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Summary generation of longer range, and/ee pan-embryonic,
) ) ) intercellular C&* signals. Hwever, by the end of the GP
1. It has been proposed that2C§|gnaI|ng, in the  and during the subsequentg&eentation Period (SP), when
form of pulses, wves and steady gradients may play &he germ layers and major body axes are established, a
crucial role in ley pattern forming eents during early more |ocalized pattern of intercellular Eaignaling then
vertebrate deelopment. resumes. Thiss associated with the generation of specific

2. With reference to the em+bryo of the zebrafisly,ciures within the basic body plan, such as somite
(Danio rerio), here we reiew the C&" transients reported formation, brain partitioning, and tail elongation.

from the Clemage to Sgmentation Periods. This time- In this reiew, we describe the latest findings

window includes most of the major pattern formin@®s reqarding the C&* signaling eents that occur during these

_of early deelopment, WhICh transform a s_lngle cell _zygoteeaﬂy stages of zebrafishvétopment, and in doing so, we

into a comple multicellular embryo with established pope o provide evidence that instead of being discrete and

primary germ layers and body axes. disconnectedwents, C&* signals may be a continuous and
3. Data are presented to support our proposal thgfhdamental feature of deopmental orchestration, with

intracellular C&" waves a@e an essential feature of 5t |east where it is kman) largely conserved molecular and
embryonic gtokinesis, and that propagating intercellulaggiylar mechanisms of generation.

Ca&* waves (both long and short range), may play a crucial Direct visualization of the patterns of €asignals
role in: (a) the establishment of the embryonic periderm,5t are generated during embryogenesis is commonly
and (b) the coordination of cell mements during epiboly chiaed using either bioluminescent or fluorescent?Ca
convergence and extension, as well as coniigbto (C) the reporters in conjunction with specialized luminescent
establishment of the basic embryoniesvand germ layers, imaging equipment or confocal microsgopespectiely.
and (d) the definition of the morphological boundaries 6fne most common bioluminescent 2Caeporter used for
specific tissue domains and embryonic structures, includiﬂgaging is aequorif,while a wide range of fluorescent
future ogan anlagen. Ca&* reporters are commerciallyalable® These include
4. The potential dan-stream targets of these Ca poth single vavdength reporters such as Calcium green-1
transients are also discussed as well as tiey might  geran and ratiometric reporters such as Fura-2. There are
integrate with other pattern-forming signaling pa#tys, advantages and disagdntages to utilizing both the
known to modulate early delopmental gents. luminescent and fluorescent Lareporters. While
aequorin is able to pvade a continuous, i@-resolution
map of the deslopmental C&" signaling @ents that occur
There is an accumulating body of evidence to suggester relatvely long periods of time, fluorescent €a
that C&* signaling plays a major role in the regulation ofeporters generally provide shorter time-frame information
embryogenesis? Indeed, lile devdopmental patterning at a higher resolution gerding the particular cells or
itself, the earliest G4 signaling ents are distinct, and can tissues that generate a specific?Caansient within an
be correlated with specific morphogenetic stepss embryo. Thuswe suggest that the combined use of these
embryonic complexity increases, vnever, o does the two complimentary C& imaging techniques prides a
complxity of the C&" signals obseed. These powerful tool for the visualization of G4 signals in
characteristics arexemplified in the deeloping zebrafish developing embryos.
(see Figure 1). The early phases ofveltgpment (for
example, during cytokinesis in the Clege Period; CP),
are dominated by intracellular €asignals. Havever, as The existence of intracellular &atransients during
the number_ of cell_s increases and the_ size of the cells early embryonic cleages (see Figure 1, panels b — g)
decreases (i.e., during the Blastula Period (BP) and eaglyeprafish Danio rerio), have keen identified using both
Gastrula Period (GP)), there is a progressstablishment  q,orescent and luminescentCaeporters. Usingalcium
of localized intercellular signals in conjunction with thegreen-l detran, Chang and Mefgbsenred that localized
intracellular - signals. With the commencement of thegjeyations in free C& were associated with cytokinesis and

dramatic morphological vents and global patterning {ha, demonstrated that intracellular Cavas devated ‘not
processes that occur later in the, @Rre is the concomitant only in the “right” place, but also at the “right” time’ to

