ca(2+) oscillations in mouse
developmental events. In nemerteans and ascidians the veget@locyﬁes iﬂd eggsdcan be mimicked by photolysislof Ci‘slgecli Inozltol 1,4,5f-
; ; ; trisphosphate: evidence to support a continuous low level production o

pole region corresponds to the future site of gastrulation of theinositol 1,4,5-trisphosphate during mammalian fertilizatidav. Biol.225,
embryo. 1-12.

It has been suggested that the frequency and amplitude @hes, K., Matsuda, M., Parrington, J., Katan, M. and Swann, K(2000).
repetitive calcium waves affect development in mammals Different C&*-releasing abilities of sperm extracts compared with tissue
(Jones 1998 Lawrence et al.. 1998: Ozil 1998). The extracts and phospholipase C isoforms in sea urchin egg homogenate and

o : e mouse eggsBiochem. J346, 743-749.
possibility of generating an artificial pacemaker (PM3) at the ...~} ge?nd Petersen, O. H.(1994). Spatial dynamics of second

antipode of the physiological pacemaker (PM2) provides & messengers: IP3 and cAMP as long-range and associative messengers.
unique opportunity to investigate the importance of the spatial Trends Neuroscil7, 95-101.

pattern of calcium waves in the development of the re|ative|%|ine, D. (2000) Attributes and dynamics of the endoplasmic reticulum in
simple ascidian tadpole mammalian egg<urr. Top. Dev. Biol.50, 125-154

| lusi K idi hKIine, D., Mehlmann, L., Fox, C. and Terasaki, M.(1999). The cortical
n conclusion, our work on ascidian zygotes supports the endoplasmic reticulum (ER) of the mouse egg: localization of ER clusters

idea that complex spatiotemporal patterns of Ins(1P4,6an in relation to the generation of repetitive calcium wales. Biol.215, 431-
induce different calcium wave pacemakers in the same cell. We442. _
suggest that the physiological pacemakers driving meiosisuo. R. C., Baxter, G. T, Thompson, S. H., Stricker, S. A., Patton, C.,

- o " . Bonaventura, J. and Epel, D.(2000). NO is necessary and sufficient for
and Il may necessitate the close apposition of ER-rich domamsegg activation at fertilizatiorNature 406, 633-636.

(the target of ".15(1,4,9}3) to localized sources of _|n_3(11455) Kyozuka, K., Deguchi, R., Mohri, T. and Miyazaki, S.(1998). Injection of
production, which are likely to result from the activity of sperm sperm extract mimics spatiotemporal dynamics of*Qasponses and
factors. Future studies should reveal whether similar progression of meiosis at fertilization of ascidian oocydeselopment 25,

; ; ; 4099-4105.
mechanisms are at work in zygotes of other Species. Lawrence, Y., Ozil, J. and Swann, K(1998). The effects of a €achelator
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