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Summary

1. It has been proposed that Ca2+ signaling, in the
form of pulses, wav es and steady gradients may play a
crucial role in key pattern forming events during early
vertebrate development.

2. With reference to the embryo of the zebrafish
(Danio rerio), here we review the Ca2+ transients reported
from the Cleavage to Segmentation Periods. This time-
window includes most of the major pattern forming events
of early development, which transform a single cell zygote
into a complex multicellular embryo with established
primary germ layers and body axes.

3. Data are presented to support our proposal that
intracellular Ca2+ waves are an essential feature of
embryonic cytokinesis, and that propagating intercellular
Ca2+ waves (both long and short range), may play a crucial
role in: (a) the establishment of the embryonic periderm,
and (b) the coordination of cell movements during epiboly,
convergence and extension, as well as contribute to (c) the
establishment of the basic embryonic axes and germ layers,
and (d) the definition of the morphological boundaries of
specific tissue domains and embryonic structures, including
future organ anlagen.

4. The potential down-stream targets of these Ca2+

transients are also discussed as well as how they might
integrate with other pattern-forming signaling pathways,
known to modulate early developmental events.

Introduction

There is an accumulating body of evidence to suggest
that Ca2+ signaling plays a major role in the regulation of
embryogenesis.1-4 Indeed, like dev elopmental patterning
itself, the earliest Ca2+ signaling events are distinct, and can
be correlated with specific morphogenetic steps.As
embryonic complexity increases, however, so does the
complexity of the Ca2+ signals observed. These
characteristics are exemplified in the developing zebrafish
(see Figure 1). The early phases of development (for
example, during cytokinesis in the Cleavage Period; CP),
are dominated by intracellular Ca2+ signals. However, as
the number of cells increases and the size of the cells
decreases (i.e., during the Blastula Period (BP) and early
Gastrula Period (GP)), there is a progressive establishment
of localized intercellular signals in conjunction with the
intracellular signals. With the commencement of the
dramatic morphological events and global patterning
processes that occur later in the GP, there is the concomitant

generation of longer range, and even pan-embryonic,
intercellular Ca2+ signals. However, by the end of the GP
and during the subsequent Segmentation Period (SP), when
the germ layers and major body axes are established, a
more localized pattern of intercellular Ca2+ signaling then
resumes. Thisis associated with the generation of specific
structures within the basic body plan, such as somite
formation, brain partitioning, and tail elongation.

In this review, we describe the latest findings
regarding the Ca2+ signaling events that occur during these
early stages of zebrafish development, and in doing so, we
hope to provide evidence that instead of being discrete and
disconnected events, Ca2+ signals may be a continuous and
fundamental feature of developmental orchestration, with
(at least where it is known) largely conserved molecular and
cellular mechanisms of generation.

Direct visualization of the patterns of Ca2+ signals
that are generated during embryogenesis is commonly
achieved using either bioluminescent or fluorescent Ca2+

reporters in conjunction with specialized luminescent
imaging equipment or confocal microscopy, respectively.
The most common bioluminescent Ca2+ reporter used for
imaging is aequorin,5 while a wide range of fluorescent
Ca2+ reporters are commercially available.6 These include
both single wav elength reporters such as Calcium green-1
dextran and ratiometric reporters such as Fura-2. There are
advantages and disadvantages to utilizing both the
luminescent and fluorescent Ca2+ reporters.7 While
aequorin is able to provide a continuous, low-resolution
map of the developmental Ca2+ signaling events that occur
over relatively long periods of time, fluorescent Ca2+

reporters generally provide shorter time-frame information
at a higher resolution regarding the particular cells or
tissues that generate a specific Ca2+ transient within an
embryo. Thus,we suggest that the combined use of these
two complimentary Ca2+ imaging techniques provides a
powerful tool for the visualization of Ca2+ signals in
developing embryos.