Introduction

Ca?* signaling during the Cleavage Period
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Figure 1 Schematic epresentation of zebrafish development from the Zygote Period to the gmés8ation Eriod. Fol-
lowing the brief Zygoted®iod (panel a), when the embryo is at the single-cefiesthe CP (panels b—g) runs from the
2-cell to 64-cell stge (.e., 0.75 hpf to 2.25 hpf)The BP (panels h-p) follows the GiAd runs from the 128-cell ga D
the 50% epiboly st (.e., from 2.25 hpf to 5.3 hpf). The formation of the EVL and Y8lindicated in panels i, and |
and k, espectively The GP (panels g-u) then runs from the end of the BP at 50% epiboly (i.e., 5.3 hpf) through to b
stage & 10 hpf, after whidch the SP bgins. Inthis schematic, we have just shown the earlgestaf he SP (panels v-z), i,e
from bud stge @t 10 hpf) to the 14-somite g @t 16 hpf). AR, VP, EVL, Ant. Pos. and hpf aranimal pole vegeal pole
enveloping layeranterior, posterior and hows post fertilization, espectively BD (in panel a) indicates the blastodisc, at
the 1-cell stge, vhich dewelops into the blastoderm during subsequergestaf cevelopment. Irthe GR the leading edg
of the blastoderm is indicated by a blueaahead in panel g. The ds-vental axis is first visible morphologically at
Shield stge (.e., 6 hpf; panel s). The simultaneous cell movements of epiboly (blue arrowsgence (green awws)
and extension (red arrows) that occur during the &€ shown in panel t. The tailud, somites and brain arge ae indi-
cated by red, green and blaerrowheads, eéspectively in panels w and x. Shematics ag nodified from Kimmegt al 16
whee there is a cetailed description of the early development of zebrafish embryos.

