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Abstract. Calcium signaling is known to be associated
with cytokinesis; however, the detailed spatio-temporal
pattern of calcium dynamics has remained unclear. We
have studied changes of intracellular free calcium in
cleavage-stage Xenopus embryos using fluorescent cal-
cium indicator dyes, mainly Calcium Green-1. Cleavage
formation was followed by calcium transients that lo-
calized to cleavage furrows and propagated along the
furrows as calcium waves. The calcium transients at the
cleavage furrows were observed at each cleavage fur-
row at least until blastula stage. The velocity of the cal-
cium waves at the first cleavage furrow was ~3 pm/s,

in the regulation of several aspects of cell division (for

review see Hepler, 1994). Calcium transients have
been observed at pronuclear migration and fusion, nuclear
envelope breakdown, anaphase onset, and cytokinesis in
the first cell cycle of sea urchin embryos (Ciapa et al.,
1994; Poenie et al., 1985) or before nuclear envelope
breakdown in the first cell cycle of mouse eggs (Tombes
et al., 1992). As the contractile ring is composed of an acto-
myosin system (Cao and Wang, 1990; Mittal et al., 1987), it
has been proposed that calcium signaling is directly in-
volved in cytokinesis. However, while some groups have
observed calcium transients at cytokinesis (Ciapa et al,,
1994; Poenie et al., 1985), some other studies on calcium
changes during the cell division cycle have not provided
evidence for calcium increase at cytokinesis. Although pe-
riodic changes in intracellular calcium concentration were
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which was much slower than that associated with fertili-
zation/egg activation. These calcium waves traveled
only along the cleavage furrows and not in the direction
orthogonal to the furrows. These observations imply
that there exists an intracellular calcium-releasing ac-
tivity specifically associated with cleavage furrows. The
calcium waves occurred in the absence of extracellular
calcium and were inhibited in embryos injected with
heparin, an inositol 1,4,5-trisphosphate (InsP;) receptor
antagonist. These results suggest that InsP; receptor—
mediated calcium mobilization plays an essential role in
calcium wave formation at the cleavage furrows.

observed to be associated with cleavage cycles in medaka
embryos (Yoshimoto et al., 1985) and in Xenopus embryos
(Grandin and Charbonneau, 1991), cytokinesis started at
the trough of the calcium oscillation. The timing of the
peak of the periodic calcium oscillation was shown to cor-
respond with metaphase in Xenopus embryos (Kubota et al.,
1993). Recently, the spatio-temporal pattern of calcium
transients at cytokinesis has been reported in medaka fish
embryos (Fluck et al., 1991) and zebra fish embryos
(Chang and Meng, 1995). Two types of calcium waves at
cytokinesis were described (Fluck et al., 1991): one seemed
to be associated with the extension of the cleavage furrow,
and the other with subsequent apposition of the newly
generated adjacent blastomeres. While they did not ob-
serve calcium transients preceding the formation of the
cleavage furrows in medaka fish embryos, calcium tran-
sients were shown to occur at the site where the cleavage
furrow would form in zebra fish embryos (Chang and
Meng, 1995).

The regulation of intracellular calcium concentration
has been shown to be essential for cell cycle progression in
several previous studies. Chelation of intracellular calcium
ions has been shown to retard cell division in Xenopus em-
bryos (Snow and Nuccitelli, 1993). Both anti-phosphati-
dylinositol bisphosphate antibody, which blocks hydrolysis
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of phosphatidylinositol bisphosphate, and heparin, an in-
hibitor of the inositol 1,4,5-trisphosphate (InsP;)' recep-
tor, inhibited cell cycle progression in Xenopus embryos
(Han et al., 1992). In sea urchin eggs, changes in InsP;
mass were demonstrated to be associated with calcium
transients during the first embryonic cell cycle (Ciapa et al.,
1994). Calcium transients observed during cell cycle pro-
gression were shown to be inhibited by heparin (Chang
and Meng, 1995; Ciapa et al., 1994). These results sug-
gested that polyphosphoinositide turnover and calcium
mobilization from InsP;-sensitive calcium stores are in-
volved in cell cycle progression.

Since previous studies have not characterized the spatio-
temporal pattern of calcium dynamics during cell division
cycle (Grandin and Charbonneau, 1991; Keating et al.,
1994; Kubota et al., 1993), it has remained unclear how
free calcium concentrations change and how they are asso-
ciated with events in the cell division cycle of Xenopus em-
bryos. Here we report the calcium dynamics at early cleav-
age-stage in Xenopus embryos using calcium-sensitive
fluorescent dyes, mainly using Calcium Green-1. Calcium
waves were observed along the cleavage furrows after
cleavage furrow formation. Calcium mobilization occurred
in the absence of extracellular calcium and was blocked by
heparin. These results suggest that InsP; receptor-medi-
ated calcium mobilization occurs along the cleavage fur-
rows. Furthermore, we have demonstrated that the cal-
cium waves that occur along the cleavage furrows can be
distinguished from the sinusoidal calcium oscillations that
occur at the same frequency as that of the cell cycle.