Ca2+ signaling during the Cleavage Period

The existence of intracellular Ca2+ transients during
the early embryonic cleavages (see Figure 1, panels b – g)
in zebrafish (Danio rerio), have been identified using both
fluorescent and luminescent Ca2+ reporters. UsingCalcium
green-1 dextran, Chang and Meng8 observed that localized
elevations in free Ca2+ were associated with cytokinesis and
they demonstrated that intracellular Ca2+ was elevated ‘not
only in the “right” place, but also at the “right” time’ to
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Figure 1. Schematic representation of zebrafish development from the Zygote Period to the mid-Segmentation Period. Fol-
lowing the brief Zygote Period (panel a), when the embryo is at the single-cell stage, the CP (panels b–g) runs from the
2-cell to 64-cell stage (i.e., 0.75 hpf to 2.25 hpf).The BP (panels h-p) follows the CP, and runs from the 128-cell stage to
the 50% epiboly stage (i.e., from 2.25 hpf to 5.3 hpf). The formation of the EVL and YSL are indicated in panels i, and j
and k, respectively. The GP (panels q-u) then runs from the end of the BP at 50% epiboly (i.e., 5.3 hpf) through to bud
stage at 10 hpf, after which the SP begins. Inthis schematic, we have just shown the early stages of the SP (panels v-z), i.e.,
from bud stage (at 10 hpf) to the 14-somite stage (at 16 hpf). AP, VP, EVL, Ant. Pos. and hpf are animal pole, veg etal pole,
enveloping layer, anterior, posterior and hours post fertilization, respectively. BD (in panel a) indicates the blastodisc, at
the 1-cell stage, which develops into the blastoderm during subsequent stages of development. Inthe GP, the leading edge
of the blastoderm is indicated by a blue arrowhead in panel q. The dorso-ventral axis is first visible morphologically at
Shield stage (i.e., 6 hpf; panel s). The simultaneous cell movements of epiboly (blue arrows), convergence (green arrows)
and extension (red arrows) that occur during the GP, are shown in panel t. The tail bud, somites and brain anlage are indi-
cated by red, green and black arrowheads, respectively in panels v, w and x. Schematics are modified from Kimmelet al.,16

where there is a detailed description of the early development of zebrafish embryos.

play a role in determining the position of the furrowing
plane.

Webb et al.9 confirmed this observation using
aequorin-based imaging and observed that several distinct
Ca2+ signals accompany the sequential stages of
cytokinesis. The‘furrow positioning signal’ is a clear,
localized elevation of intracellular Ca2+, which precedes the
first appearance of the furrow arc at the blastodisc surface.
This is followed by the ‘furrow propagation signal’, which
takes the form of two sub-surface slow Ca2+ waves moving

at ∼ 0.5 µm/s, which accompany the leading edges of the
furrow arc as they progress outward toward the margins of
the blastodisc.As these propagation wav efronts approach
the margins of the blastodisc, the ‘furrow deepening’ Ca2+

signal then appears at the apex of the blastodisc, i.e., at the
same initial location as the positioning signal.Like the
propagation signal, it extends outward to the margins of the
blastodisc at∼ 0.5 µm/s, but in this case it also moves
downward (at ∼ 0.1 µm/s), accompanying the deepening
process that separates the daughter cells.9 The region of
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localized elevated Ca2+ then persists throughout the furrow
apposition process, and only returns to the resting level
once the cleavage furrow is fully apposed.10 The peak
amplitude of the positioning, propagation and deepening
Ca2+ transients was estimated to be∼ 650 nM for the
positioning and propagation transients and∼ 440 nM for the
deepening transient.9 This sequence of Ca2+ signals was
also observed during the second cell division cycle.9 Figure
2A shows a representative animal pole view of an f-
aequorin-loaded zebrafish embryo demonstrating the
changes in intracellular free Ca2+ during positioning,
propagation, deepening and apposition of the first and
second cell division cycles. Morerecent reports have also
confirmed that such localized increases in Ca2+ occur in
zebrafish embryos during the different phases of cytokinesis
using both aequorin and fluorescent Ca2+ reporters.11,12