play a role in determining the position of the fuviog at (0.5 um/s, which accompanthe leading edges of the
plane. furrow arc as thg progress outward tweard the margins of
Webb et al? confirmed this observation usingthe blastodisc.As these propagationawvefronts approach
aequorin-based imaging and obsehthat seeral distinct the margins of the blastodisc, the ‘fusrdeepening’ C&
Ca&* signals accompan the sequential stages ofsignal then appears at the ajmé the blastodisc, i.e., at the
cytokinesis. The'furrow positioning signal’ is a clear same initial location as the positioning signdlike the
localized elgation of intracellular C&, which precedes the propagtion signal, it extends outward to the margins of the
first appearance of the fumocarc at the blastodisc sade. blastodisc atl0.5 um/s, lut in this case it also mes
This is followed by the ‘furrev propagation signal’, which downward (at (0.1 um/s), accompanng the deepening
takes the form of tw sub-surfice slov Ca&2* waves noving  process that separates the daughter ®ellbie region of
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localized elgated C&* then persists throughout the fusro antagonists in order to focus specifically on the deepening
apposition process, and only returns to the resting le and positioning C& transients. Thedemonstrated that the
once the cleage furrav is fully apposed® The peak introduction of heparin or another ;iR antagonist, 2-APB
amplitude of the positioning, propatipn and deepening (2-aminoethoxydipheiiborate), at the appropriate time to
C&* transients was estimated to B#50 nM for the challenge only the deepening transient, béotkhe C&
positioning and propagation transients a#d0 nM for the signal and resulted in an inhibition of fuwaleepening®
deepening transiefitThis sequence of Gasignals vas Antagonists of the ryanodine receptor and\ADP-
also observed during the second celigion g/cle? Figure sensitve channel, hwever, had no effect on either fumo
2A shows a representadi animal pole viev of an f- deepening or on the deepening 2Caransient? In
aequorin-loaded zebrafish embryo demonstrating tlaldition, thg demonstrated that the endoplasmic reticulum
changes in intracellular free €aduring positioning, (ER) and IRRs are both localized on either side of the
propagtion, deepening and apposition of the first andeavage furrav during the deepening proce$s,thus
second cell diision g/cles. Morerecent reports @ dso  providing additional evidence for the possible intracellular
confirmed that such localized increases irf*Gaccur in  C&* store and release mechanism for the deepenidg Ca
zebrafish embryos during the different phaseg/tiflinesis transient.
using both aequorin and fluorescent Gaporters-1-12 More recently Lee et all® demonstrated that the
As well as the direct visualization of the CP2Ca positioning C&" transient is also generated by?Ceelease
transients, there is also good indiredtience (for gample, via IP;Rs. Inaddition, Leeet al'* started to explore the
from injecting C&" chelators such asAPTA-type tuffers upstream eents that might be wolved in oganizing the
at distinct times during the celyde) to indicate that Ga& furrow positioning C&* transient and presented evidence to
signaling plays a required role in cytokinesis in zebrafistemonstrate that a dynamic array of microteb may be
embryos$13 The timing of introduction of a Gachelator involved. Theg showed that this arrgywhich the termed
(and knowledge of its rate of spread within an earlthe ‘pre-furraving microtubule array’ (or pf-MA),
embryo) is critical for determining its effect on theoriginates from the mid-zone of the mitotic spindle, and
generation of a particular transient as well as thien expands both upward and outwandatd the surfice
developmental significance of blocking or modulating thabf the blastodisé? In addition, thg showed that this pf-
transient. @king this into account, @b et al? initially MTA is localised with a zone of corticular ER andRB in
focused on the propation transient, and waited until thethe blastoderm corte just before the morphological
furrow had been positioned on the blastodisc surface (lappearance of the clege furrav at the blastodisc suate.
observing either the appearance of the furoo the surbce Thus, thg suggested that the array might bexdived in
or the C&' transient associated with thiseat) before organising the ER (and thus the,®s), required to generate
introducing the bffer. These experiments clearly indicatedthe C&* signals that are essential for aclage furrov
a Ca*-requirement for furne propagation in cleaing formation in zebrafish embryd$.
zebrafish embryos.Subsequentlyand again by careful Most recently Li et all® investigated whether
timing of the introduction of the Cabuffer, Lee et al  extracellular C&' (i.e., C&" in the medium surrounding the
more recently demonstrated that a localizedratilen of embryonic cells) in combination with SIRE complees
C&* is also essential for both fumodeepening® and play a role in the membrane remodelling that occurs during
furrow positioning3 in zebrafish embryos. furrow deepening and appositiorlhey demonstrated that
Zebrafish embryos ke dso been treated with two cognate SKRE partners, VAMP-2 and SNP-25
antagonists of thearious C&' release channels in order tomediate ‘esicle fusion at the deepening and apposing
explore the C#" stores responsible for the generation of theleavage furrav membranes. Imddition, thg showed that
cytokinetic C&" transients. Chang and Meng vesicle fusion is not required for fussodeepening but is
demonstrated that the cytokinetic 2Casignal that the essential for appositionFurthermore, their data suggested
obsered using Calcium green-1 xiean, was blocked via that extracellular G4 is not required for VAMP-2 esicle
the introduction of heparin, an antagonist of fBceptors fusion, ut confirmed that it is essential for successful
(IP;Rs), but was not tdcted by ryanodine (a ryanodinedaughter cell appositiof¥.
receptor antagonist), nifedipine and 3ta(inhibitors of
plasma membrane €achannels) or the rema of Ca2*
from the external medium.They concluded that the
cytokinetic C&* trans_ient aroge from interr;al stores througlﬂanels h — p), which runs from the 128-cell stage to 50%
the Te'ease qf Cavia lP.3RS' Webb et f”ll' subsequently epiboly® marks the beginning of a transition in the nature
confirmed with aequornn that ngra_ﬂsh empryos COUlgf the C&"* signals. Asdescribed in the previous section,
ggnerate a regular series of cytok|n_et|(?*CIaanS|e.nt_s.and the C&" transients obseed during the CP arexelusively
divide nprma!y (for at _Ieast the fwstvfreg:ell division 1 iracellulars oL Then, as the cells get smaller and the
cycles;,) in Ca -free medium, thus supp(_)rtlng _Chang an mbryo advances into the BtRere is a progression from
Meng's d)s.er\anon that extr_acellular Cais not involved intracellular to localized intercellular (i.e., cell-to-cell)Xa
in generating these transieftsMore recently Lee et signalingl’1® This transition has been suggested to