Materials and Methods

Microinjection and Treatments of
Xenopus laevis Embryos

Adult males and females of Xenopus laevis were purchased from Hama-
matsu Seibutsu Kyozai (Hamamatsu, Japan), Kamogawa Seibutsu Kyozai
(Chiba, Japan), or Alps Kagaku Boeki (Shinagawa, Japan). Xenopus lae-
vis females were injected with 750 U of human chorionic gonadotropin
(Sigma Chemical Co., St. Louis, MO). On the following day, unfertilized
ovulated eggs were stripped from the animals into modified Barth's saline
(88 mM NaCl, 1.0 mM KCl, 2.4 mM NaHCO;, 15 mM Hepes, pH 7.6, 0.3
mM Ca(NOs),, 0.41 mM CaCl,, 0.82 mM MgSO,, 50 U/ml sodium penicil-
lin, and 50 pg/ml streptomycin sulfate) and were fertilized in vitro. The
jelly layer was removed with 2 or 3% cystein, pH 7.8, in 1X or 0.1 X Stein-
berg’s solution (1X: 60 mM NaCl, 0.67 mM KCl, 0.34 mM Ca(NO-),, 0.84
mM MgSO,, 10 mM Hepes). Dejellied eggs were transferred into 1x
Steinberg’s solution (pH 7.4) containing 5% Ficoll 400 (Pharmacia Fine
Chemicals, Piscataway, NJ) and injected with 20 nl of 0.375 or 0.5 mM
Calcium Green-1 (Molecular Probes, Inc., Eugene, OR), or a mixture of
0.375 mM Calcium Green-1-dextran (mol wt = 10,000) (Molecular
Probes, Inc.) and 1 mM rhodamine B-dextran (mol wt = 10,000) (Molecu-
lar Probes, Inc.) in an injection buffer (88 mM NaCl, 1 mM KCI, 15 mM
Tris-HCl, pH 7.5). The volume of the injected solution was estimated by
measuring the diameter of droplets injected into the air. Eggs were in-
jected on the animal side at four equally spaced points with 5 nl of the in-
jection solution (total of 20 nl) to assure uniform diffusion of injected ma-
terial until measurement. Either heparin (mol wt = 3,500; Sigma Chemical
Co.) or de~-N-sulfated heparin (Sigma Chemical Co.) was coinjected with
Calcium Green-1 when used. The eggs were kept at 17°C to slow down
cell cycle progression. When the first cleavage furrow appeared at the ani-

1. Abbreviations used in this paper: CaGDx, dextran-conjugated Calcium
Green-1; [ICR, InsPs-induced calcium release; InsP;, inositol 1,4,5-tris-
phosphate: RhBDx, dextran-conjugated rhodamine B; ROI, region of in-
terest.
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mal pole, the eggs were washed with the same medium used in the mea-
surements, and the dye fluorescence was monitored by confocal micros-
copy. The experiments were carried out in 0.02-1X Steinberg’s solution.
Xenopus eggs usually developed normally to tadpoles in this condition.

Confocal Microscopy

Images were acquired on a confocal laser microscope system, (MRC-500;
Bio-Rad Laboratories, Hercules, CA) adapted to an inverted microscope
(IMT-2; Olympus Corp., Tokyo, Japan) (objective lens: Plan 4/0.13 NA
(x4); Nikon Inc., Tokyo, Japan) using CoMOS and TCSM software pack-
ages (Bio-Rad Microscience). The focus was adjusted to the egg surface of
the vegetal pole, and the confocal aperture was set to be fully open to
maximize the collection of the fluorescence. All measurements were car-
ried out at room temperature (24-27°C). Consecutively acquired 5-10 im-
ages were averaged on line by Kalman algorithm, except for the images in
Fig. 3. The images in Fig. 3 were obtained by averaging three successive
images taken by single scans at an interval of 10 s. The resulting images
were further median-filtered to reduce noise off line. The off-line image
processing was carried out on Macintosh computers using a public domain
NIH Image program (written by Wayne Rasband at the United States Na-
tional Institutes of Health and available from the Internet by anonymous
FTP from zippy.nimh.nih.gov or on tloppy disk from NTIS, 5285 Port
Royal Rd., Springfield. VA 22161, part PB93-504868). To show the
changes in Calcium Green-1 fluorescence intensity, the fluorescent images
at indicated times (min: designated as ') were divided pixel-by-pixel with
an image taken before calcium transients had occurred (the image at (0').
This sometimes brought about an artificial increase of ratio at the edge of
blastomere as a result of slight morphological changes, but the nonuniformity
of the fluorescence over the entire egg was effectively eliminated.