As well as the direct visualization of the CP Ca2+

transients, there is also good indirect evidence (for example,
from injecting Ca2+ chelators such as BAPTA-type buffers
at distinct times during the cell cycle) to indicate that Ca2+

signaling plays a required role in cytokinesis in zebrafish
embryos.8-13 The timing of introduction of a Ca2+ chelator
(and knowledge of its rate of spread within an early
embryo) is critical for determining its effect on the
generation of a particular transient as well as the
developmental significance of blocking or modulating that
transient. Taking this into account, Webb et al.9 initially
focused on the propagation transient, and waited until the
furrow had been positioned on the blastodisc surface (by
observing either the appearance of the furrow on the surface
or the Ca2+ transient associated with this event) before
introducing the buffer. These experiments clearly indicated
a Ca2+-requirement for furrow propagation in cleaving
zebrafish embryos.Subsequently, and again by careful
timing of the introduction of the Ca2+ buffer, Lee et al.
more recently demonstrated that a localized elevation of
Ca2+ is also essential for both furrow deepening10 and
furrow positioning13 in zebrafish embryos.

Zebrafish embryos have also been treated with
antagonists of the various Ca2+ release channels in order to
explore the Ca2+ stores responsible for the generation of the
cytokinetic Ca2+ transients. Chang and Meng,8

demonstrated that the cytokinetic Ca2+ signal that they
observed using Calcium green-1 dextran, was blocked via
the introduction of heparin, an antagonist of IP3 receptors
(IP3Rs), but was not affected by ryanodine (a ryanodine
receptor antagonist), nifedipine and La3+, (inhibitors of
plasma membrane Ca2+ channels) or the removal of Ca2+

from the external medium.They concluded that the
cytokinetic Ca2+ transient arose from internal stores through
the release of Ca2+ via IP3Rs.8 Webb et al.9 subsequently
confirmed with aequorin that zebrafish embryos could
generate a regular series of cytokinetic Ca2+ transients and
divide normally (for at least the first few cell division
cycles) in Ca2+-free medium, thus supporting Chang and
Meng’s observation that extracellular Ca2+ is not involved
in generating these transients.8 More recently, Lee et
al.10,13 investigated the source of cytokinetic Ca2+ in further
detail by carefully timing the introduction of the various

antagonists in order to focus specifically on the deepening
and positioning Ca2+ transients. They demonstrated that the
introduction of heparin or another IP3R antagonist, 2-APB
(2-aminoethoxydiphenylborate), at the appropriate time to
challenge only the deepening transient, blocked the Ca2+

signal and resulted in an inhibition of furrow deepening.10

Antagonists of the ryanodine receptor and NAADP-
sensitive channel, however, had no effect on either furrow
deepening or on the deepening Ca2+ transient.10 In
addition, they demonstrated that the endoplasmic reticulum
(ER) and IP3Rs are both localized on either side of the
cleavage furrow during the deepening process,10 thus
providing additional evidence for the possible intracellular
Ca2+ store and release mechanism for the deepening Ca2+

transient.
More recently, Lee et al.13 demonstrated that the

positioning Ca2+ transient is also generated by Ca2+ release
via IP3Rs. In addition, Leeet al.14 started to explore the
upstream events that might be involved in organizing the
furrow positioning Ca2+ transient and presented evidence to
demonstrate that a dynamic array of microtubules may be
involved. They showed that this array, which they termed
the ‘pre-furrowing microtubule array’ (or pf-MTA),
originates from the mid-zone of the mitotic spindle, and
then expands both upward and outward toward the surface
of the blastodisc.14 In addition, they showed that this pf-
MTA is localised with a zone of corticular ER and IP3Rs in
the blastoderm cortex just before the morphological
appearance of the cleavage furrow at the blastodisc surface.
Thus, they suggested that the array might be involved in
organising the ER (and thus the IP3Rs), required to generate
the Ca2+ signals that are essential for cleavage furrow
formation in zebrafish embryos.14