10,13 i inetic 4
al. : investigated the source qf cytok|n_et|c €an futher represent the beginning of an amalgamation of the basic
detail by carefully timing the introduction of thenous

Ca?* signaling during the Blastula Period

The BP of zebrafish delopment (see Figure 1,
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A Cleavage Period

4-cell stage - 1 hpf

Period

B Blastula

Dome stage %
~4.3 hpf

C Gastrula Period

Segmentation Period
omitogenesis ,

~12.5 hpf
7-somites 8-somites

o

~15 hpf ~16 hpf
10-somites 12-somites 14-somites
- 13-somites

elements of intracellular €a signaling into the higher Reinhardet al'’ recorded changes in €aduring the
order signaling networks that are necessarydepkpace BP by imaging embryos that were loaded with the nuclear
with the increase in d@elopmental complexity. fluorescent C# reporter NuCa-green. Theshowed that
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Figure 2. Representatig examples of the C# signaling eents that occur during the early development obeafish
embryos. Imaging sequences arshown during: (A) the CP; (B) BRnd (C) GP as well as during (Di) somifanesis,
(Dii) head deelopment and (Diii) tail formation in the early SFA) CP: Animal pole vie of a representative embryo
showing the first two cell division cycles (i.e., from the 1- to 4-calestalrheluminescent imges (pseudocolor panels,
labeled a-m) epresent 1 min of accumulated light with a 2-min gap betweem iezge (B) BP: Animal pole vie of a
representative Dome-gga (4.3 hpf) embryo. The luminescent ges (panels a-m) @épresent 2 min of accumulated light
with a 1-min gap between daitnage (C) GP: oblique vegetal pole (VP) viav of a representative embryo ab0% epiboly
The luminescent ing&s (panels a-f) epresent 2 min of accumulated light with a 1-min overlap fohéaege In panel a,
examples of non-mpagating localized domains of elevated?Care marked with asterisks, and the intercellular Ca
waves, whilk are initiated at the shield and ppagate both around the margin and along the embryonic axéspmarked
with arrows. Inthe luminescent inges in (A-C) the timing relative to the first panel in Bagzquence is shown in the
upper right corner of edtpanel. The deematics (i.e., panel n in (A) and (B), and panel g in (C)) show the orientation of
ead embryo. (D)SP: (i, ii) Dorsal views of (i) the trunk and (ii) the head, and (iii) laterahwvia representative embryos
at various stges from the [2-3-somite td 14-somite stges. (i,ii) The luminescent inggs (panels a—h)&present 2 min of
accumulated light. The corresponding bright-field gesa (panels a*-h*) wee acquired just prior to eale luminescent
image (iii, i-n) Luminescent imges, representing 1 min of accumulated light, eemperimposed on the casponding
bright-field imaje The red arrowhead indicates the recurring tail-bud2Cdransient. Embryosvere injected with
aequorin and luminescent data weacquired with a photon imaging misscope as escribed peviously® Color scales
indicate luminescence flux in photons/pixel. All scaleslzeg 200 um except for Di and Dii whethe scale bag are 100
um. ARVP, D, V, Ant., Pos. and hpfepresent animal poleegédal pole dorsal, ventral, anterigrposterior and hous post-
fertilization, respectively.