Calcium Release from Microsomes of
Xenopus Eggs/Embryos

Microsomes of Xenopus embryos were prepared as described by Parys
et al. (1992) with some modifications. Xenopus embryos at early cleavage
stage (1-8-cell stages) were dejellied and homogenized in 4 vol of ice-cold
buffer containing 50 mM of Tris-HCI, pH 7.25, 250 mM sucrose, 1 mM
EGTA, 1 mM DTT, 0.1 mM PMSF, 10 pM leupeptin, and 1 pM pepstatin
A by four strokes in a 20-ml glass-Teflon homogenizer. The homogenate
was centrifuged at 4,500 g for 15 min. The supernatant was centrifuged at
160,000 g for 35 min at 2°C. The pellet was resuspended in an ice-cold
buffer containing 20 mM Tris-HCl, pH 7.25, 300 mM sucrose, | mM
EGTA, 1 mM DTT, 0.1 mM PMSF, 10 pM leupeptin, and 1 pM pepstatin
A, frozen in liquid nitrogen, and stored as microsome stocks at —80°C un-
til use.

Microsome stocks were thawed, pelleted at 436,000 g for 15 min at 2°C,
and resuspended by pipetting in a buffer containing 10 mM Hepes, pH 7.2,
110 mM KCl, 10 mM NaCl, 1 mM MgCl,, 5 mM KH,PO,, 1 mM DTT, 0.1
mM PMSF, 10 pM leupeptin, 1 pM pepstatin A, and 200 nM free calcium
buffered in Ca-EGTA (Tsien and Pozzan, 1989). The microsome fraction
was adjusted to a final concentration of 1 mg protein per ml. *Ca (Du-
Pont-New England Nuclear, Wilmington, DE) was then added at the con-
centration of 8 or 24 pCi/mt. Calcium uptake was initiated by adding 2 mM
ATP and allowed to saturate for >20 min at 20°C. Heparin, an InsP, re-
ceptor antagonist, was added 20 min after ATP addition. Addition of
InsP; was followed by spotting a 20-ul aliquot of the solution onto a 0.45-
pm filter (Type HA; Nihon Millipore, Tokyo, Japan). The filters were
dried thoroughly, soaked in 6 ml of AQUASOL-2 (DuPont-New England
Nuclear), and assayed by scintillation counting, The amount of released
calcium was calculated by subtracting the radioactivity in the presence of
InsP; from that in the absence of the InsP; and presented as the percent-
age of the calcium taken up into the microsomes.

Results

Calcium Waves Associated with Cleavage Furrows

The spatio-temporal patterns of calcium waves associated
with cleavage furrows were characterized by confocal mi-
croscopy. Fertilized eggs were injected with 20 nl of 0.375
or 0.5 mM Calcium Green-1 and observed from the vege-
tal side with an inverted microscope, as the animal hemi-
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spheres of Xenopus eggs, which are oriented upward, are
heavily pigmented. The first and second cleavages of Xe-
nopus eggs initiate at the animal pole, and the cleavage
furrows progress toward the vegetal pole. After apparent
completion of first cleavage, free calcium rose locally at the
cleavage furrows (15/15 eggs from five females, in 0.02X
Steinberg’s solution; all embryos developed at least until
blastula stage). An example from an embryo that grew to
tadpole stage after the measurement is shown in Fig. 1.
First cleavage formation had apparently completed at time
point 0'. A calcium transient was observed at the first

cleavage furrow during 2.3-8.3' (Fig. 1 A). In this egg, free

calcium rose at the vegetal side in one blastomere and
traveled along the cleavage furrow as calcium waves. In
the opposite blastomere, calcium waves were also ob-
served (4.3-6.3" in Fig. 1 A). Thus, the pattern of free cal-
cium elevation was not always symmetrical with respect to
the cleavage furrows. The rise of free calcium subsided

(10.3" in Fig. 1 A) and occurred again when the second
cleavage was progressing (20.3" in Fig. 1 A). The second
cleavage formation was also followed by calcium tran-
sients localized at second cleavage furrows (30.3-36.3" in
Fig. 1 A). Fig. 1 B shows the apparent morphological
change after the calcium transient at the first cleavage fur-
row. The newly formed blastomeres were separated from
each other by a broad and obvious groove (0.3"in Fig. 1 B),
which became obliterated (10.3” in Fig. 1 B) or “zipped”
after localized calcium transients along the cleavage fur-
row had occurred (4.3"in Fig. 1 B). The maximum increase
in fluorescence intensity (averaged over a region just be-
side the first cleavage furrow with the size of 0.5% area of
the cell) was 1.64 = 0.20-fold (mean = SD, n = 15) com-
pared with the value just before the calcium transient.
The detailed spatio-temporal pattern varied among eggs
even taken from the same female. In some cases, the cal-
cium waves originated at the animal side of the embryo

