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Protein kinase C acts downstream of calcium at entry
into the first mitotic interphase of Xenopus laevis

William M. Bement and David G. Capco
Department of Zoology
Arizona State University
Tempe, Arizona 85287-1501

Transit into interphase of the first mitotic cell cycle
in amphibian eggs is a process referred to as ac-
tivation and is accompanied by an increase in in-
tracellular free calcium (ICa2]JJ, which may be
transduced into cytoplasmic events characteristic
of interphase by protein kinase C (PKC). To inves-
tigate the respective roles of [Ca2+]J and PKC in
Xenopus laevis egg activation, the calcium signal
was blocked by microinjection of the calcium che-
lator BAPTA, or the activity of PKC was blocked by
PKC inhibitors sphingosine or H7. Eggs were then
challenged for activation by treatment with either
calcium ionophore A23187 or the PKC activator
PMA. BAPTA prevented cortical contraction, cor-
tical granule exocytosis, and cleavage furrow for-
mation in eggs challenged with A23187 but not with
PMA. In contrast, sphingosine and H7 inhibited
cortical granule exocytosis, cortical contraction,
and cleavage furrow formation in eggs challenged
with either A23187 or PMA. Measurement of egg
[Ca21], with calcium-sensitive electrodes demon-
strated that PMA treatment does not increase egg
[Ca21]J in BAPTA-injected eggs. Further, PMA does
not increase [Ca21]J in eggs that have not been in-
jected with BAPTA. These results show that PKC
acts downstream of the [Ca2+]J increase to induce
cytoplasmic events of the first Xenopus mitotic
cell cycle.

Introduction

Dividing eukaryotic cells undergo a temporary
arrest at metaphase which may last minutes in
mitotic cells and hours in meiotic cells. What
causes this arrest is unknown, but it is becoming
increasingly apparent that rises in intracellular
free calcium ([Ca2+]i) end the metaphase arrest
and trigger transit into interphase. For example,
rises in [Ca2+]i have been shown to accompany
exit from mitosis in plant cells (Hepler and Cal-
laham, 1987), sea urchin embryos (Poenie et aL,
1985), and mammalian cells (Poenie et aL, 1986;

Ratan et al., 1986; Ratan et al., 1988; Tombes
and Borisy, 1989). In addition, inhibition of cal-
cium increases blocks the metaphase/anaphase
transition in plant cells, sand dollar embryos,
and cultured mammalian cells (Izant, 1983;
Hepler, 1985; Wolniak and Bart, 1985; Silver,
1989; Tombes and Borisy, 1989); and increasing
[Ca2+]i shortens the metaphase arrest in mam-
malian cells (Izant, 1983).

In eggs of many organisms, which are ar-
rested at specific points in meiosis until fertil-
ization, a calcium trigger for cell cycle resump-
tion is especially well documented. Large, tran-
sient [Ca2"J rises are intrinsic to fertilization in
sea urchins (Steinhardt et al., 1977), fish (Gilkey
et al., 1978; Nuccitelli, 1987), amphibians (Busa
and Nuccitelli, 1985; Kubota et al., 1987; Nuc-
citelli et al., 1988), and mammals (Cuthbertson
et al., 1981; Miyazaki et al., 1986). In the case
of amphibian fertilization, the evidence sup-
porting a calcium trigger for entry into the first
mitotic interphase ("egg activation") is com-
pelling: 1) The wavelike rise in [Ca2]i is followed
immediately by a wave of exocytosis and a wave
of microvillar elongation, morphological
changes characteristic of egg activation (Busa
and Nuccitelli, 1985; Kubota et al., 1987). 2) Ex-
perimental treatments that increase egg
[Ca2+] -such as application of calcium iono-
phore, pricking with a glass needle, microinjec-
tion of calcium, or microinjection of inositol 1,4,5
trisphosphate (IP3)-trigger egg activation
(Gingell, 1970; Schroeder and Strickland, 1974;
Wolf, 1974a; Hollinger and Schuetz, 1976; Busa
et al., 1985; Picard et al., 1985; Kubota et al.,
1987). 3) Treatments that prevent an increase
in [Ca2+]i abolish events associated with inter-
phase entry, including cortical granule exocy-
tosis, cortical contraction, chromosome decon-
densation, and nuclear envelope reformation in
response to activating stimuli (Gingell, 1970;
Schroeder and Strickland, 1974; Christensen et
al., 1984; Lohka and Masui, 1984; Kline, 1988).
Thus, an increase in [Ca2+], is apparently the

critical trigger for transit into interphase in am-
phibian eggs, just as it is thought to be in other
cell types. This observation provokes the fol-
lowing question: How is an increase in [Ca2+],
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transduced into the diverse cellular events
characteristic of the M-phase/interphase tran-
sition, such as cytokinesis, chromosome de-
condensation, reformation of the nuclear en-
velope and golgi, and the resumption of endo-
and exocytosis? One possibility is that these
events are mediated by calcium-dependent en-
zymes. In support of this hypothesis, we have
shown that activators of protein kinase C (PKC),
a calcium, phospholipid-sensitive protein ki-
nase, trigger cytoplasmic events of the M-
phase/interphase transition, that is, cortical
granule exocytosis, cortical contraction, and
cleavage furrow formation, in oocytes and eggs
of the amphibian, Xenopus laevis (Bement and
Capco, 1989a).
PKC activation occurs as a result of increases

in [Ca2"]i in most systems (Kikkawa et aL., 1989)
and indirect evidence suggested that this is also
the case during Xenopus egg activation (Bement
and Capco, 1 989a). However, it is also possible
that PKC activators somehow trigger a free-
calcium increase within eggs. This is reported
to occur in mouse oocytes (Cuthbertson and
Cobbold, 1985; Colonna et al., 1989), rat pitu-
itary cells (Albert et al., 1987), mouse pancreatic
islet cells (Pace, 1984), and bag cell neurons of
the mollusc Aplysia (DeRiemer et aL., 1985). It
is therefore unclear whether PKC acts as the
immediate stimulus for cortical granule exocy-
tosis and cortical contraction in Xenopus eggs,
or whether it acts indirectly by triggering an in-
crease in [Ca2+]i.

If PKC mediates Xenopus egg activation
events by causing a rise in [Ca2]j, then three
predictions follow. First, chelation of cytosolic
calcium should prevent activation of eggs chal-
lenged with PKC agonists. Second, PKC ago-
nists should increase [Ca2"]i. Third, PKC inhib-
itors should not affect activation of eggs chal-
lenged with calcium ionophore. If, however, PKC
operates downstream of the [Ca2"]I rise, the
opposite predictions should hold true. PKC ag-
onists should activate eggs even when cytosolic
calcium has been chelated; PKC agonists
should not increase [Ca2+]j; and PKC antago-
nists should inhibit calcium ionophore-induced
egg activation. We have blocked increases in
either [Ca2+]i or PKC activity by treating eggs
with a calcium chelator, or PKC antagonists, re-
spectively, and then challenged treated eggs
with either calcium ionophore or phorbol 12-
myristate 13 acetate (PMA), a PKC activator.
We have also measured [Ca2+], in eggs treated
with PMA. As an indication of egg activation,
we have monitored early morphological changes
characteristic of this process: cortical granule

exocytosis and cortical contraction. The results
support a model in which PKC acts downstream
of the [Ca2"]i rise to trigger events of the M-
phase/interphase transition of Xenopus eggs.