Most recently, Li et al.15 investigated whether
extracellular Ca2+ (i.e., Ca2+ in the medium surrounding the
embryonic cells) in combination with SNARE complexes
play a role in the membrane remodelling that occurs during
furrow deepening and apposition.They demonstrated that
two cognate SNARE partners, VAMP-2 and SNAP-25
mediate vesicle fusion at the deepening and apposing
cleavage furrow membranes. Inaddition, they showed that
vesicle fusion is not required for furrow deepening but is
essential for apposition.Furthermore, their data suggested
that extracellular Ca2+ is not required for VAMP-2 vesicle
fusion, but confirmed that it is essential for successful
daughter cell apposition.15

Ca2+ signaling during the Blastula Period

The BP of zebrafish development (see Figure 1,
panels h – p), which runs from the 128-cell stage to 50%
epiboly,16 marks the beginning of a transition in the nature
of the Ca2+ signals. Asdescribed in the previous section,
the Ca2+ transients observed during the CP are exclusively
intracellular.8,9,11 Then, as the cells get smaller and the
embryo advances into the BP, there is a progression from
intracellular to localized intercellular (i.e., cell-to-cell) Ca2+

signaling.17,18 This transition has been suggested to
represent the beginning of an amalgamation of the basic
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elements of intracellular Ca2+ signaling into the higher
order signaling networks that are necessary to keep pace
with the increase in developmental complexity.3

Reinhardet al.17 recorded changes in Ca2+ during the
BP by imaging embryos that were loaded with the nuclear
fluorescent Ca2+ reporter, NuCa-green. They showed that
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Figure 2. Representative examples of the Ca2+ signaling events that occur during the early development of zebrafish
embryos. Imaging sequences are shown during: (A) the CP; (B) BP, and (C) GP as well as during (Di) somitogenesis,
(Dii) head development and (Diii) tail formation in the early SP. (A) CP: Animal pole view of a representative embryo
showing the first two cell division cycles (i.e., from the 1- to 4-cell stage). Theluminescent images (pseudocolor panels,
labeled a-m) represent 1 min of accumulated light with a 2-min gap between each image. (B) BP: Animal pole view of a
representative Dome-stage (∼ 4.3 hpf) embryo. The luminescent images (panels a-m) represent 2 min of accumulated light
with a 1-min gap between each image. (C) GP: oblique vegetal pole (VP) view of a representative embryo at∼ 90% epiboly.
The luminescent images (panels a-f) represent 2 min of accumulated light with a 1-min overlap for each image. In panel a,
examples of non-propagating localized domains of elevated Ca2+ are marked with asterisks, and the intercellular Ca2+

waves, which are initiated at the shield and propagate both around the margin and along the embryonic axis, are marked
with arrows. Inthe luminescent images in (A-C) the timing relative to the first panel in each sequence is shown in the
upper right corner of each panel. The schematics (i.e., panel n in (A) and (B), and panel g in (C)) show the orientation of
each embryo. (D)SP: (i, ii) Dorsal views of (i) the trunk and (ii) the head, and (iii) lateral view of representative embryos
at various stages from the ∼ 2-3-somite to∼ 14-somite stages. (i, ii) The luminescent images (panels a–h) represent 2 min of
accumulated light. The corresponding bright-field images (panels a*-h*) were acquired just prior to each luminescent
image. (iii, i–n) Luminescent images, representing 1 min of accumulated light, were superimposed on the corresponding
bright-field image. The red arrowhead indicates the recurring tail-bud Ca2+ transient. Embryoswere injected with
aequorin and luminescent data were acquired with a photon imaging microscope, as described previously.9 Color scales
indicate luminescence flux in photons/pixel. All scale bars are 200 µm except for Di and Dii where the scale bars are 100
µm. AP, VP, D, V, Ant., Pos. and hpf represent animal pole, veg etal pole, dorsal, ventral, anterior, posterior and hours post-
fertilization, respectively.