starting during the late CP/early BP (i.e., from the 32- tdemonstrating that the interaction of Xwnt-5A and the Wnt
128-cell stage), Ca transients, lasting20-50 s, could be receptoy Frizzled-2, triggers this signaling cascade and
obsered eclusively in the outer-most layer of cells. leads to the release of intracellular2C¥2° A recent
Reinhardet all” estimated that the BP €asignals might report, hevever, indicated that purified Wnt-5A protein
have peak amplitudes of between 300 — 1000 nWhis does not appear to influence cellularrClavels 2 and so
population of cells delops into the eveloping layer the hypothesis that certain members of the \\amhilfy
(EVL) at the 64-cell stage following the first horizontalmight be upstream triggers of BP Laignaling is still
clearage, which results in to populations of cells; the unresolved.
‘deep’ cells (DCs) on the inside of the blastoderm and the It has been suggested that the?‘Taignals may
superficial EVL cells that e@ them!® The relave mediate EVL cell adhesion or might bevdived in
locations of the EVL and DCs are illustrated at the 256-cgdatterning the dorsoentral axis during this stage of
stage in Figure 1 (panel i)This is the stage that the EVL zebrafish deglopment!’-22 While there is no direct
cells bgin to thin out and become a tightly sealeavidence that confirms a role for the BP2Caignals in
epithelial-like nonolayer of cells which, later in EVL cell adhesion in zebrafish, it has long been established
development, diferentiate into the periderm, a protgeti that extracellular G4 is required to maintain the imgety
extra-embryonic layer that gers the blastodermReinhard of blastula cells inXenopusembryos?® In addition, it has
et all’ reported that these transients remained restricted ieen shan that the cell adhesion that occurs @rtebrate
the EVL and were initially generated by single cellsepithelia in general is mediated by both adherens and tight
However, as the BP progressed, the transients increased junctions. While adherens junctions (via cadherins) are
frequeny and bean to pread as propagating intercellulardependent on extracellular €aintracellular C&" signaling
Ca&* waves between small groups di2-5 adjoining cells. may play a role in mediating the interaction between
The authors also demonstrated that the appearance of d¢betical g/toskeletal elements and the extracellular matrix.
EVL C&* signals and intercellular ave generation Moreover, tight junctions, which hold cells together and
coincided with increasedJels of IP, within the embryo. serne as a impermeable barrierare reported to be
They proposed, therefore, that theZ#&ransients visualized dependent on both intracellular and extracellulad*&aln
in the EVL might be generated via ,tfhediated C# addition, in the Madin-Darby canine kigngMDCK)
releasé’ The BP C&' transients reported by Reinhagtl epithelial cell line, intracellular G4 is reported to be
al.l” using NuCa-green, can also be obsdrvusing required both for the formation of and maintaining the
aequorin, an example of which is shown in Figure 2B. integrity of tight junctions?>26 As the EVL cells of
Using a Fura-2-dextran-based imaging techniqu&undulus hetarclitusare reported to form tight junctioRs,
Slusarski et all® subsequently demonstrated that thét is likely that such cell contacts may also be present in the
frequeny of Ca2* spiking in the EVL cells in zebrafish EVL in zebrafish. Thus, a possible function of the a
could be modulated by the ectopic expressioXefiopus signals obseed during the BP might be to facilitate the
Wnt-5A They also confirmed the wolvement of the formation and maintenance of tight junctions in, and thus
phosphatidylinositol ~ (PI)  signaling  pathway bythe integrity of, the EVL.
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It has also been suggested that Pi*@ansients may propagting localized domains of elged C&* 134 and a
play a role in patterning the dorsesntral axis during the rhythmic series of pan-embryonic intercellular 2Ca
BP22 The idea linking the PI pathay to axis formation in waves343%both of which are illustrated in Figure 2Che
zebrafish embryos resulted from the application déatter are generated by and progi@gout from what has
lithium,28:2° which was proposed to block the Bicte by been described as a “pacemaker” region, located in the
inhibiting inositol turneer.3° Westfall et al?? demonstrated embryonic shield, with anvarage frequencof [I7 waves
in zebrafish that when the Plyade was blocked and per houya welocity of (b um/s and an estimated amplitude
endogenous (G4 stores were depleted, then a range aff (500 — 1000 nM during their initiationThese vaves
hyperdorsalization phenotypesaw observed, and ectopiceither circumneigate the advancing blastoderm giar or
dorsal signaling centers were formed, demonstrated by thepagte along the forming anterior/posterior axis of the
altered subcellular localization @fcatenin and the ectopic embryo from[60-70% epiboly up to the time of yolk cell
expression of B-catenin target genesWestfall et al3? occlusion3* It has been suggested that the intercellular
subsequently demonstrated that in Wniipétail; ppd) transmission of such long-range XCavaves may result
mutant embryos, there is reduced?®Cactivity during the from propagation throughag junctions, possibly mediated
BP and these embryos exhibit hyperdorsalization aria the diffusion of either Caitself or IP,, as poposed by
partial secondary axis phenotypes, as well as an increas@arridgeet al® This suggestion is supported by a report
B-catenin accumulation.Furthermore, the showed that that during the GRhere is an increase in the permeability
when the C# cascade is artificially astited with CaMKIl  of gap junctions in a circular zone around the blastoderm
in ppt mutants, then the mutant phenotype is partialljnargin®’ which appears to correlate with both the initiation
rescued, thus indicating that thpt phenotype is a result of time and propagtion path of the pan-embryonic rgaral
reduced C¥# release. waves 3435