Results

A23187 and PMA induce cortical contraction
in the absence of external calcium
To determine the dependency of A23187 and
PMA-induced egg activation on extracellular
calcium, and to determine the appropriate con-
centrations of these agents to employ in later
assays, we first generated dose-response
curves by treating eggs with A23187 or PMA in
the presence or absence of external calcium.
Cortical contraction was used as a marker for
egg activation. A23187 consistently induced
cortical contraction in 100% of eggs when em-
ployed at a concentration of 100 nM (Figure 1 A);
treatment with higher concentrations was
equally effective but often resulted in cell lysis.
A231 87-induced contraction was just as effec-
tive in the absence of extracellular calcium as
it was in the presence of extracellular calcium.
Likewise, PMA did not require extracellular cal-
cium to induce cortical contraction and was also
1000/o effective at a concentration of 100 nM
(Figure 1 B).

BAPTA does not block cortical contraction
in eggs challenged with PMA
Eggs in calcium-free medium have no access
to extracellular calcium; however, the above ex-
periments demonstrated that intracellular
stores of calcium are sufficient to trigger events
of activation. To clamp both [Ca2+]I and extra-
cellular calcium at low levels, eggs were mi-
croinjected with the calcium chelator 1,2,-bis(o-
aminophenoxy)ethane-N, N, N', N'-tetraacetic
acid (BAPTA) and then challenged in calcium-
free medium with either A23187 or PMA.
BAPTA prevented cortical contraction in eggs
challenged with 100 nM A23187 in calcium-free
medium when the former was injected to a final
intracellular concentration of 10 mM (Figure 2).
This concentration of BAPTA also prevented
cortical contraction in response to 1 ,uM
A23187. In contrast, eggs injected with BAPTA
and then challenged with 100 nM PMA in cal-
cium-free medium underwent cortical contrac-
tion with the same frequency as eggs injected
with water; that is, essentially 1000/% of the eggs
challenged with PMA exhibited contraction
(Figure 2). BAPTA-injected eggs also formed
cleavage furrows when activated by PMA (not
shown).
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Figure 1. A23187 and PMA induce cortical contraction in
the absence of extracellular calcium. Eggs were challenged
with increasing concentrations of A23187 (A) or PMA (B) in
the presence or absence of external calcium and then mon-
itored for cortical contraction over a period of 20 min. Per-
centages were obtained by dividing the number of eggs that
contracted within 20 min by the total number of eggs in the
treatment group. (A) A23187 induces 1000/o cortical con-
traction when applied at a concentration of 100 nM, both
in the normal and calcium-free medium (0.1 x O-R2 without
calcium and with 10 mM EGTA). (B) PMA also induces 1000/%
cortical contraction at 100 nM in normal and calcium-free
medium. Data expressed are the mean ± SE from three
experiments. Where error bars are not visible, SE < 0.02.

In separate experiments, eggs were injected
with calcium/BAPTA buffers formulated to con-
tain decreasing concentrations of free calcium
and then challenged with PMA to further char-
acterize the minimum calcium sensitivity of
PMA-induced activation (see Methods). Figure
3 shows that between a calculated free-calcium
concentration of 2 and 0.5 nM, cortical con-
traction is inhibited. The inhibition was manifest
as both a delay in the time to contraction and
a reduction in the overall percentage of eggs
that contracted. With decreasing free-calcium
levels, an increase in the number of eggs that
died after treatment with PMA also occurred;
these eggs were not scored for cortical con-
traction. Because the [Ca2+], of BAPTA-injected
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Figure 2. BAPTA blocks contraction in response to
A23187, but not PMA. Eggs were injected with BAPTA to
a final intracellular concentration of 10 mM and then chal-
lenged in calcium-free medium with A23187 or PMA at the
concentrations indicated. Control eggs were injected with
water. BAPTA blocks contraction in eggs challenged with
100 nM and 1 MM A23187, but does not block contraction
in response to 100 nM PMA. Data were analyzed as in the
legend to Figure 1.

eggs is dependent on the free-calcium concen-
tration and calcium-buffering capacity of the egg
(Kline, 1988), we do not know how closely the
calculated free-calcium level corresponds to the
actual intracellular calcium concentration (see
below for direct measurement of [Ca2+]i). How-
ever, these data demonstrate that there is a
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Figure 3. PMA-induced contraction is inhibited only at
extremely low free-calcium concentrations. Eggs were in-
jected with calcium buffers containing BAPTA and CaCd2 at
concentrations formulated to yield the indicated free-calcium
levels (see Methods). Eggs were then challenged with 100
nM PMA and the percentage of eggs undergoing contraction
was plotted against time. Between a calculated free-calcium
concentration of 2 and 0.5 nM, a delay in the time to onset
of contraction in response to PMA is evident, as is a re-
duction in the final percentage of eggs that undergo con-
traction.
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lower limit of free calcium beyond which PMA-
induced activation is inhibited.

BAPTA does not block cortical granule
exocytosis in eggs challenged with PMA
To determine whether or not BAPTA treatment
blocked cortical granule exocytosis, control and
BAPTA-treated eggs were processed for elec-
tron microscopy after challenge with A23187 or
PMA in calcium-free medium. Figure 4A shows
the cortex of a control egg challenged with 100
nM A23187 in calcium-free medium. Cortical
granule exocytosis has occurred, as evidenced
by the lack of cortical granules. BAPTA injection
blocks cortical granule exocytosis in eggs chal-
lenged with 100 nM A23187 in calcium-free
medium, as demonstrated by the presence of
intact cortical granules (Figure 4B). PMA treat-
ment, in contrast, triggered cortical granule
exocytosis in BAPTA-injected eggs. Eggs in-
jected with sufficient BAPTA (final intracellular
concentration 10 mM) to prevent exocytosis in
response to A23187 underwent exocytosis in
response to 100 nM PMA in calcium-free me-
dium, as shown by the absence of cortical gran-
ules (Figure 4C).

PMA does not trigger a rise in [Ca2"]J
As a means to assess directly the effect of PMA
treatment on egg [Ca21], calcium-sensitive mi-
croelectrodes were employed to measure

[Ca2+], in eggs injected with BAPTA to a final
intracellular concentration of 10 mM. Eggs were
impaled with microelectrodes, and, after the
membrane potential and [Ca21]i had stabilized,
PMA was applied at a final concentration of 100
nM. Figure 5A shows the results of a typical
experiment. After BAPTA injection but before
PMA treatment, the resting [Ca2+]i was 40 nM.
After PMA treatment, the pCa (negative log of
[Ca2+]1) value decreased 1 1 mV by 435 s (7 min,
15 s) (as monitored by oscilloscope; see Meth-
ods), reflecting a [Ca2] decrease of 24 to 16
nM. Measurements taken at intermediate time
points revealed that [Ca2+]i decreased imme-
diately after PMA treatment, dropping 5 nM
within the first 20 s, and continued to decrease
steadily after that (Figure 5A). In this experi-
ment, cortical contraction was apparent at 7
min. This experiment was repeated four times
using eggs obtained from different frogs; in all
cases PMA treatment resulted in cortical con-
traction and triggered a decrease in [Ca21], (-17
± 3.9 nM; mean ± SE), in one case to a level of
10 nM, demonstrating that PMA can trigger
contraction even at this extremely low [Ca2+]i.