starting during the late CP/early BP (i.e., from the 32- to
128-cell stage), Ca2+ transients, lasting∼ 20–50 s, could be
observed exclusively in the outer-most layer of cells.
Reinhardet al.17 estimated that the BP Ca2+ signals might
have peak amplitudes of between 300 – 1000 nM.This
population of cells develops into the enveloping layer
(EVL) at the 64-cell stage following the first horizontal
cleavage, which results in two populations of cells; the
‘deep’ cells (DCs) on the inside of the blastoderm and the
superficial EVL cells that cover them.16 The relative
locations of the EVL and DCs are illustrated at the 256-cell
stage in Figure 1 (panel i).This is the stage that the EVL
cells begin to thin out and become a tightly sealed
epithelial-like monolayer of cells which, later in
development, differentiate into the periderm, a protective
extra-embryonic layer that covers the blastoderm.Reinhard
et al.17 reported that these transients remained restricted to
the EVL and were initially generated by single cells.
However, as the BP progressed, the transients increased in
frequency and began to spread as propagating intercellular
Ca2+ waves between small groups of∼ 2-5 adjoining cells.
The authors also demonstrated that the appearance of the
EVL Ca2+ signals and intercellular wav e generation
coincided with increased levels of IP3 within the embryo.
They proposed, therefore, that the Ca2+ transients visualized
in the EVL might be generated via IP3-mediated Ca2+

release.17 The BP Ca2+ transients reported by Reinhardet
al.17 using NuCa-green, can also be observed using
aequorin, an example of which is shown in Figure 2B.

Using a Fura-2-dextran-based imaging technique,
Slusarski et al.19 subsequently demonstrated that the
frequency of Ca2+ spiking in the EVL cells in zebrafish
could be modulated by the ectopic expression ofXenopus
Wnt-5A. They also confirmed the involvement of the
phosphatidylinositol (PI) signaling pathway by

demonstrating that the interaction of Xwnt-5A and the Wnt
receptor, Frizzled-2, triggers this signaling cascade and
leads to the release of intracellular Ca2+.19,20 A recent
report, however, indicated that purified Wnt-5A protein
does not appear to influence cellular Ca2+ levels,21 and so
the hypothesis that certain members of the Wnt family
might be upstream triggers of BP Ca2+ signaling is still
unresolved.

It has been suggested that the Ca2+ signals may
mediate EVL cell adhesion or might be involved in
patterning the dorso-ventral axis during this stage of
zebrafish development.17,22 While there is no direct
evidence that confirms a role for the BP Ca2+ signals in
EVL cell adhesion in zebrafish, it has long been established
that extracellular Ca2+ is required to maintain the integrity
of blastula cells inXenopusembryos.23 In addition, it has
been shown that the cell adhesion that occurs in vertebrate
epithelia in general is mediated by both adherens and tight
junctions. While adherens junctions (via cadherins) are
dependent on extracellular Ca2+, intracellular Ca2+ signaling
may play a role in mediating the interaction between
cortical cytoskeletal elements and the extracellular matrix.
Moreover, tight junctions, which hold cells together and
serve as an impermeable barrier, are reported to be
dependent on both intracellular and extracellular Ca2+.24 In
addition, in the Madin-Darby canine kidney (MDCK)
epithelial cell line, intracellular Ca2+ is reported to be
required both for the formation of and maintaining the
integrity of tight junctions.25,26 As the EVL cells of
Fundulus heteroclitusare reported to form tight junctions,27

it is likely that such cell contacts may also be present in the
EVL in zebrafish. Thus, a possible function of the Ca2+

