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Calcium Ionophore Polarizes Ooplasmic

Segregation in Ascidian Eggs

Abstract. Calcium ionophore A23187 promotes ooplasmic segregation and orange
crescent formation in eggs of the ascidian Boltenia villosa. When eggs were exposed
to a gradient of A23187 the orange crescent was induced to form in the region
corresponding to the highest concentration of ionophore. This result is consistent
with the hypothesis that a local increase in intracellular calcium polarizes cytoplas-

mic localization in the ascidian embryo.

Cell fate during early embryogenesis is
thought to be determined by the localiza-
tion and segregation of cytoplasmic com-
ponents (I). The distribution of these
components in many embryos is estab-
lished by an extensive episode of cyto-
plasmic rearrangement, known as o0o-
plasmic segregation, which is initiated
shortly after fertilization. Although oo-
plasmic segregation is often one of the
earliest visible indications of the future
embryonic axis, little is known about
how the various cytoplasmic compo-
nents are directed to specific regions of
the egg. It was recently proposed that
ooplasmic segregation may be organized
by an intracellular gradient of free calci-
um (2). This proposal is supported by
experiments with developing fucoid eggs
which suggest that rhizoids are extended
toward areas of high calcium concentra-
tion (3, 4). Transient elevations in intra-
cellular calcium may also play an impor-
tant role in the activation and early de-
velopment of animal eggs (5). The pres-
ent study provides evidence that the
segregation of cytoplasmic regions with
specific morphogenetic fates and the
subsequent expression of bilateral sym-
metry in ascidian eggs are directed by a
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local increase in intracellular calcium at
the time of fertilization.

We investigated the role of calcium in
ooplasmic segregation by treating Bol-
tenia villosa eggs with the divalent iono-
phore A23187 (6). Boltenia villosa eggs
were selected because, after fertiliza-
tion, they exhibit a pronounced segrega-

tion of pigmented cytoplasmic regions
which is readily followed by light micros-
copy. Ooplasmic segregation is initiated
by the streaming of cortical cytoplasm,
composed of orange pigment granules
and associated mitochondria, into the
vegetal hemisphere of the egg, where it
collects around the point of sperm entry
as an orange crescent. A clear cyto-
plasm, derived from the germinal vesi-
cle, flows into the vegetal hemisphere in
the wake of the orange cytoplasm. The
clear cytoplasm temporarily forms an-
other crescent immediately inside the
orange crescent and eventually returns
to the animal hemisphere with the male
pronucleus. A cytoplasmic lobe is also
protruded from the vegetal region of the
egg at the time of maximal crescent
development. The plane of the first
cleavage furrow bisects the orange cres-
cent, dividing the zygote into right and
left halves characteristic of the bilateral-
ly symmetric ascidian embryo. The de-
velopmental fate of the orange crescent
cytoplasm of B. villosa eggs is identical
to that of the yellow crescent cytoplasm
of Styela partita eggs, the subject of
Conklin’s classical observations on oo-
plasmic segregation (7). Orange crescent
cytoplasm is specifically partitioned to
the precursors of the tail muscle and
mesenchyme cell lineages in tadpole lar-
vae.

Ionophore A23187 was previously
shown to activate ascidian eggs and pro-
mote several partial cleavages (8) but,
since the species investigated lacked
eggs with pigmented cytoplasmic re-
gions, no information on the ooplasmic
segregation was obtained. In order to
obtain this information, eggs were dis-
sected from the gonads, washed with
artificial seawater (ASW), and placed in
petri dishes containing A23187 dissolved
in ASW at several different concentra-
tions (9). When the eggs were examined
20 to 30 minutes later a large proportion
had developed orange crescents. The
highest proportion of eggs with orange
crescents (65 to 80 percent) was obtained
with 4 wM A23187. Less than 3 percent
of eggs incubated in ASW lacking
A23187 developed orange crescents. Or-
ange crescent formation did not depend
on the concentration of external calcium,
sodium, or hydrogen ions since it was
not affected when eggs were treated with
A23187 in calcium-free ASW contain-
ing 3 mM EGTA, in ASW in which cho-
line was substituted for sodium, or in

Fig. 1. Electron micrograph of the orange
crescent region of an A23187-activated egg.
Pigment granules (PG) with associated mito-
chondria are present. Scale bar, 10 pm.
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ASW ranging in pH from 5.5 to 8.5.

The sequence of events during ooplas-
mic segregation was similar in fertilized
and A23187-activated eggs. Orange cres-
cents were first observed 5 to 10 minutes
after either insemination or the addition
of A23187. A cytoplasmic lobe was
formed in the vegetal region of activated
eggs at the stage of maximal crescent
formation, and a crescent of clear cyto-
plasm was usually seen beneath the or-
ange crescent at this time. As in fertil-
ized eggs, the clear cytoplasm of activat-
ed eggs returned to the animal hemi-
sphere. In some of the activated eggs an
orange crescent was formed but a cres-
cent of clear cytoplasm did not develop
in’its wake. All the eggs that behaved in
this way were immature, as judged by
the presence of a germinal vesicle. Thus,
breakdown of the germinal vesicle and
resumption of the maturation divisions is
not a prerequisite for orange crescent
formation.