B

-B. vf

C'

Figure 4. BAPTA blocks cortical granule exocytosis in re-
sponse to A23187 but not PMA. (A) Electron micrograph
of the cortex from a control egg challenged in calcium-free
medium with 100 nM A23187. The egg has undergone cor-

tical granule exocytosis, as demonstrated by the absence
of cortical granules. y denotes yolk platelets; v marks the
vitelline envelope. (B) Cortex of an egg injected with BAPTA
(10 mM) and then challenged in calcium-free medium with
100 nM A23187. The presence of numerous cortical gran-
ules (cg) beneath the plasma membrane shows that cortical
granule exocytosis has not occurred. (C) Cortex of an egg
injected with BAPTA (10 mM) and then challenged in cal-
cium-free medium with 100 nM PMA. Cortical granule exo-

cytosis has occurred, as indicated by the absence of cortical
granules.

As a positive control for the sensitivity of our
microelectrode measurements, in separate ex-

periments untreated eggs were challenged with
A23187 and changes in [Ca2+], were deter-
mined. As previously described (Busa et al.,
1985), A231 87 treatment triggered an increase
in [Ca2+]i (data not shown).
Even in the absence of microinjected BAPTA,

PMA failed to elicit an increase in egg [Ca2+]1.
Uninjected eggs had higher resting [Ca2+]1 levels
than BAPTA-injected eggs, but the response to
PMA was qualitatively similar to that observed
for BAPTA-injected eggs. A typical experiment
is shown in Figure 5B. Before treatment with
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PMA, the resting [Ca2+]Iwas 220 nM. Treatment
with PMA induced a 4-mV decrease in the pCa
value over the course of 600 s (10 min), corre-
sponding to a 42-nM [Ca2] decrease to a level
of 178 nM. Measurements taken over the
course of the experiment showed that no ap-
parent [Ca2+]1 decrease occurred within the first
30 s, but by the first 120 s [Ca2+]i dropped 16
nM, to 204 nM, and continued dropping steadily
thereafter (Figure 5B). In this experiment, cor-
tical contraction commenced at 300 s (5 min).
Out of seven experiments, using eggs obtained

s 5 from different frogs, in only one experiment was
an increase in [Ca2+], observed, in this case from1 10 to 123 nM, well below the reported increase

o s in [Ca2+]i that triggers egg activation at fertil-

'5 s ization (Busa and Nuccitelli, 1985). In all other
experiments, [Ca2+]i decreased in response to
PMA, although the magnitude of the decrease
varied from experiment to experiment (-40 ± 25

ID nM; mean ± SE).

4 0 s
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Figure 5. PMA does not cause an increase in [Ca21]J. Pho-
tographs of oscilloscope tracings measuring [Ca2+J in re-
sponse to 100 nM PMA in (A) an egg injected with BAPTA
to a final intracellular concentration of 10 mM and (B) an
uninjected egg. (A) The left half of the figure shows oscil-
loscope tracings, which represent the calibration performed
immediately after the experiment was completed. For the
calibration, pCa 6 = 1 qM free calcium, pCa 6.5 = 320 nM,
pCa 7 = 100 nM, pCa 7.5 = 32 nM, and pCa 8 = 10 nM.
The right half of the figure shows oscilloscope tracings
demonstrating the [Ca21], of a BAPTA-injected egg before
PMA application (0 s, [Ca21], = 40 nM), and [Ca2+]i after
PMA application for 20 s (35 nM), 60 s (32 nM), 240 s (24
nM), and 435 s (16 nM). (B) Oscilloscope tracings showing
[Ca2+]i in an uninjected egg before PMA application (0 s,
[Ca2+], = 220 nM), and [Ca2] after PMA application for 30
s (no change from 0 s, as demonstrated by the superim-
position of the two tracings), 120 s (204 nM), 300 s (195
nM), 420 seconds (191 nM), and 600 seconds (178 nM). In
this figure, the calibration tracings are on the same pho-
tograph as the experimental tracings and are labelled as in
Figure 5A. In both 5A and 5B the calibrations were essen-
tially the same both before and after egg impalement.

PKC antagonists inhibit cortical contraction
Sphingosine and 1-(5-isoquinolinylsulfonyl)-2-
methylpiperazine (H7), two structurally unre-
lated PKC antagonists, were employed to inhibit
PKC. To control for nonspecific effects, the ac-
tivation response of eggs treated with H7 or
sphingosine was compared with eggs treated
with N-(6-aminohexyl)-5-chloro-1 -naphthalene-
sulfonamide (W7). W7 is a drug with structural
similarity to H7 (Hidaka et al., 1984), but it does
not inhibit PKC; rather it inhibits the calcium,
calmodulin-dependent protein kinase. As an
additional control, eggs treated with H7, sphin-
gosine, or W7 were also compared with eggs
treated with dimethyl sulfoxide (DMS0), the ve-
hicle for these three agents. At 10 uM, a con-
centration where H7 is known to be specific for
PKC (Hidaka et al., 1984), H7 significantly (p
< 0.05 when compared with DMS0 controls)
reduced the percentage of eggs that contracted
in response to challenge with either A23187
(Figure 6A) or PMA (Figure 6B) in calcium-free
medium. At 100 /M, H7 resulted in further in-
hibition of cortical contraction. Similarly, at 100
,uM, a concentration reported to inhibit PKC in
vivo (Hannun et al., 1986), sphingosine sharply
reduced the percentage of eggs that responded
to either A23187 or PMA. Control agents DMS0
and W7 had no apparent effect on the ability of
eggs to contract when challenged with A23187.
Moreover, even in those few cases where eggs
treated with H7 or sphingosine were observed
to contract in response to A23187 or PMA, the
extent of contraction was less than that ob-
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served in eggs treated with DMSO or W7. That
is, whereas control eggs generally underwent a
very marked contraction when challenged with
A23187 or PMA, sometimes forming a small cap
of pigment on the top of the animal hemisphere,
contraction of eggs treated with sphingosine or
H7 was much less obvious.

Sphingosine and H7 inhibit cortical
granule exocytosis
To determine whether sphingosine and H7 in-
hibit cortical granule exocytosis, eggs were
treated with sphingosine, H7, W7, or DMSO as
described above and then challenged with 100
nM A23187 in calcium-free medium. Six minutes
after A23187 treatment, eggs from each of
these treatment groups were fixed for electron
microscopy and examined for the presence of

intact cortical granules. Eggs treated with either
H7 (Figure 7A) or sphingosine (Figure 7B) did
not undergo cortical granule exocytosis within

A.