signals observed during the BP might be to facilitate the
formation and maintenance of tight junctions in, and thus
the integrity of, the EVL.
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It has also been suggested that PI-Ca2+ transients may
play a role in patterning the dorso-ventral axis during the
BP.22 The idea linking the PI pathway to axis formation in
zebrafish embryos resulted from the application of
lithium,28,29 which was proposed to block the PI cycle by
inhibiting inositol turnover.30 Westfall et al.22 demonstrated
in zebrafish that when the PI cycle was blocked and
endogenous Ca2+ stores were depleted, then a range of
hyperdorsalization phenotypes was observed, and ectopic
dorsal signaling centers were formed, demonstrated by the
altered subcellular localization ofβ-catenin and the ectopic
expression of β-catenin target genes.Westfall et al.31

subsequently demonstrated that in Wnt5 (pipetail; ppt)
mutant embryos, there is reduced Ca2+ activity during the
BP and these embryos exhibit hyperdorsalization and
partial secondary axis phenotypes, as well as an increase in
β-catenin accumulation.Furthermore, they showed that
when the Ca2+ cascade is artificially activated with CaMKII
in ppt mutants, then the mutant phenotype is partially
rescued, thus indicating that theppt phenotype is a result of
reduced Ca2+ release.

Most recently, Lyman Gingerichet al.32 provided
further evidence for a role of the EVL Ca2+ transients in
both axis formation and gene expression. They
demonstrated that in thehecatezebrafish mutant, embryos
have defects in the formation of dorso-anterior structures
and exhibit ∼ 10-fold increase in the frequency of
intracellular Ca2+ transients that normally occur in the EVL
during the BP. In addition, when this Ca2+ release was
inhibited in hec mutants, it resulted in the ectopic
expression of dorsal genes, thus suggesting that the Ca2+

transients might directly mediate the expression of such
genes.32 As well as identifying the Wnt/Ca2+ pathway as a
possible upstream trigger of the BP Ca2+ signals, it has also
been proposed that CaMKII, PKC and calcineurin/NF-AT
might be downstream targets of these signals.4

It has previously been suggested that BP Ca2+

signaling may also play a role in the formation and the
function of the yolk syncytial layer (YSL; see Figure 1,
panels j and k) because from the 512-1K-cell stage, when
the YSL is known to form, distinctive elevated domains of
Ca2+ are generated specifically in the marginal
blastomeres.18,19,33 Furthermore, a distinctive pattern of
Ca2+ signaling is generated at the YSL/blastoderm margin
during the subsequent GP when this embryonic domain
begins to assume a more prominent role.This is described
in more detail in the next section.

Ca2+ signaling during the Gastrula Period

During the GP, the morphogenetic cell movements of
epiboly, inv olution, convergence, and extension take place
(see Figure 1, panel t), to produce the primary germ layers
and the embryonic axis.16 Thus, the zebrafish body plan
emerges through an orchestrated pattern of cellular
rearrangements, inductive interactions, and gene
expression. Several recent reports indicate that during the
GP, the embryo generates a number of distinct Ca2+

signaling events. These include both transient non-

propagating localized domains of elevated Ca2+,11,34 and a
rhythmic series of pan-embryonic intercellular Ca2+

waves,34,35 both of which are illustrated in Figure 2C.The
latter are generated by and propagate out from what has
been described as a “pacemaker” region, located in the
embryonic shield, with an average frequency of ∼ 7 wav es
per hour, a velocity of ∼ 5 µm/s and an estimated amplitude
of ∼ 500 – 1000 nM during their initiation.These wav es
either circumnavigate the advancing blastoderm margin, or
propagate along the forming anterior/posterior axis of the
embryo from∼ 60-70% epiboly up to the time of yolk cell
occlusion.34 It has been suggested that the intercellular
transmission of such long-range Ca2+ waves may result
from propagation through gap junctions, possibly mediated
via the diffusion of either Ca2+ itself or IP3, as proposed by
Berridgeet al.36 This suggestion is supported by a report
that during the GP, there is an increase in the permeability
of gap junctions in a circular zone around the blastoderm
margin,37 which appears to correlate with both the initiation
time and propagation path of the pan-embryonic marginal
waves.34,35