1000 um

Figure 1. Calcium waves follow cleavage furrow formation. Fertilized eggs were injected with Calcium Green-1 and were observed after
the onset of the first cleavage with a confocal laser-scanning microscope equipped with a Nikon x4/0.13 NA objective lens. The timing at
the apparent completion of the first cleavage furrow is defined as time 0 min (designated as 0'). Observations were carried out in 0.02X
Steinberg’s solution at 25°C. The embryo shown here developed to a normal tadpole after measurement. (A) Time-lapse images divided
(pixel-by-pixel) by the image at 0. The changes in fluorescence intensity are presented in pseudo-color (1.0-fold as blue, 2.5-fold as red).
The calcium signal appeared in the range of green to yellow. The red spots in the image 4.3’ and 6.3’ are artifacts due to a slight move of
the furrow (see the image at 4.3"in B). (B) Calcium Green-1 fluorescence images of the same egg as in A.
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Figure 2. Calcium waves at the cleavage furrows demonstrated by ratiometric imaging (CaGDx/RhBDx). Fertilized eggs were coin-
jected with dextran-conjugated Calcium Green-1 and dextran-conjugated rhodamine B. Calcium Green-1 fluorescence images were di-
vided pixel-by-pixel with rhodamine B fluorescence images. The ratio (CaGDx/RhBDx) in the image at time 0’ was adjusted to 1.0. The
changes in fluorescence intensity are shown in pseudo-color (1.0-fold as blue, 2.5-fold as red). (A) Calcium waves along the first cleavage
furrow. The measurement was started at time 0’, just after the first cleavage furrow formation. Calcium rises were observed twice (at
6.5'and at 22.5). At 22.5', the second cleavage came to the equatorial region. (B) Calcium waves after the second cleavage furrow for-

mation. The measurement was started at time 0’, when the second cleavage was progressing at the equatorial region.

and propagated towards the vegetal pole. In other cases,
the calcium wave was initiated in the vegetal side and
propagated along the cleavage furrow. Calcium waves at
the cleavage furrows were observed in succeeding cleav-
ages at least until blastula stage.

When the focal plane was set deep inside the vegetal
hemisphere, ring-shaped images were obtained (data not
shown), which implied that the light could not pass inside
the egg. Thus, the fluorescence signals observed above re-
flect the calcium changes near the surface of the eggs.

Ratiometric Measurements Using Control Dye

In the present study, we mainly used dextran-free Calcium
Green-1, which was favorable for the rapid diffusion in the

large Xenopus eggs (1.1-1.2-mm-diam) within a limited
time. The toxicity of this dye was low enough to follow the
normal development of Xenopus embryos. However, the
use of one-wavelength calcium indicator dye is subjected
to several artifacts. To confirm that the fluorescence
changes observed above reflect intracellular free calcium
changes and not the uneven distribution of the dye or
changes in the cortical permeability of the fluorescence,
dextran-conjugated Calcium Green-1 (mol wt 10,000)
(CaGDx) and dextran-conjugated rhodamine B (mol wt
10,000) (RhBDx) were coinjected into fertilized eggs. Rh-
BDx was used as a control dye independent of calcium
concentration. Rhodamine B and Texas red, which have
been successfully used as control dyes in other species
(McDougall and Sardet, 1995; Stricker, 1995), inhibited

Figure 3. Calcium waves occur in the absence of extracellular calcium. Eggs were injected with Calcium Green-1 and were observed in
20 uM EGTA/distilled water at 26°C. The images were divided pixel-by-pixel with the image at 0’ when the first cleavage was formed in
animal hemisphere. The changes in fluorescence intensity are shown in pseudo-color (1.0-fold as blue, 2.5-fold as red). The first cleavage
formation was followed by calcium waves (10.5% arrowheads). Note that the calcium waves occurred once again at 24.5' (arrowheads)
when the second cleavage furrow was extending to the equatorial region (not apparent in this vegetal view). The wave velocity was esti-
mated as 2.8 pm/s in this egg.
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cleavage furrow extension in Xenopus embryos in the la-
ser-illuminated region in a dose-dependent manner (data
not shown). For this reason, observations were started just
before the calcium transients were expected to occur. In
Fig. 2, ratio images (CaGDx/RhBDx) are shown, in which
the CaGDx images were divided pixel-by-pixel with Rh-
BDx images. Starting the laser scanning just after the first
cleavage formation had apparently completed (time 0'),
calcium transients were observed to appear twice at the
first cleavage furrow (6.5" and 22.5” in Fig. 2 A). The cal-
cium waves after the second cleavage furrow formation
were also observed (Fig. 2 B) on the condition that the la-
ser scanning began after the second cleavage furrow had
extended to the equatorial region (time 0'). Thus, the spa-
tio-temporal pattern of calcium mobilization was similar
to that obtained using Calcium Green-1 alone.

These results support the view that the localized
changes in Calcium Green-1 fluorescence intensity (Fig. 1)
reflected the intracellular free calcium changes and were
not artifacts due to the concentration changes of the dye
itself at cleavage furrows or the changes in the permeabil-
ity of the light at the cortical surface.