B)
Bv~~

Figure 7. PKC antagonists inhibit cortical granule exo-
cytosis. Eggs were treated with 100 ,M H7 (A), sphingosine
(B), W7 (C), or 0.10% DMSO (D) and then challenged in cal-
cium-free medium with 100 nM A23187 for 6 min. (A) Cortex
of an egg treated with H7 and then challenged with A23187.
The presence of numerous cortical granules reveals that
exocytosis has not occurred. (B) Cortex of an egg treated
with sphingosine and then challenged with A23187. Again,
the row of intact cortical granules beneath the plasma
membrane shows that exocytosis has not occurred. (C)
Cortex of an egg treated with W7. The lack of intact cortical
granules beneath the plasma membrane demonstrates that
the egg has undergone exocytosis. (D) Cortex of an egg
treated with DMSO and then challenged with A23187. The
absence of cortical granules shows that exocytosis has oc-
curred.
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6 min, as demonstrated by the presence of in-
tact cortical granules. Eggs treated with either
W7 (Figure 7C) or DMSO (Figure 7D), however,
did undergo cortical granule exocytosis within
6 min, as revealed by the absence of intact cor-
tical granules.
As a means to quantify the amount of exo-

cytosis that occurred in eggs treated with H7
or sphingosine, protein release from eggs was
measured spectrophotometrically (Wolf, 1 974a;
Bement and Capco, 1989a). After treatment
with H7, sphingosine, or W7, eggs were placed
in quartz cuvettes and challenged with 100 nM
A23187 or PMA in calcium-free medium. Exo-
cytosis was measured for 16 min, and the
amount of protein released by eggs treated with
sphingosine, H7, or W7 relative to the amount
of protein released from DMSO-treated controls
was determined by comparing the final absor-
bance readings from the different treatment
groups. Figure 8A demonstrates that H7 sig-
nificantly reduced cortical granule exocytosis at
concentrations of 10 AM (40% reduction) and
100 AM (50% reduction). Sphingosine was an
even more potent inhibitor of exocytosis, with
a concentration of 100,uM resulting in an 80%
reduction of the amount of protein released. W7,
on the other hand, did not significantly inhibit
exocytosis in response to challenge with
A23187. In keeping with their roles as PKC in-
hibitors, sphingosine and H7 also inhibited cor-
tical granule exocytosis in eggs challenged with
PMA (Figure 8B).
The effects of H7 and sphingosine on cleav-

age furrow formation varied considerably. In
those eggs that failed to contract after H7 or
sphingosine treatment, cleavage furrows did not
form. On the other hand, eggs that contracted
slightly after H7 or sphingosine treatment oc-
casionally formed cleavage furrows.

Discussion

Increases in [Ca2+]i are thought to trigger egg
activation in most, if not all, animal species
(Steinhardt et al., 1974; Jaffe, 1983) and are also
thought to be the major signal for exit from mi-
tosis and entry into interphase in embryonic and
somatic cells (Poenie et aL, 1985; Ratan et al.,
1988; Tombes and Borisy, 1989). Thus, an in-
crease in levels of cytosolic calcium must
somehow be transduced into a diverse array of
cellular events, including anaphase A and B,
nuclear reformation, cortical granule exocytosis,
cortical contraction, and cytokinesis. Although
the cellular entities responsible for these events
remain obscure, calcium-dependent enzymes
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Figure 8. Quantification of exocytosis inhibition by PKC
antagonists. Eggs were treated with the indicated concen-
trations of W7, H7, or sphingosine and then challenged in
calcium-free medium with 100 nM A23187 (A) or PMA (B).
Exocytosis was monitored spectrophotometrically and
compared with DMSO-treated controls as described in the
Methods. (A) Sphingosine and H7 significantly reduce the
amount of exocytosis in eggs challenged with A23187 when
compared with DMSO controls, whereas W7 does not have
a significant effect. (B) Sphingosine and H7 also reduce the
amount of exocytosis in eggs challenged with PMA relative
to the amount in DMSO-treated controls. Data were ana-
lyzed as in the legend of Figure 6.

are likely candidates (Dinsmore and Sloboda,
1988; Bement and Capco, 1 989a).
The principal aim of this study was to deter-

mine whether one such calcium-dependent en-
zyme, PKC, mediates events characteristic of
Xenopus egg transit into interphase (i.e., egg
activation) by a direct or indirect mechanism. In
particular, we wished to clarify whether PKC
triggers activation events-that is, cortical
granule exocytosis, cortical contraction and
cleavage furrow formation-by acting upstream
or downstream of an increase in cytosolic free
calcium. Two lines of evidence from our results
indicate that PKC mediates egg activation
events as a downstream result of the calcium
wave.
The first line of evidence is derived from ac-

tivation of eggs in which the availability of free
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calcium was experimentally curtailed. PMA, a
potent PKC agonist, rescues activation events
when applied to BAPTA-injected eggs in cal-
cium-free medium. That calcium-free medium
and BAPTA injection is sufficient to prevent sig-
nificant calcium increases is demonstrated by
the fact that calcium ionophore fails to activate
eggs under these conditions. Thus, PMA cannot
be activating eggs by triggering an increase in
[Ca2"]I unless it is a more effective calcium ion-
ophore than A23187, a possibility that was ex-
cluded in this study by direct measurement of
[Ca2+],. Although it may appear paradoxical that
a calcium-dependent enzyme such as PKC can
be activated in the virtual absence of free cal-
cium, it has been demonstrated that PMA can
activate PKC in vivo at [Ca2+]i concentrations of
8 nM (Di Virgilio et al., 1984). Thus, treatment
of eggs with PMA after clamping intracellular
and extracellular calcium levels provides a use-
ful and direct means to distinguish PKC-me-
diated cellular events from events mediated by
other calcium-dependent enzymes.

Direct measurement of [Ca2+]i in eggs injected
with BAPTA demonstrates that PMA does not
trigger an increase in cell free calcium. Indeed,
even under conditions of freely available intra-
cellular and extracellular free calcium (e.g., in
the absence of BAPTA and the presence of ex-
tracellular calcium), PMA treatment triggered
no increase in [Ca2+]i that could be detected by
calcium-sensitive microelectrodes. Similar re-
sults have recently been obtained by ratio-im-
aging with the use of the calcium-sensitive dye
Fura-2 (C.A. Larabell and R. Nuccitelli, personal
communication). We found that [Ca2+],, rather
than increasing in response to PMA, actually
decreased in response to PMA and that, in spite
of this decrease, activation events nevertheless
occurred. Thus, PKC cannot be triggering these
events by acting as an upstream stimulus for
an increase in [Ca2+]i. Based on our results with
microinjection of the calcium buffers and mea-
surement of [Ca2+], in BAPTA-injected eggs, we
conclude that PMA is capable of triggering egg
activation events at free-calcium concentrations
of 2-10 nM, well below the [Ca2+]1 required for
other known calcium-dependent processes
(Cheung, 1980). The results therefore also ex-
clude the possibility that PKC activators merely
lower the calcium requirement of cortical gran-
ule exocytosis and cortical contraction such that
resting levels of [Ca2+], trigger these events.
The second line of evidence supporting a

downstream site of PKC action is based on the
ability of PKC inhibitors to suppress activation
events under conditions that should result in

the direct release of calcium from intracellular
stores. The PKC inhibitors H7 and sphingosine
antagonize both cortical granule exocytosis and
cortical contraction in eggs challenged with
A23187 in calcium-free medium. This result is
not consistent with a model wherein PKC acts
to trigger a calcium increase, because, if this
were the case, direct calcium release by A23187
should bypass the inhibitor-imposed blockade.
This result is consistent with a model wherein
the calcium increase triggers PKC activation,
which, in turn, mediates cortical granule exo-
cytosis and cortical contraction.
On the basis of the evidence above, we pro-

pose the following model for Xenopus egg ac-
tivation (Figure 9). Fertilization (Busa and Nuc-
citelli, 1985) or artificial activation-by treat-
ment with calcium ionophore (Schroeder and
Strickland, 1974), microinjection of IP3 (Busa et
al., 1985; Picard et aL, 1985), or pricking the
egg in calcium-containing medium (Wolf, 1 974a;
Kubota et al., 1987)-triggers an increase in
[Ca2+]i. The [Ca2+], increase then results in PKC
activation, which can be mimicked in the ab-
sence of a [Ca2+]i increase by treatment of eggs
with PKC agonists such as PMA, phorbol 12,13-
didecanoate (PDD), 1 -oleoly-2-acetyl-sn-glyc-
erol (OAG) (Bement and Capco, 1 989a), or 1,2-
dioctanoylglycerol (DiC8) (Bement and Capco,
unpublished results). Upon activation, PKC me-
diates cortical granule exocytosis, cortical con-
traction, and cytokinesis, presumably by phos-
phorylating endogenous substrates.
This hypothesis prompts several testable

predictions about intracellular signalling events
during Xenopus egg activation. 1) Because PKC
activity is associated with translocation of PKC
to the plasma membrane (Hirota et aL., 1985;
Ito et aL., 1988), and because cortical granule
exocytosis occurs as a wave during fertilization