A possible upstream trigger of the GP Ca2+ waves
might be Fyn kinase.This src-family protein tyrosine
kinase has recently been linked to the initiation of epiboly
in zebrafish, functioning in part via Ca2+ signaling within
the leading edge of the blastoderm.38 The role of Fyn
kinase was investigated using dominant-negative constructs
designed to suppress the function of c-Fyn. When mRNA
encoding dominant-negative FynK299M was introduced at
the 1-cell stage, development proceeded normally until the
onset of epiboly when the marginal blastomeres failed to
migrate toward the vegetal pole. Moreover, analysis of the
pattern of Ca2+ signaling in the dominant-negative
FynK299M-injected embryos demonstrated that the normally
elevated level of Ca2+ in the marginal blastomeres was
suppressed.38

The embryonic shield (see Figure 1, panel s) is an
organizer region of prime developmental significance in
zebrafish.39 While there is no direct evidence yet that
confirms a specific role for the rhythmic Ca2+ waves
generated by this region, several developmental functions
for these signals have been proposed. These include
providing positional information to which cells in the
process of involuting, converging and extending can relate
and respond i.e., the rhythmic Ca2+ waves propagating from
the cells in the shield might therefore “remind” other, more
distant cells where the organizing center is. Thus, they hav e
a positional point of reference for their global
morphogenetic movements, as well as the ability to respond
to local signals for more specific developmental
instructions.34,35

As many aspects of the GP require the coordinated
movement of large populations of cells, another function of
the Ca2+ waves might be to synchronize and coordinate
cellular responses.40 Considering epiboly, for example,
where the blastoderm migrates over and around the yolk
cell toward the vegetal pole (VP) in a coordinated manner,
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 VP.41

Thus, another developmental function of the circum-
marginal Ca2+ waves might be to coordinate and modulate
the contraction of this actin-based network in the
blastoderm margin. Supportingthis suggestion is the fact
that the circum-marginal Ca2+ waves are only observed
after the margin of the blastoderm crosses the embryonic
equator.34,35

In summary, during the GP there is an elaboration of
the simple localized intercellular Ca2+ signaling patterns,
which were first established during the BP, into patterns of
long-distance intercellular signaling.We suggest that the
latter might provide a mechanism for coordinating the
spatial and temporal regulation of global developmental
processes across the whole embryo that are a characteristic
of the GP.

Ca2+ signaling during the Segmentation Period

During the SP of zebrafish development (see Figure
1, panels v – z), embryos generate a variety of transitory
localized patterns of elevated Ca2+. These appear to be
associated with three general embryonic domains and their
respective morphogenetic fates: the trunk and somite
formation (Figure 2Di); the anterior portion of the embryo
and sculpturing of the brain rudiment (Figure 2Dii); and the
posterior portion of the embryo and formation of the tail
(Figure 2Diii). While the exploration of the brain and tail
Ca2+ signals in zebrafish has received little attention, several
groups have described Ca2+ transients in the developing
trunk, and these are now starting to be characterized in
further detail.

During somitogenesis, Ca2+ signals have been
reported to occur both during the patterning of the paraxial
mesoderm when the segmental units (somites) are first
established, and also during the formation of the
morphological boundaries between the somites (see Figure
1, panel w).Regarding the former, Brennanet al.,42 using a
fluorescent Ca2+ reporter, described highly localized wav es
of elevated intracellular Ca2+ propagating through blocks of
anterior presomitic mesoderm (PSM) cells just prior to
somite formation. The precise role of this Ca2+ increase
was not determined, but they proposed that Ca2+-mediated
cell communication via gap junctions might help to
determine the cellular boundaries during somitogenesis.
Using aequorin, Crétonet al.11 described a different type of
Ca2+ wave associated with paraxial mesoderm pre-
patterning. They reported that an “ultraslow” Ca2+ wave,
moving at around∼ 0.07 µm/s from 10 – 14 hours post-
fertilization, propagated along the trunk in an anterior-to-
posterior direction. Créton et al.11 suggested that there
might be a correlation between the trunk Ca2+ wave and the
formation of the somites and neural keel.