Most recently Lyman Gingerichet al3? provided A possible upstream trigger of the GP?Cavaves
further evidence for a role of the EVL €aransients in might be Fyn kinase.This src-family protein tyrosine
both axis formation and gene xmession. Thg kinase has recently been linked to the initiation of epiboly
demonstrated that in tHeecatezebrafish mutant, embryos in zebrafish, functioning in part via €asignaling within
have defects in the formation of dorso-anterior structurethe leading edge of the blastodefnThe role of Fyn
and «hibit [10-fold increase in the frequgncof kinase vas irvestigated using dominant-getive mnstructs
intracellular C&* transients that normally occur in the EVLdesigned to suppress the function of c-Fyn. When mRN
during the BP In addition, when this C& release ws encoding dominant-metive Fynk2%°M was introduced at
inhibited in hec mutants, it resulted in the ectopicthe 1-cell stage, delopment proceeded normally until the
expression of dorsal genes, thus suggesting that tRé Canset of epiboly when the marginal blastometed to
transients might directly mediate the&peession of such migrate tavard the \egetal pole. Moreover, analysis of the
genes’? As well as identifying the Wnt/Ga pathway as a pattern of C& signaling in the dominant-getive
possible upstream trigger of the BP?Csignals, it has also Fynf?®*M.injected embryos demonstrated that the normally
been proposed that CaMKIl, PKC and calcineurin/NIF-Aelevated level of Ca2* in the marginal blastomeresas/
might be downstream targets of these sighals. suppresseéf