Sperm
Call lonophore-W:
Pricking I_ .[Ca2] -.PKC

+I i
PMA

OAG-
DiC8

Figure 9. Model of the signalling sequence that triggers
cytoplasmic events of the first Xenopus cell cycle. Fertil-
ization, calcium ionophore, IP3, or pricking all trigger an in-
crease in egg [Ca2+]i. The [Ca2"] increase results in PKC
activation, which, in turn, triggers cortical granule exocytosis
and cortical contraction. Activators of PKC such as PMA,
PDD, OAG, or DiC8 can bypass the [Ca2+]i rise by directly
activating PKC, thereby triggering cortical granule exocy-
tosis and cortical contraction in the absence of an increase
in [Ca2]i.
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(Grey et al., 1974), the calcium wave should be
accompanied by a wave of PKC translocation.
2) Because PKC activity requires one of several
forms of diacylglycerol as well as calcium (Kik-
kawa et al., 1989), the calcium wave should be
accompanied by an increase in diacylglycerol
formation. 3) Because diacylglycerol used in in-
tracellular signalling is generally formed as a re-
sult of phosphatidylinositol 4,5-bisphosphate
(PIP2) hydrolysis (Berridge, 1987) or as a result
of phosphatidylcholine (PC) hydrolysis (Loffel-
holz, 1989), an increase in the activity of phos-
pholipases that hydrolyze PIP2 or PC should be
observed during egg activation.

Is the model proposed above for Xenopus
likely to be relevant for calcium-regulated cell
cycle transitions in other systems? Several re-
ports suggest that PKC might mediate events
of mammalian egg activation (Cuthbertson and
Cobbold, 1985; Endo et aL, 1987; Colonna et
al., 1989), but it is unknown whether PKC acts
directly or indirectly in this system (see Intro-
duction). For other cell types, even less infor-
mation on the role of PKC at entry into inter-
phase is available, although one report has im-
plicated PKC as a downstream effector of
calcium at the metaphase/anaphase transition
in stamen hair cells (Larsen et al., 1989). Evi-
dence from sea urchin eggs suggests that the
calcium wave that accompanies fertilization is
the result of PIP2 hydrolysis (Swan and Whit-
aker, 1986), an event that would provide the di-
acylglycerol required for PKC activation. Fur-
thermore, measurement of diacylglycerol levels
has shown that an increase does occur upon
sea urchin fertilization (Ciapa and Whitaker,
1986), and evidence also suggests that PKC
mediates the pH increase that accompanies sea
urchin fertilization (Shen and Burgart, 1986). On
the other hand, treatment of sea urchin eggs
with PMA does not appear to induce cortical
vesicle exocytosis (Ciapa et al., 1988) as it does
in Xenopus eggs, and previous conclusions re-
garding the role of PKC in the pH increase have
recently been questioned (Shen, 1989). Com-
parisons between sea urchin eggs and those of
amphibians are further complicated by the fact
that sea urchin eggs are arrested in interphase,
whereas amphibian eggs are arrested in M-
phase.

Nevertheless, two characteristics of PKC
make the proposed model attractive as a gen-
eral paradigm for calcium-controlled cell cycle
transitions. First, PKC activation is associated
with translocation of PKC to intracellular mem-
branes (Hirota et al., 1985; Ito et al., 1988; Leach
et al., 1989), thus providing it with access to

potential substrates that might control mem-
brane events associated with interphase entry,
such as resumption of endocytosis and exocy-
tosis and reformation of the nuclear envelope
and the golgi. Second, multiple isoforms of PKC
exist (Coussens et al., 1986; Housey et al.,
1987), each with different sensitivities to cal-
cium and phospholipids, including some forms
that apparently require little or no calcium for
activity (Kikkawa et al., 1989). Different PKC
isoforms could mediate different cellular events,
thereby accounting for the variety of events that
accompany the transit into interphase. Using
the Xenopus system as an example, one isoform
might be responsible for triggering exocytosis
and another for cortical contraction. The differ-
ing sensitivities of these isoforms to calcium and
diacylglycerol would also allow the cell to se-
quentially regulate different events. By way of
illustration, the isoform responsible for mediat-
ing cortical granule exocytosis could be acti-
vated at calcium and diacylglycerol concentra-
tions characteristic of the early part of the cal-
cium wave, whereas that isoform responsible
for cortical contraction could be activated at
calcium and diacylglycerol concentrations
achieved during the late part of the calcium
wave. Regardless of the actual mechanisms in-
volved, the heterogeneity and site(s) of action
of PKC make it an attractive candidate as a
widespread regulator of events keyed to cell cy-
cle transitions.

Methods

Egg procurement
Eggs were obtained from adult female X. Iaevis purchased
from Nasco Biologicals (Fort Atkinson, WI). Mature females
were primed 3-5 d before use with 42 lUs of pregnant mares'
serum gonadotropin (Sigma Chemical Co., St. Louis, MO)
injected into the dorsal lymph sac. Frogs were anesthetized
by hypothermia, and ovarian fragments were removed from
an incision in the body wall. Full-grown oocytes were isolated
after collagenase treatment as previously described (Bement
and Capco, 1 989a) and stored in 1 x O-R2 medium (Wallace
et al., 1973). Eggs were obtained by incubating full-grown
oocytes in 2 gg/ml progesterone (Larabell and Capco, 1988)
(Sigma Chemical Co., St. Louis, MO) until 2 h after appear-
ance of a white spot on the animal pole, at which point
essentially all eggs challenged with calcium ionophore un-
dergo activation.