Crétonet al.11 also reported that a series of localized
intercellular Ca2+ transients were generated along the trunk
of segmenting zebrafish embryos and suggested that they
might play a role in mediating the contraction events that
result in the formation of somitic furrows. Webb and
Miller18 subsequently described (again using aequorin) a

similar sequence of localized Ca2+ signals along the trunk
during the SP in zebrafish and they also proposed that the
temporal and spatial characteristics of these signals might
correlate with some aspects of somite formation.In both of
these reports,11,18 however, embryos were imaged from a
lateral view, and as aequorin-based imaging has poor
resolution in the z-axis,7 it is hard to draw any definitive
conclusions regarding the Ca2+ transients being generated
coincidently with the cutting off of each somite pair.

More recently, the Ca2+ signaling events in the trunk
during the formation of the first 8-somite pairs were re-
examined, this time from a dorsal view in order to visualize
both sides of the embryonic mid-line and to better correlate
the generation of the Ca2+ transients with somite
formation.43 The most striking aspect of these data was the
fact that unlike the physical process of cutting off somite
pairs that occurs in a regular, predictable, and reproducible
sequence,44 there was clearly no regular, reproducible
pattern to the Ca2+ transients recorded, both within
individual embryos and when comparing one embryo with
another.43 The transients did, however, predominantly
occur at either the medial or lateral boundaries of the
maturing somites, suggesting that they might play a role in
determining and/or maintaining these essential margins.
Indeed, evidence derived from the manipulation of [Ca2+] i,
within the paraxial mesoderm, using caged Ca2+ and a
caged Ca2+ chelator, resulted in either a shortening or an
elongation of somites in the medio-lateral dimension,
respectively, thus supporting this suggested role in margin
determination (Leung, Miller, Korzh and Webb,
unpublished observations). Asa result of these new data,
we suggest that the intercellular Ca2+ transients observed in
the trunk during the early SP may provide an additional,
and as yet not fully understood, level of regulation in
establishing and maintaining the medial and lateral
boundaries during early somite formation.

Conclusions

Several years ago, it was suggested that there was a
lack of good experimental data that makes a definitive
causal connection between many of the Ca2+ transients
observed during early embryonic patterning and the
developmental event with which they are associated.18

Here, we have shown that evidence is now starting to
accumulate, which links the various Ca2+ signaling patterns
identified to more specific morphological events during the
early stages of zebrafish development. Furthermore,there
is accumulating evidence to suggest that such post-
fertilization Ca2+ signals observed during zebrafish
embryogenesis may also occur during development in other
systems. For example, Ca2+ signals have been visualized
during: (1) The CP; during cytokinesis in the embryos of
medaka fish (Oryzias latipes),45 the African clawed frog
(Xenopus laevis),46 and the sea urchin (Paracentrotus
lividus);47 (2) The BP and GP; coordinating the rhythmic
contractile activity of the stellate layer in medaka during
gastrulation48, during neural induction49 and convergent
extension50 in Xenopus and during dorsal and ventral
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specification in the fruit fly (Drosophila melanogaster);51

and (4) The SP; during somitogenesis inXenopus.52 This
supports the hypothesis that Ca2+ signaling events might be
a common feature of, and indeed may play a crucial role in,
key pattern forming events during early embryogenesis.
The precise molecular mechanisms involved, however, are
still unclear. We hope, therefore, that this review will
encourage both on-going and new efforts to establish direct
mechanistic connections, and thus help determine the
developmental function and significance of the patterns of
developmental Ca2+ signaling described.
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