Calcium Waves Occur without Extracellular Calcium

To determine if the extracellular calcium participates in the
formation of calcium waves, measurements were performed
against eggs placed in distilled water containing EGTA.
Although embryos grown in the calcium-free solution died
of lysis after several cell divisions, calcium waves were al-
ways observed after the first and second cleavage furrow
formations (17/17 eggs from nine females). An example is
shown in Fig. 3 in which the egg was placed in 20 pM
EGTA/distilled water. Calcium waves were observed to
accompany the first cleavage furrow formation (10.5'-
18.5"1n Fig. 3). In this egg, the calcium waves propagated
from the animal side towards the vegetal pole from both
ends of the furrow (arrowheads at 10.5in Fig. 3) and com-
bined as they reached the vegetal pole (18.5"in Fig. 3), and
then almost ceased (24.5’ in Fig. 3). Calcium waves oc-
curred once again at the first cleavage furrow (arrowheads
at 24.5” in Fig. 3), while the second cleavage furrow was
forming toward the equatorial region (not apparent in this
vegetal view). Although, in the egg shown in Fig. 3, cal-
cium waves came from the animal side, the calcium waves
initiated from variable sites among eggs observed, which
was similar to the results obtained in 0.02X Steinberg’s so-
lution. In some of the other eggs, calcium waves initiated
in the vegetal hemisphere and propagated along the fur-
rows. From those eggs in which calcium waves traveled
from the animal side, the wave velocity was estimated to
be 3.08 = 0.93 pm/s (mean = SD, n = 6). There was a ten-
dency for calcium signals to be larger in the absence of ex-
tracellular calcium or in diluted Steinberg’s solutions
(compare Fig. 3 with Fig. 1 A; see also Fig. 4). Although
the reason is unclear, assuming that the intracellular cal-
cium concentration is lowered by the depletion of the extra-
cellular calcium, this could be attributed in part to the ap-
parent increase of F/F, (where F, is the fluorescence
intensity before calcium mobilization).

These results demonstrate that the calcium waves along
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Figure 4. The extent of calcium mobilization is more prominent
in diluted Steinberg’s solution. The maximal changes in fluores-
cence intensity (changes in 5 min) averaged around the first cleav-
age furrow (20% area of the cell) were plotted as a function of di-
lution of Steinberg’s solution. Mean *+ SD (0.02X,n = 4;0.1X,n =
51X, n = 7). All of the data were taken from the embryos that
developed to normal tadpoles after the measurements in each di-
luted Steinberg’s solution.

the cleavage furrows can be formed in the absence of extra-
cellular calcium.

The Effect of Extracellular Medium on
Calcium Mobilization

Although the egg developed in 0.02-1X Steinberg’s solution,
the calcium waves were more prominent in 0.02X Stein-
berg’s solution than those observed in 1 X Steinberg’s solu-
tion (340 wM Ca?"). To show the extent of calcium mobili-
zation, the maximum changes of averaged fluorescence
over the region (20% area of the cell) taken around the
first cleavage furrow were plotted as a function of dilution
of the Steinberg’s solution (Fig. 4). It may be that with
more extracellular calcium, the embryos would require
less calcium mobilization from internal calcium stores.

Calcium Waves at the First Cleavage Furrow Are
Blocked by Heparin

Calcium waves along the cleavage furrow were likely to be
mobilized from internal calcium stores, as they could occur
in the absence of extracellular calcium. We therefore ex-
amined the properties of calcium release from the chan-
nels located on the internal calcium stores. Two families of
calcium channels have been shown to be located on intra-
cellular calcium stores: the InsP; receptor and the ryano-
dine receptor (for review see Furuichi et al., 1994). Ryano-
dine receptors have been shown to be absent in Xenopus
eggs based on the ryanodine-binding assay (Parys et al.,
1992) or Western blot analysis (Muto, A., unpublished re-
sults), while InsP; receptors are abundant in eggs (Kume
et al., 1993). To examine the involvement of the InsP; re-
ceptor in the formation of calcium waves along the cleav-
age furrows, the effect of heparin, which was used as a
competitive InsP; receptor blocker, was examined. The
presence of heparin or de-N-sulfated heparin, a heparin
analog used in control experiments, did not affect Calcium
Green-1 fluorescence in various concentrations of free cal-
cium (data not shown). Heparin (mol wt ~3,500; Sigma
Chemical Co.) was coinjected with Calcium Green-1 into
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Figure 5. Heparin inhibits calcium waves at the first cleavage furrow. Heparin or de-N-sulfated heparin was coinjected with Calcium
Green-1 into fertilized eggs. The fluorescence images were divided pixel-by-pixel with the image at 0’ when the first cleavage furrow for-
mation had apparently been completed. The changes in fluorescence intensity are shown in pseudo-color (1-fold as biue and 2.5-fold as red).
(A) Elevation of free calcium concentration was observed at the cleavage furrow in control embryo that was injected with de-N-sulfated
heparin (final concentration: 90 pg/ml). (8) In the heparin-injected embryo, the free calcium elevation at the first cleavage furrow was
inhibited. (C) Calcium Green-1 fluorescence images of the same egg in A. (D) Calcium Green-1 fluorescence images of the same egg in
B. (E) Changes in fluorescence intensity averaged over the indicated region along the first cleavage furrow in the same embryos shown
in A and B. (Blue) De-N-sulfated heparin (Control). (Red) Heparin. In the heparin-injected egg, the second cleavage furrow progressed
to the equatorial region at 30 min but failed to complete.
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fertilized eggs at 0.6-0.7 normalized time (fertilization at
time 0, onset of first cleavage at time 1.0). The eggs were
observed in 0.02 X Steinberg’s solution. The free calcium
elevation at the first cleavage was inhibited by heparin (es-
timated cytoplasmic concentration: 90 pg/ml; 7/8 eggs)
(Fig. 5 B), whereas the control embryos injected with the
same amount of de-N-sulfated heparin showed free cal-
cium rises at the first cleavage furrows (6/6 eggs) (6.3-12.3’
in Fig. 5 A). Typical examples are shown in Fig. 5. The ap-
parent rise of fluorescence intensity at the edge of the blas-
tomeres is an artifact that resulted from a slight change of
shape, which did not change in time (Fig. 5, C and D). Av-
erage fluorescence changes over the first cleavage furrows
in the eggs in Fig. 5, A and B, are shown in Fig. 5 E. No signif-
icant calcium transients occurred in the heparin-injected
embryos, while sharp calcium transients were observed in
control embryos. The second cleavage in heparin-injected
embryos did not complete normally. Both the onset and
the extension of the first cleavage furrow were retarded in
heparin-injected embryos, and cell divisions thereafter were
inhibited or greatly retarded, whereas eggs injected with
de-N-sulfated heparin divided without significant retarda-
tion.