Experimental treatments
Eggs were challenged with calcium ionophore A23187
(Sigma) or phorbol 1 2-myristate 13-acetate (Sigma) at the
concentrations indicated in the Results section. Eggs were
challenged in either 0.1 x O-R2 (pH 7.8) or calcium-free 0.1 x
O-R2 (0.1 x 0-R2 without CaCI2 and with 10 mM ethylene
glycol-bis(,3-aminoethyl ether)-N,N,N',N'-tetraacetic acid
[EGTA]; pH 7.8). Eggs challenged in calcium-free medium
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were washed three times in calcium-free medium before
treatment with activating agents. The PKC inhibitor H7
(Molecular Probes, Corvalis, OR), the calmodulin-dependent
protein kinase inhibitor W7 (Molecular Probes), and DMSO
were all applied by incubation of eggs for 3 h in 1 x O-R2
containing the indicated concentrations of these agents.
Sphingosine (Sigma) was applied by incubation of eggs for
1 h in 1 x O-R2 containing 100 gM sphingosine, which was
sonicated immediately before addition of eggs to the me-
dium. Cell impermeant BAPTA (Molecular Probes) was mi-
croinjected into eggs to a final intracellular concentration
of 10 mM (Figures 2, 4, and 5a) or 40 mM (Figure 3). The
concentration of 10 mM was established in preliminary ex-
periments as the minimum required to consistently prevent
cortical granule exocytosis and cortical contraction in eggs
challenged with 100 nM A23187. Although the egg has total
volume of 900 nL (Kline, 1988), much of the cell interior is
occupied by yolk, thus, calculations of intracellular concen-
trations were based on an egg volume of 300 nL. Free-cal-
cium concentrations were calculated according to the
equation

[Ca2+1 = Kd[Ca2+BAPTA]/[BAPTA]
taken from Kline (1988), where [Ca2+] is the free-calcium
concentration, Kd is the calcium dissociation constant for
BAPTA (0.1 gM), [Ca2+BAPTA] is the concentration of cal-
cium-bound BAPTA, and [BAPTA] is the total BAPTA con-
centration (calcium bound + unbound). Microinjections were
performed by positive pressure with the use of a Drummond
micropipette and glass needles pulled on a vertical needle
puller (Narishige, Greenvale, NY) and broken to a tip di-
ameter of 20 gm; injection volumes ranged from 5 to 50 nL.
Eggs were injected in 1.5X O-R2 and then allowed to heal
for 20 min after injection. BAPTA injections did not trigger
egg activation in most eggs; those eggs that did activate,
or that appeared unhealthy after injection, were discarded.
Control injections of water included EGTA (400 nM) to pre-
vent impalement from activating eggs (Karsenti et al., 1984).
In separate experiments, eggs were injected with water
alone in calcium-free medium. Neither procedure signifi-
cantly altered the ability of eggs to activate in response to
calcium ionophore or PMA. Of the two procedures, control
injections of water containing EGTA produced a higher per-
centage of healthy, unactivated eggs; consequently, this
procedure was employed preferentially.

Measurement of intracellular calcium
Calcium electrodes were prepared as described by Busa
and Nuccitelli (1985) with modifications described by Busa
(1986). Microcapillary tubes of borosilicate glass were
chromerged and pulled with a horizontal needle puller (In-
dustrial Science Associates Inc., Ridgewood, NY) to a tip
diameter of 5-10 1km. Microelectrodes were beveled on an
aluminum silicate disk and then treated with tributylchlo-
rosilane (Fluka, Ronkonkoma, NY) in a closed chamber at
200°C for 1 h. Subsequently the chamber was opened to
allow the silane vapor to disperse. Calcium electrodes were
filled with pCa 7 buffer and the tip subsequently filled with
calcium cocktail (Fluka). Electrodes were then coated with
polyvinyl chloride spiked with calcium cocktail and stored
under pCa 7 buffer until use. Electrodes were used within
4 h of their construction. Each cell was impaled with a cal-
cium electrode and a membrane potential electrode; mea-
surements from the latter were subtracted from the former
to determine the levels of [Ca2+], calcium. These subtractions
were performed electronically on an oscilloscope (Tektronix,
Beaverton, OR) with a dual differential channel. Data shown
in figures represent recordings from the oscilloscope screen

after subtraction of the membrane potential. Recordings of
individual electrodes were also made to ensure that changes
in [Ca2"]i that might have occurred at intermediate time
points were not missed. Calibrations were conducted before
and after the cell was impaled, using buffers of the following
compositions: pCa 6 = 10 mM EGTA, 5 mM CaCI2, 10 mM
PIPES, 45 mM KOH, 15 mM KCI (pH 6.77); pCa 6.5 = 10
mM EGTA, 5 mM CaCI2, 10 mM PIPES, 47 mM KOH, 12
mM KCI (pH 7.02); pCa 7 = 10 mM EGTA, 5 mM CaCI2, 10
mM MOPS, 35.5 mM KOH, 29.3 mM KCI (pH 7.27); pCa 7.5
= 10 mM EGTA, 5 mM CaCI2, 10 mM HEPES, 35 mM KOH,
29.5 mM KCI (pH 7.53); pCa 8 = 10 mM EGTA, 5 mM CaCI2,
10 mM HEPES, 36.9 mM KOH, 27.5 mM KCI (pH 7.78). The
calibrations shown in the figures were performed after the
electrodes were removed from the cell; these were virtually
identical to those obtained before impalement.

Electron microscopy
Eggs were fixed overnight as previously described (Bement
and Capco, 1 989b) in either 0.1 x O-R2 or calcium-free 0.1 x
O-R2 containing 2.5% glutaraldehyde and 0.1%/o tannic acid
(Charbonneau and Grey, 1984). Samples were then rinsed
and osmicated for 3.5 h in 0.1 M sodium cacodylate buffer
(pH 7.9) containing 10% osmium tetroxide. After osmication,
samples were rinsed and then dehydrated in a graded series
of ethanol. After dehydration, the ethanol was replaced with
acetone, the samples were embedded in Spurr embedding
medium and polymerized, and ultrathin sections were cut
on glass knives with the use of a Porter-Blum ultramicro-
tome. Sections were poststained with lead citrate and uranyl
acetate and then viewed and photographed on a Philips
EM 201.

Spectrophotometric analysis was performed with the use
of the technique of Wolf (1 974b) modified as previously de-
scribed (Bement and Capco, 1 989a). Five or 10 eggs were
transferred with a wide-bore pipette into a 1 -ml quartz cu-
vette containing 0.4 ml of the experimental media described
in the Results section. The assay was started by the addition
of A23187 or PMA and absorbance readings were then
taken at 280 nm on a Beckman Du-64 spectrophotometer.
As the eggs released cortical granule contents, the protein
content of the medium increased, resulting in increased ab-
sorbance readings. Readings were taken every 2 min after
gentle agitation of the cuvette. Extreme care was required
during the agitation to prevent lysis of the eggs, particularly
in the case of treatment with A23187. After the assay, eggs
were inspected to confirm that cell lysis had not occurred.
To determine the relative amount of exocytosis, the final
absorbance readings of experimentals were divided by the
readings of DMSO-treated controls. Spectrophotometric
analysis could not be used on eggs injected with BAPTA or
water, because such treatments tended to result in eggs
that leaked small amounts of cytoplasm into the medium;
leakages were detected as increases in absorbance. Exo-
cytosis readings were taken for no longer than 16 min after
treatment with A23187, because A23187 treatment for
longer periods often induced nonspecific cytoplasmic leak-
age into the medium.

Analysis of cortical contraction
and exocytosis
Cortical contraction and cleavage furrow formation were
monitored with a dissecting microscope equipped with a
measuring reticule. Eggs were considered to have con-
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tracted when the amount of surface area occupied by the
pigmented animal hemisphere decreased >1 0% relative to
the amount occupied before experimental treatment. Data
obtained from cortical contraction and cortical granule exo-
cytosis assays were analyzed by a one-tailed Mann-Whitney
U test and p values of <0.05 were considered significant.