The orange crescent of B. villosa eggs,
like the mesodermal crescent of other
ascidian eggs (10), is primarily an aggre-
gation of mitochondria and pigment
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granules. Since the assay for ooplasmic
segregation relies on orange coloration,
it is possible that A23187 activates the
migration of the pigment granules but not
the mitochondria. In order to test this
possibility, A23187-activated eggs were
examined by electron microscopy. As
shown in Fig. 1, the orange crescent
region of these eggs contained mitochon-
dria as well as pigment granules. The
results indicate that A23187 induces the
migration of the two major orange cres-
cent organelles as in normal ooplasmic
segregation.

Although these results show that
A23187 causes ooplasmic segregation in
activated eggs, they do not elucidate the
relation between local concentrations of
calcium and egg polarity. The orange
crescent may be focused on a portion of
the egg surface which is exposed to the
highest or to the lowest concentration of
A23187. It is also possible that orange
crescent polarity is unrelated to differ-
ences in the A23187 concentration but
instead is directed by a determinant of
polarity in the egg. Hence, eggs were
exposed to an A23187 gradient (4) to

probe the relation between the site of
orange crescent formation and the local
calcium concentration.

Small glass fibers (100 to 200 pm in
diameter) were soaked in A23187 stock
solution (9), air-dried, and cemented
onto polylysine-treated glass cover slips.
The cover slips were placed in small
petri dishes containing 3 ml of ASW. A
steep gradient of ionophore is set up
around the glass fibers under these con-
ditions (4). The eggs were pipetted into
the petri dishes, allowed to settle near
the fibers, and manually aligned so that
one side contacted the fiber or was very
near to it. When eggs positioned in this
fashion were examined 20 to 30 minutes
later, most of those that were activated
formed orange crescents on the side
nearest the fiber (Fig. 2A). Eggs located
more than about 200 pm from the fiber
remained inactivated. The distance of
each orange crescent’s midpoint from
the point of the egg nearest the fiber was
estimated in degrees around the circum-
ference of the egg. It was found that 82
percent of the activated eggs formed
orange crescents with midpoints 45° or

Fig. 2. Polarization of the orange crescent by A23187-coated fibers.
(A) Eggs adjacent to a single fiber. Most of the orange crescents are
formed on the side adjacent to the fiber. (B) Egg between two fibers,
showing the formation of two half-sized orange crescents. Both
photographs were taken after about 30 minutes of exposure. The
diameter of an egg is about 120 um
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less from the point nearest the fiber.
Fourteen percent of the activated eggs
formed orange crescents with midpoints
between 45° and 135° from the point
nearest the fiber, while only 4 percent
formed crescents on the opposite side of
the egg (between 135° and 225° from the
point nearest the fiber). The clear cres-
cent and cytoplasmic lobe were also fo-
cused on the side of the egg nearest the
fiber. When transient cleavage furrows
were formed they were extended along a
plane perpendicular to the fiber and bi-
sected the orange crescent. These results
cannot be explained by a tendency of the
fiber itself to polarize ooplasmic segrega-
tion, since the orange crescent appeared
at random positions along the circumfer-
ence of A23187-exposed eggs aligned ad-
jacent to untreated glass fibers.

The polarization of ooplasmic segrega-
tion toward high concentrations of
A23187 suggests that the egg perimeter is
totipotent for the formation of an orange
crescent. If this is correct, two orange
crescents might be expected to develop
in eggs that contact two A23187-coated
fibers simultaneously. To test this possi-
bility, two A23187-coated fibers of ap-
proximately equal diameter were ce-
mented 100 to 150 wm apart on a cover
slip. Eggs were pipetted into petri dishes
containing these cover slips, allowed to
settle, and positioned adjacent to the two
fibers and between them. Eggs posi-
tioned between the two fibers often con-
tacted both of them at opposite poles.
About 1/2 hour after alignment most of
the activated eggs adjacent to the outer
margins of the fibers formed an orange
crescent facing the fiber. While most of
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the eggs positioned between the fibers
formed a single orange crescent centered
between the points of contact, a few (10
to 15 percent) formed two orange cres-
cents, each about half the normal size
and centered at the points where the eggs
contacted the fibers (Fig. 2B). These
results indicate that multiple foci of oo-
plasmic segregation can exist in a single
egg and support the hypothesis that there
is no predetermined polarity of cytoplas-
mic localization in the ascidian egg.

In summary, it appears that a gradient
of A23187 is able to polarize ooplasmic
segregation and the establishment of bi-
lateral symmetry in ascidian eggs. To our
knowledge this is the first report of po-
larity determination by A23187 in an
animal egg, although it was previously
shown that A23187 polarizes plant cells

(3, 4, 11). Since A23187 appears to acti- °

vate eggs by releasing calcium from in-
tracellular storage depots (5), the sim-
plest interpretation of our results is that
local elevations in calcium initiate and
polarize ooplasmic segregation in the as-
cidian egg. This process, which may
involve activation of a cytochalasin-sen-
sitive cortical microfilament system (12),
is probably triggered by sperm penetra-
tion in inseminated eggs. These experi-
ments suggest that local changes in intra-
cellular calcium may be a key factor in
organizing the distribution of cytoplas-
mic determinants and the subsequent
pattern of early embryogenesis.
WiLLiAM R. JEFFERY*
Marine Biological Laboratory,
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