Similar to the results shown in Fig. 1 B, the zipping of
the cleavage furrow can be observed in the control em-
bryo. The first cleavage furrow in the control egg (0.3’ in
Fig. 5 C) appeared to be zipped (18.3in Fig. 5 C) after the
calcium rise (72.3” in Fig. 5 C) but not in the heparin-
injected embryo (Fig. 5 D).

The dose-dependent effect of heparin is shown in Fig, 6.
Maximal fluorescence changes averaged in small regions
(0.5% area of the cell) beside the first cleavage furrow are
indicated. More than 45 pg/ml of heparin showed an inhib-
itory effect on the calcium transients. Seven out of eight
eggs that had been injected with 90 pg/ml heparin showed
no calcium transients along the cleavage furrows.

These results demonstrate the involvement of InsP; re-
ceptor-mediated calcium release in the formation and
propagation of calcium waves along the cleavage furrows.

Calcium Waves Localized to the Cleavage

Furrows Are Distinct Events from Sinusoidal Calcium
Oscillations with the Same Frequency as That of the
Cell Division Cycle

Sinusoidal oscillation of intracellular calcium in cleavage-
stage Xenopus embryos was characterized in its relation to
calcium waves at the cleavage furrows. The sinusoidal cal-
cium oscillation was originally measured by using a Ca?*-
sensitive microelectrode (Grandin and Charbonneau, 1991)
or aequorin (Keating et al., 1994; Kubota et al., 1993).
Since these observations did not reveal the spatial pattern
of free calcium changes, it remained unclear whether the
free calcium oscillation did not actually reflect the calcium
waves at cytokinesis. Averaged fluorescence changes over
the regions of interest (ROIs) during several cell division
cycles were plotted in the same color of the ROIs (Fig. 7).
This egg was observed in 1X Steinberg’s solution. The fluo-
rescence intensity averaged over the entire cell (Fig. 7, in-
set; ROI indicated in blue) showed a gradual, sinusoidal
oscillatory change with a frequency similar to that of the
cell division cycle (period: 25 min, plotted in blue), which
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Figure 6. Dose-dependent effect of heparin on the localized cal-
cium transients at the cleavage furrows. Heparin or de-N-sul-
fated heparin was coinjected with Calcium Green-1 into fertilized
eggs. Maximal changes in Calcium Green-1 fluorescence intensity
(changes in 5 min) averaged in small regions (0.5% area of the
cell) beside the first cleavage furrows were plotted as a function
of heparin concentration in the cells. Mean = SD (heparin 0 pg/
ml, = 15;22 pg/ml, n = 6; 45 pg/ml, n = 4; 90 pg/ml, n = §; de-
N-sulfated heparin 90 ug/ml, n = 5). (Circle) Heparin. (Triangle)
De-N-suifated heparin.

is referred to as calcium oscillation, as reported previously
(Kubota et al., 1993). This calcium oscillation with the
same period as the cell cycle (25 min) also emerged when
the fluorescence intensity in the region not containing the
first and second cleavage furrows (Fig. 7, inser; ROI indi-
cated in red) was plotted (red). The calcium signals (aster-
isks at 20 and 40 min) in the small ROI (green; inset), de-
rived from the localized calcium waves, appeared large,
but its contribution to the gradual sinusoidal oscillation
(blue) became decreased when divided by the entire area
of the egg. This strongly suggests that the calcium oscilla-
tion over the entire region {blue) may not be mainly attrib-
uted to the calcium waves localized to the cleavage fur-
rows (green). These observations were also confirmed by
the fact that the intensity of the dye fluorescence also os-
cillated in cleavage-arrested eggs, which were coinjected
with colchicine and Calcium Green-1 (data not shown).
These observations were similar to the results showing
that oscillation of chemiluminescence of injected aequorin
persisted in cleavage-arrested eggs (Kubota et al., 1993).
Gradual increase in the dye fluorescence during the obser-
vation (Fig. 7) was likely to reflect the increase in dye con-
centration at the vegetal side of the egg, for the diffusion
of Calcium Green-1 did not reach a plateau even 3.5 h af-
ter the injection into Xenopus oocytes in which the intra-
cellular free calcium concentration was considered to be
constant (data not shown).