Acknowledgments
We gratefully acknowledge the assistance of the following
individuals: Dr. Richard Satterlie for use of his electrophys-
iology equipment, Dr. Richard Trelease for use of his spec-
trophotometer, Catherine Marler for conducting the statis-
tical analyses, and Jin Han for instruction on the preparation
of intracellular calcium measuring electrodes. W.M. Bement
was supported by a Cell and Developmental Biology Pre-
doctoral Fellowship from the Office of Research and De-
velopment, Arizona State University. This work was sup-
ported by NIH grants HD-23686 and HD-00598.

Received: December 26, 1989.
Revised and accepted: January 22, 1990.

References

Albert, P.R., Wolfson, G., and Tashjian, A.H. (1987). Diac-
ylglycerol increases cytosolic free Ca2+ concentration in rat
pituitary cells. Relationship to thyrotropin-releasing hormone
action. J. Biol. Chem. 262, 6577-6581.

Bement, W.M., and Capco, D.G. (1 989a). Activators of pro-
tein kinase C trigger cortical granule exocytosis, cortical
contraction, and cleavage furrow formation in Xenopus laevis
oocytes and eggs. J. Cell Biol. 108, 885-892.

Bement, W.M., and Capco, D.G. (1 989b). Intracellular signals
trigger ultrastructural events characteristic of meiotic mat-
uration in Xenopus oocytes. Cell Tissue Res. 255, 183-191.

Berridge, M.J. (1987). Inositol trisphosphate and diacylglyc-
erol: two interacting second messengers. Annu. Rev.
Biochem. 56, 159-193.

Busa, W.B., and Nuccitelli, R. (1985). An elevated free cy-
tosolic calcium wave follows fertilization in eggs of the frog,
Xenopus laevis. J. Cell Biol. 100, 1325-1329.

Busa, W.B., Ferguson, J.E., Joseph, S.K., Williamson, J.R.,
and Nuccitelli, R. (1985). Activation of frog (Xenopus laevis)
eggs by inositol trisphosphate. I. Characterization of calcium
release from intracellular stores. J. Cell Biol. 101, 677-682.

Busa, W.B. (1986). Measuring intracellular free Ca2" with
single- and double-barreled ion-specific microelectrodes. In:
Ionic Currents in Development, ed. R. Nuccitelli, Alan R.
Liss, 57-69.

Charbonneau, M., and Grey, R.D. (1984). The onset of ac-
tivation responsiveness during maturation coincides with
the formation of the cortical endoplasmic reticulum in oo-
cytes of Xenopus laevis. Dev. Biol. 102, 90-97.

Cheung, W.Y. (1980). Calmodulin plays a pivotal role in cel-
lular regulation. Science 207, 19-27.

Christensen, K., Sauterer, R., and Merriam, R.W. (1984).
Role of soluble myosin in cortical contractions of Xenopus
eggs. Nature 310, 150-151.

Ciapa, B., and Whitaker, M. (1986). Two phases of inositol
polyphosphate and diacylglycerol production at fertilisation.
FEBS Lett. 195, 347-351.

Ciapa, B., Crossley, I., and De Renzis, G.D. (1988). Structural
modifications induced by TPA (1 2-0-tetradecanoyl phorbol-
13-acetate) in sea urchin eggs. Dev. Biol. 128, 142-149.

Colonna, R., Tatone, C., Malgoroli, A., Eusebi, F., and Man-
gia, F. (1989). Effects of protein kinase C stimulation and
free Ca2l rise in mammalian egg activation. Gamete Res.
24, 171-183.

Coussens, L., Parker, P.J., Rhee, L., Yang-Feng, T.L., Chen,
E., Waterfield, M.D., Francke, U., and Ullrich, A. (1986).
Multiple, distinct forms of bovine and human protein kinase
C suggest diversity in cellular signaling pathways. Science
233, 859-866.

Cuthbertson, K.S.R., Whittingham, D.G., and Cobbold, P.H.
(1981). Free Ca2+ increases in exponential phases during
mouse oocyte activation. Nature 294, 754-757.

Cuthbertson, K.S.R., and Cobbold, P.H. (1985). Phorbol ester
and sperm active mouse oocytes by inducing sustained os-
cillations in cell Ca2". Nature (Lond.). 316, 541-542.

DeRiemer, S.A., Strong, J.A., Albert, K.A., Greengard, P.,
and Kaczmarek, L.K. (1985). Enhancement of calcium cur-
rent in Aplysia neurones by phorbol ester and protein kinase
C. Nature 313, 313-315.

Dinsmore, J.H., and Sloboda, R.D. (1988). Calcium and cal-
modulin-dependent phosphorylation of a 62 kd protein in-
duces microtubule depolymerization in sea urchin mitotic
apparatuses. Cell 53, 769-780.

Di Virgilio, F., Lew, D.P., and Pozzan, T. (1984). Protein ki-
nase C activation of physiological processes in human neu-
trophils at vanishingly small cytosolic Ca2l levels. Nature
310, 691-693.

Endo, Y., Schultz, R.M., and Kopf, G.S. (1987). Effects of
phorbol esters and a diacylglycerol on mouse eggs: inhibition
of fertilization and modification of the zona pellucida. Dev.
Biol. 119, 199-209.

Gilkey, J.C., Jaffe, L.F., Ridgeway, E.B., and Reynolds, G.T.
(1978). A free calcium wave traverses the activating egg of
the medaka, Oryzias latipes. J. Cell Biol. 76, 448-466.

Gingell, D. (1970). Contractile responses at the surface of
an amphibian egg. J. Embryol. Exp. Morphol. 23, 583-609.

Grey, R.D., Wolf, D.P., and Hedrick, J.L. (1974). Formation
and structure of the fertilization envelope in Xenopus laevis.
Dev. Biol. 36, 44-61.

Hannun, Y.A., Loomis, C.R., Merrill, A.H., and Bell, R.M.
(1986). Sphingosine inhibition of protein kinase C activity
and of phorbol dibutyrate binding in vitro and in human
platelets. J. Biol. Chem. 261, 12 604-12 609.

Hepler, P.K. (1985). Calcium restriction prolongs metaphase
in dividing Tradescantia stamen hair cells. J. Cell Biol. 100,
1363-1368.

Hepler, P.K., and Callaham, D.A. (1987). Free calcium in-
creases during anaphase in stamen hair cells of Trades-
cantia. J. Cell Biol. 105, 2137-2143.

Hidaka, H., Inagaki, M., Kawamoto, S., and Sasaki, Y. (1984).
Isoquinolinesulfonamides, novel and potent inhibitors of
cyclic nucleotide dependent protein kinase and protein ki-
nase C. Biochemistry 23, 5036-5041.

Hirota, K., Hirota, T., Aguilera, G., and Catt, K.J. (1985). Hor-
mone-induced redistribution of calcium-activated phospho-
lipid-dependent protein kinase in pituitary gonadotrophs. J.
Biol. Chem. 260, 3243-3246.

Vol. 1, February 1990 325



W.M. Bement and D.G. Capco

Hollinger, T.G., and Schuetz, A.W. (1976). Cleavage and
cortical granule breakdown in Rana pipiens oocytes induced
by direct microinjection of calcium. J. Cell Biol. 71, 395-401.
Housey, G.M., O'Brian, C.A., Johnson, M.D., Kirschmeier,
P., and Weinstein, l.B. (1987). Isolation of cDNA clones en-
coding protein kinase C: evidence for a protein kinase C-
related gene family. Proc. Natl. Acad. Sci. USA 84, 1065-
1069.