It has preiously been suggested that BP 2Ca The embryonic shield (see Figure 1, panel s) is an
signaling may also play a role in the formation and therganizer region of prime delopmental significance in
function of the yolk syngial layer (YSL; see Figure 1, zebrafisi?® While there is no direct vidence yet that
panels j and k) because from the 512-1K-cell stage, wheanfirms a specific role for the rhythmic Tawaves
the YSL is knavn to form, distinctie devated domains of generated by this region, veeal developmental functions
Ca&* are generated specifically in the wgiaal for these signals ka been proposed. These include
blastomere$®1°32 Furthermore, a distinate pattern of providing positional information to which cells in the
C&* signaling is generated at the YSL/blastodermgimar process of imoluting, corverging and &tending can relate
during the subsequent GP when this embryonic domaamd respond i.e., theythmic C&* waves propagting from
begins to assume a more prominent rolehis is described the cells in the shield might therefore “remind” othreore

in more detail in the next section. distant cells where the ganizing center is. Thus, tdave
oy ) ) ) a positional point of reference for their global
Ca* signaling during the Gastrula Period morphogenetic m@ments, as well as the ability to respond
During the GPthe morphogenetic cell mements of .to 'OC?" i'gS”a'S for more  specific \@ppmental
instructions3*

epiboly, invdution, corvergence, andension tak pace

(see Figure 1, panel t), to produce the primary germ layers As maty aspects of.the GP require the coord_inated
and the embryonic axié. Thus, the zebrafish body planmovement of lage populations of cells, another function of

. . . )
emeges through an orchestrated pattern of ceIIuIaW(?I ?é waves n(;ghtcbe tg s_;ynchro.rg)lze fand coordlmate
rearrangements, indued interactions, and gene cellular responseS. Considering epiboly for example,

expression. Seeral recent reports indicate that during 'théNhere the blastoderm migratesenand around the yolk

GP the embryo generates a number of distinct2+Cace” toward the \egetal pole (VP) in a coordinated manner
sig’naling gents. Theseinclude both transient non- it has been suggested that once the blastoderm crosses the

‘equator’ of the yolk cell, an actin-mediated contraction at
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the blastoderm margin aids its progression to the*VPsimilar sequence of localized €asignals along the trunk
Thus, another delopmental function of the circum- during the SP in zebrafish and yhalso proposed that the
maiginal C&* waves might be to coordinate and modulatetemporal and spatial characteristics of these signals might
the contraction of this actin-based netlw in the correlate with some aspects of somite formatinboth of
blastoderm majin. Supportingthis suggestion is theaét these reports!1® however, embryos were imaged from a
that the circum-marginal €awaves ae only obsered lateral viev, and as aequorin-based imaging has poor
after the magin of the blastoderm crosses the embryoniesolution in the z-axi,it is hard to drev any definitive
equator43® conclusions rgarding the C&' transients being generated
In summaryduring the GP there is an elaboration ofoincidently with the cutting 6bf each somite pair.
the simple localized intercellular €asignaling patterns, More recentlythe C&"* signaling eents in the trunk
which were first established during the, BRo patterns of during the formation of the first 8-somite pairs were re-
long-distance intercellular signalingMe suggest that the examined, this time from a dorsal wién order to visualize
latter might preide a mechanism for coordinating theboth sides of the embryonic mid-line and to better correlate
spatial and temporal regulation of globalvelepmental the generation of the €4 transients with somite
processes across the whole embryo that are a characterigtimation*® The most striking aspect of these da@swhe
of the GP. fact that unlile the physical process of cuttingf comite
pairs that occurs in agalar, predictable, and reproducible
sequencé? there was clearly no gelar, reproducible
e pattern to the Ca transients recorded, both within
individual embryos and when comparing one embryo with
another® The transients did, heever, predominantly

Ca?* signaling during the Segmentation Period

During the SP of zebrafish wiopment (see Figur
1, panels v — z), embryos generateagiety of transitory
localized patterns of elated C&'. These appear to be . . :
associated with three general embryonic domains and th%ﬁ’:ur_at e|th§r the med'?" or Iatera_ll boundaries qf the
respectie norphogenetic fates: the trunk and Somiténaturm_g.somnes, 3“99‘?5“09. thatytimaight play a ro!e n
formation (Figure 2Di); the anterior portion of the embry(ﬂ_‘etermmlng and/or mamtammg thege es_sent|algmar
and sculpturing of the brain rudiment (Figure 2Dii); and th .de.Ed’ ewdence. desd from the mqnlpulatlon 9f [Gé]i’
posterior portion of the embryo and formation of the taﬁvIthln the+ paraxial mesoder.m, using caged” (?and a
(Figure 2Diii). While the rploration of the brain and tail caged C#' chelator resulted in either a shortening or an