These results demonstrate that two types of calcium dy-
namics are present in cleavage-stage Xenopus embryos:
one is the free calcium oscillation with the same frequency
as that of the cell division cycle, which is distinct from the
events at the cleavage furrows; the other is the localized
calcium waves at the cleavage furrows.

InsP3-induced Calcium Release from Microsomes and
the Effect of Heparin

To confirm the presence of InsP;-induced calcium release
(IICR) and the effect of heparin on IICR during the cleav-
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Figure 7. Periodic free calcium oscillation is distinct from the cal-
cium waves at the cleavage furrows. Fertilized eggs were injected
with Calcium Green-1 and observed in 1X Steinberg’s solution.
The averaged changes in intensity of Calcium Green-1 fluores-
cence over the ROIs indicated in the same colors were plotted.
(Blue) Entire embryo. (Red) A region not containing first and
second cleavage furrows. (Green) A region just beside the first
cleavage furrow. The peaks indicated by asterisks (green) corre-
spond to the calcium signals derived from the calcium waves (in-
set, in the ROl in green) along the cleavage furrow. Note that the
fluorescence intensity averaged over the entire region (blue)
shows gradual, sinusoidal oscillatory changes with the periodicity
of the cell cycle (period: 25 min), referred to as calcium oscilla-
tion. These oscillatory changes are composed of two distinct com-
ponents: one is calcium signals derived from calcium waves local-
ized along the cleavage furrows (green), and the other is signals
derived from calcium oscillation (period: 25 min; red) indepen-
dent of calcium waves along the cleavage furrows.

age stage of Xenopus, IICR from embryo microsomes was
characterized in vitro. Microsomes were prepared from 1-8-
cell stage Xenopus embryos. Dose-response curves of cal-
cium release by InsP; from microsomes of embryos are
shown in Fig. 8 A. The ability of InsP; to release calcium
was saturated at 200 nM in microsomes, and the 50% ef-
fective concentration (ECsy) of InsP; to release calcium
was 20 nM. InsP; had a more potent calcium-releasing ac-
tivity in the microsomes prepared from embryos than in
those from oocytes (data not shown), suggesting that the
calcium stores might be sensitized to InsP; during oocyte
maturation or fertilization.

The effect of heparin on the calcium-releasing activity of
microsomes prepared from Xenopus embryos was exam-
ined in vitro (Fig. 8 B). InsP; (100 nM)-induced calcium
release was inhibited by 70% in the presence of 100 pg/ml
heparin. De-N-sulfated heparin did not affect InsP;-induced
calcium release.

These results demonstrate the presence of IICR at the
cleavage stage of Xenopus, which is inhibited by heparin in
vitro.
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Figure 8. TICR from microsomes. (A) IICR from microsomes of
Xenopus 1-8-cell embryos. The amounts of IICR are shown as a
percentage of the calcium taken up into microsomes. Measure-
ments were carried out at 25°C. (B) Inhibition of IICR (InsP;;
100 nM) from 1-8-cell embryos by heparin. (Circle) Heparin.
(Triangle) De-N-sulfated heparin.

Discussion

Calcium Dynamics in Xenopus Embryos

We have demonstrated that calcium waves occur along the
cleavage furrows in Xenopus embryos. The calcium waves
were observed to follow the preceding cleavage furrow
formation. Furthermore, the calcium waves were observed
not only in the vegetal side but also in the animal hemi-
sphere using an upright microscope (data not shown), indi-
cating that the calcium waves are not signals locally re-
stricted to the vegetal side, but rather associated with the
cleavage furrows in the whole embryo. Two types of cal-
cium waves at cytokinesis were reported in medaka fish
eggs: one followed the cleavage furrow extension, and the
other with a larger amplitude was associated with subse-
quent apposition of the separating cell or zipping of the
cleavage furrow (Fluck et al., 1991). In the present study,
the cleavage furrow seemed to be zipped after calcium
transients had occurred (see Figs. 1 B and Fig. 5, C and D),
in a similar way to the observation of Fluck et al. (1991).
Very recently, the calcium transient was shown to occur at
the future cleavage furrow in zebra fish embryos (Chang
and Meng, 1995), an event which had not been detected
before in medaka fish eggs (Fluck et al., 1991). It remains
to be elucidated if there are calcium transients preceding
the cleavage furrow formation in Xenopus embryos.

We also showed that the sinusoidal calcium oscillation
with the same frequency as that of the cell cycle (Grandin
and Charbonneau, 1991; Keating et al., 1994; Kubota et al.,
1993) was distinguishable from the calcium transients lo-
cally restricted to the cleavage furrows (Fig. 7). It is notice-
able that periodic contractions of the cortex with the same
period as the cell division cycle, visualized by time-lapse
cinematography, persist even in cleavage-arrested Xeno-
pus eggs (Hara et al., 1980). It is likely that the calcium os-
cillation observed here is closely related to the periodic
surface contraction, although the biological significance
remains uncertain at present.