Ito, T., Tanaka, T., Yoshida, T., Onoda, K., Ohta, H., Hagi-
wara, M., Itoh, Y., Ogura, M., Saito, H., and Hidaka, H. (1988).
Immunocytochemical evidence for translocation of protein
kinase C in human megakaryoblastic leukemic cells: syn-
ergistic effects of Ca++ and activators of protein kinase C
on the plasma membrane association. J. Cell Biol. 107, 929-
937.

Izant, J.G. (1983). The role of calcium ions during mitosis.
Calcium participates in the anaphase trigger. Chromosoma
88, 1-10.

Jaffe, L.F. (1983). Sources of calcium in egg activation: a
review and hypothesis. Dev. Biol. 99, 265-267.

Karsenti, E., Newport, J., Hubble, R., and Kirschner, M.
(1984). Interconversion of metaphase and interphase mi-
crotubule arrays, as studied by injection of centrosomes
and nuclei into Xenopus eggs. J. Cell Biol. 98, 1730-1745.

Kikkawa, U., Kishimoto, A., and Nishizuka, Y. (1989). The
protein kinase C family: heterogeneity and its implications.
Annu. Rev. Biochem. 58, 31-44.

Kline, D. (1988). Calcium-dependent events at fertilization
of the frog egg: injection of a calcium buffer blocks ion
channel opening, exocytosis, and formation of pronuclei.
Dev. Biol. 126, 346-361.

Kubota, H.Y., Yoshimoto, Y., Yoneda, M., and Hiramoto, Y.
(1987). Free calcium wave upon activation in Xenopus eggs.
Dev. Biol. 119, 129-136.

Larabell, C.A., and Capco, D.G. (1988). Role of calcium in
the localization of maternal poly(A)+RNA and tubulin mRNA
in Xenopus oocytes. Roux's Arch. Dev. Biol. 197, 175-183.

Larsen, P.M., Chen, T.L., and Wolniak, S.M. (1989). Quin2-
induced metaphase arrest in stamen hair cells can be re-
versed by 1,2-dioctanoylglycerol but not by 1,3-dioctanoyl-
glycerol. Eur. J. Cell Biol. 48, 212-219.

Leach, K.L., Powers, E.A., Ruff, V.A., Jaken, S., and Kauf-
mann, S. (1989). Type 3 protein kinase C localization to the
nuclear envelope of phorbol ester-treated NIH 3T3 cells. J.
Cell Biol. 109, 685-695.

Loffelholz, K. (1989). Receptor regulation of choline phos-
pholipid hydrolysis. A novel source of diacylglycerol and
phosphatidic acid. Biochem. Pharmacol. 38, 1543-1549.

Lohka, M.L., and Masui, Y. (1984). Effect of Ca2" ions on
the formation of metaphase chromosomes and sperm pro-
nuclei in cell-free preparations from unactivated Rana pipiens
eggs. Dev. Biol. 103, 434-442.

Miyazaki, S., Hashimoto, N., Yoshimoto, Y., Kishimoto, T.,
Igusa, Y., and Hiramoto, Y. (1986). Temporal and spatial
dynamics of the periodic increase in intracellular free calcium
at fertilization of golden hamster eggs. Dev. Biol. 118, 259-
267.

Nuccitelli, R. (1987). The wave of activation current in the
egg of the medaka fish. Dev. Biol. 122, 522-534.

Nuccitelli, R., Kline, D., Busa, W.B., Talevi, R., and Campa-
nella, C. (1988). A highly localized activation current yet

widespread intracellular calcium increase in the egg of the
frog, Discoglossus pictus. Dev. Biol. 130, 120-132.
Pace, C.S. (1984). Influence of a tumour-promoting phorbol
ester on the electrical response of B-cells to glucose and
glyburide. Mol. Pharmacol. 26, 267-271.
Picard, A., Giraud, F., Le Bouffant, F., Sladeczek, F., Le
Peuch, C., and Doree, M. (1985). Inositol 1,4,5-triphosphate
microinjection triggers activation, but not meiotic maturation
in amphibian and starfish oocytes. FEBS Lett. 182, 446-
450.
Poenie, M., Alderton, J., Tsien, R.Y., and Steinhardt, R.A.
(1985). Changes of free calcium levels with stages of the
cell division cycle. Nature 315, 147-149.
Poenie, M., Alderton, J., Steinhardt, R.A., and Tsien, R.Y.
(1986). Calcium rises abruptly and briefly throughout the
cell at the onset of anaphase. Science 233, 886-889.
Ratan, R.R., Shelanski, M.L., and Maxfield, F.R. (1986).
Transition from metaphase to anaphase is accompanied by
changes in cytosolic free calcium in Pt K2 kidney epithelial
cells. Proc. Natl. Acad. Sci. USA 83, 5136-5140.
Ratan, R.R., Maxfield, F.R., and Shelanski, M.L. (1988). Long-
lasting and rapid calcium changes during mitosis. J. Cell
Biol. 107, 993-999.
Schroeder, T.E., and Strickland, D.L. (1974). lonophore
A23187, calcium, and contractility in frog eggs. Exp. Cell
Res. 83, 139-142.

Shen, S., and Burgart, L.J. (1986). 1 ,2-diacylglycerols mimic
phorbol 1 2-myristate 13-acetate activation of the sea urchin
egg. J. Cell. Physiol. 127, 330-340.
Shen, S. (1989). Na+-H+ antiport during fertilization of the
sea urchin is blocked by W-7 but is insensitive to K252a and
H-7. Biochem. Biophys. Res. Comm. 161, 1100-1108.

Silver, R.B. (1989). Nuclear envelope breakdown and mitosis
in sand dollar embryos is inhibited by microinjection of cal-
cium buffers in a calcium-reversible fashion, and by antag-
onists of intracellular calcium channels. Dev. Biol. 131, 1 1-
26.

Steinhardt, R.A., Epel, D., Carrol, E.J., and Yanagimachi, R.
(1974). Is calcium ionophore a universal activator for unfer-
tilized eggs? Nature 252, 41-43.

Steinhardt, R., Zucker, R., and Schatten, G. (1977). Intra-
cellular calcium release at fertilization in the sea urchin egg.
Dev. Biol. 58, 185-196.

Swan, K., and Whitaker, M. (1986). The part played by inositol
trisphosphate and calcium in the propagation of the fertil-
ization wave in sea urchin eggs. J. Cell Biol. 103, 2333-
2342.

Tombes, R.M., and Borisy, G.G. (1989). Intracellular free
calcium and mitosis in mammalian cells: anaphase onset is
calcium modulated but is not triggered by a brief transient.
J. Cell Biol. 109, 627-636.

Wallace, R.A., Jared, D., and Sega, M.W. (1973). Protein
incorporation by isolated amphibian oocytes. Ill. Optimum
incubation conditions. J. Exp. Zool. 184, 321-334.

Wolf, D.P. (1 974a). The cortical response in Xenopus laevis
ova. Dev. Biol. 40, 102-115.

Wolf, D.P. (1974b). The cortical granule reaction in living
eggs of the toad, Xenopus laevis. Dev. Biol. 36, 62-71.

Wolniak, S.M., and Bart, K.M. (1985). The buffering of cal-
cium with quin2 reversibly forestalls anaphase onset in sta-
men hair cells of Tradescantia. Eur. J. Cell Biol. 39, 33-40.

CELL REGULATION326