Ca’* signals in zebrafish has ree little attention, seeral elongatipn of somites i_n the_ medio-lateral dimension,
groups hee cescribed C¥ transients in the deloping respectiely, thus supporting this suggested role in givar

trunk, and these are wostarting to be characterized in determllnatlon (Le_ung, Miller Korzh and  Vébb,
further detail. unpublished obseations). Asa result of these we data,

During somitogenesis, &a signals hee keen we suggest that the intercellular®&ansients observed in

reported to occur both during the patterning of the paraxita“e trunk during the early SP may pide an addition_al,
d as yet not fully understood,vék of regulation in

mesoderm when the segmental units (somites) are fifdtd as ) o .
established, and also during the formation of thﬁzabhshmg a.nd ma|nta|n|_ng the .med|al and lateral
morphological boundaries between the somites (see Fig undaries during early somite formation.
1, panel w). Regarding the formerBrennaret al,*?using a  cgnclusions
fluorescent C# reporter described highly localized aves
of elevated intracellular C& propagting through blocks of Several years ago, it was suggested that theass &
anterior presomitic mesoderm (PSM) cells just prior ttack of good gperimental data that makes a defimti
somite formation. The precise role of this €aincrease causal connection between rgaof the C&* transients
was rot determined, but tiyeproposed that Ga-mediated obsened during early embryonic patterning and the
cell communication via a@p junctions might help to developmental gent with which thg are associatetf
determine the cellular boundaries during somitogenesidere, we hee down that evidence is mo starting to
Using aequorin, Crétoet al'! described a different type of accumulate, which links theavious C&' signaling patterns
Ca* wave asociated with paraxial mesoderm preidentified to more specific morphologicaleats during the
patterning. Thg reported that an “ultrashd Ca?* wave, early stages of zebrafishvé#opment. Furthermorehere
maoving at around.07 um/s from 10 — 14 hours post-is accumulating \ddence to suggest that such post-
fertilization, propagted along the trunk in an anterior fertilization C&* signals observed during zebrafish
posterior direction. Créton et al'! suggested that there embryogenesis may also occur duringeifpment in other
might be a correlation between the trunkGeave and the systems. Br example, C& signals hae been visualized
formation of the somites and neural keel. during: (1) The CP; duringytokinesis in the embryos of
Crétonet al'! also reported that a series of localizednedaka fish Qryzias latipey*® the African claved frog
intercellular C3* transients were generated along the trungXenopus lags),*® and the sea urchinPg&racentrotus
of segmenting zebrafish embryos and suggested thagt thiévidus);*’ (2) The BP and GP; coordinating theythHmic
might play a role in mediating the contractiorergs that contractile actiity of the stellate layer in medaka during
result in the formation of somitic fume. Webb and gastrulatiorf®, during neural inductioff and cowmergent
Miller'® subsequently described (again using aequorin) extensiof® in Xenopusand during dorsal and entral
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specification in the fruit fly Brosophila melangastej;>* 11.

and (4) The SP; during somitogenesisXienopus? This
supports the ypothesis that (4 signaling eents might be

a common feature of, and indeed may play a crucial role id2.

key pattern forming eents during early embryogenesis.
The precise molecular mechanismgolied, havever, are

still unclear We hope, therefore, that this view will  13.

encourage both on-going andanefforts to establish direct
mechanistic connections, and thus help determine the
developmental function and significance of the patterns of

developmental C4' signaling described. 14.
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