Formation of Calcium Waves

Since the present results show that calcium waves along
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the cleavage furrows are blocked by heparin, it seems
likely that IICR is involved in this event. It has also been
suggested that the calcium wave upon fertilization/egg ac-
tivation in Xenopus eggs is mediated by the InsP; receptor
(Nuccitelli et al., 1993). However, these two phenomena
demonstrate very different characteristics. First, calcium
waves along cleavage furrows are endogenously triggered
by unknown mechanisms associated with the cell division
cycle, whereas the calcium wave upon fertilization is trig-
gered by a sperm that acts as an extracellular signal. Sec-
ondly, compared to the velocity of calcium waves at egg
activation (9.7 pm/s at 22°C [Busa and Nuccitelli, 1985] or
8 pm/s at 22°C [Kubota et al., 1993]), the velocity of cal-
cium waves along the cleavage furrows observed here was
much slower (3.08 £ 0.93 pm/s at 25-26°C). Thirdly, the
calcium waves in embryos are strictly restricted to the
cleavage furrows, while the fertilization calcium wave trav-
els the entire region in the egg. Considering these differ-
ences, it seems likely that there are different mechanisms
for calcium wave propagation in egg activation and in cyto-
kinesis of Xenopus eggs.

One possible mechanism for the localized calcium re-
lease along the cleavage furrows will be due to the local-
ization of calcium stores at the cleavage furrows. Immuno-
cytochemical study using an antibody raised against
Xenopus type 1 InsP; receptor (Kume et al., 1993) has al-
ready indicated that InsP; receptors are not enriched at
the cleavage furrow in Xenopus embryos (data not shown).
At present, three types of InsP; receptors encoded by dis-
tinct genes have been identified in mammals (for review
see Furuichi et al., 1994). Each subtype-specific mAb
against human InsP; receptor (Sugiyama et al., 1994) rec-
ognized high molecular weight proteins in Xenopus em-
bryos (Kume, S., unpublished results). Therefore, other
subtypes of InsP; receptors possibly may be enriched
along cleavage furrows and may be required for the for-
mation of calcium waves. Another possible explanation is
that activation of calcium release, such as InsP; production
or InsP; receptor sensitization, is restricted to the cleavage
furrows. The calcium changes in the eggs that failed to sur-
vive tended to be much larger and more extensive (e.g.,
egg in Fig. 3) than the eggs that developed normally (Fig.
1). This fact may imply that the calcium stores themselves
are ubiquitously present all over the cell and, in abnormal
conditions (e.g., no calcium outside the egg in the case of
Fig. 3), the cells failed to keep the activation of calcium re-
lease moderate and restricted to the cleavage furrows.

Action of Mobilized Calcium

Very recently, it was shown that heparin (100 pg/ml)
blocked the calcium transient at the future cleavage fur-
row and the cell division in zebra fish embryos (Chang and
Meng, 1995). In Xenopus embryos, however, injection of
heparin at a dose that inhibited calcium mobilization did
not cause immediate arrest of cell cycle progression. The
cell cycle was delayed, but the first cleavage occurred in
embryos that were injected with 90 pg/ml heparin at 1-cell
at 0.6-0.7 normalized time. The calcium transient at the
first cleavage furrow was inhibited, but the second cleav-
age formation had started. The second cleavage could not
complete normally in most cases. Taken together, calcium
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mobilization observed in this study is not likely to be es-
sential in driving cell cycle progression. Although heparin
has been shown to inhibit cell cycle progression (Chang
and Meng, 1995; Ciapa et al., 1994; Han et al., 1992), it is
difficult to specify the step of action of heparin in vivo.
This is because InsPs/calcium signaling seems to be in-
volved in several steps in the cell cycle (Ciapa et al., 1994),
such as nuclear membrane fusion demonstrated in Xeno-
pus eggs in vitro (Sullivan et al., 1993).

Several possibilities could be raised about the physiolog-
ical roles for mobilized calcium observed here. First, based
on the observation of the morphological changes, zipping
of the cleavage furrow, which is likely mediated by
changes of cell adhesion molecules or the cytoskeleton,
can be regulated by local calcium concentration. Secondly,
mobilized calcium may promote the contraction of the
contractile ring by activating one of the Ca?*/calmodulin
kinases, or myosin light chain kinase (Mabuchi and Ta-
kano-Ohmuro, 1990; Yamakita et al., 1994). Thirdly, the
vesicle fusion, which was proposed as the mechanism to in-
crease the membrane surface area accompanying cell divi-
sion (Byers and Armstrong, 1986), may be regulated by
calcium by a mechanism similar to exocytosis in mem-
brane resealing (Bi et al., 1995).

Here we have demonstrated a close relationship be-
tween the calcium wave and cleavage furrow; however, the
precise role of this calcium wave is obscure. The signaling
mechanism leading to the mobilization of calcium and the
target molecules of the mobilized calcium remain to be
elucidated.
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