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Background information. At fertilization in mammalian eggs, the sperm induces a series of Ca®*t oscillations via
the production of inositol 1,4,5-trisphosphate. Increased inositol 1,4,5-trisphosphate production appears to be
triggered by a sperm-derived PLC( (phospholipase C-() that enters the egg after gamete fusion. The specific
phosphatidylinositol 4,5-bisphosphate hydrolytic activity of PLC{ implies that DAG (diacylglycerol) production, and
hence PKC (protein kinase C) stimulation, also occurs during mammalian egg fertilization. Fertilization-mediated
increase in PKC activity has been demonstrated; however, its precise role is unclear.

Results. We investigated PLCC- and fertilization-mediated generation of DAG in mouse eggs by monitoring plasma-
membrane translocation of a fluorescent DAG-specific reporter. Consistent plasma-membrane DAG formation at
fertilization, or after injection of physiological concentrations of PLC(, was barely detectable. However, when
PLCC is overexpressed in eggs, significant plasma-membrane DAG production occurs in concert with a series of
unexpected secondary high-frequency Ca®* oscillations. We show that these secondary Ca?* oscillations can be
mimicked in a variety of situations by the stimulation of PKC and that they can be prevented by PKC inhibition.
The way PKC leads to secondary Ca?* oscillations appears to involve Ca?* influx and the loading of thapsigargin-
sensitive Ca®* stores.

Conclusions. Our results suggest that overproduction of DAG in PLC(-injected eggs can lead to PKC-mediated
Ca?* influx and subsequent overloading of Ca?* stores. These results suggest that DAG generation in the plasma
membrane of fertilizing mouse eggs is minimized since it can perturb egg Ca®* homoeostasis via excessive Ca®*
influx.
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2005; Ducibella et al., 2006; Knott et al., 2006).
The Ca’* oscillations at fertilization are triggered
by the production of inositol 1,4,5-trisphosphate,
which causes release of Ca®* from intracellular stores
(Miyazaki et al., 1993; Lee et al., 2006). The sperm
appears to trigger the increase in inositol 1,4,5-
trisphosphate production at fertilization by introdu-
cing a sperm-specific PLC (phospholipase C) (PLC()
into the egg cytoplasm following sperm—egg fu-
sion (Saunders et al., 2002; Knott et al., 2005; Lee
et al., 2006; Miyazaki and Ito, 2006; Swann et al.,
20006). Since PLC( hydrolyses [PIP, (phosphatidylin-
ositol 4,5-bisphosphate)}, it generates both inos-
itol 1,4,5-trisphosphate and DAG (diacylglycerol)
in eggs (Kouchi et al., 2004; Nomikos et al.,
2005). While many studies have reported Ca®" os-
cillations in PLCC-injected eggs, there have been
no investigations of PLC(-stimulated generation of
DAG.

The main signalling target for DAG in cells is
PKC (protein kinase C) (Nishizuka, 1992). It has
been shown that PKC activity increases at fertiliza-
tion in mouse eggs (Gallicano et al., 1997; Tatone
et al., 2003). Furthermore, mouse and rat eggs have
been shown to express a number of different iso-
forms of PKC including the conventional &, 3 and
7 isoforms that are activated by Ca’" and DAG, the
novel isoform &, which is stimulated by DAG, and
the atypical isoforms ( and A, which are not stimu-
lated by either Ca’" or DAG (Jones, 1998; Pauken
and Capco, 2000; Baluch et al., 2004; Halet, 2004).
The translocation of &, {3 and y isoforms to the egg
cortex has been demonstrated after sperm—egg inter-
action or after Ca’" ionophore-induced egg activa-
tion (Luria et al., 2000; Halet et al., 2004). PKC)
and PKC( are localized to the meiotic spindle and
may play a role in spindle stability and progression
through meiosis (Tatone et al., 2003; Viveiros et al.,
2003; Baluch et al., 2004). A role for PKC at fertil-
ization is suggested by the finding that the potent
PKC activator, PMA, can stimulate the initial stages
of second polar body emission and trigger a degree of
cortical granule exocytosis in mouse eggs (Gallicano
et al., 1997; Eliyahu and Shalgi, 2002). PKC may
also regulate Ca®" signals in eggs since some studies
have shown that PMA causes small Ca’" oscillations
(Cuthbertson and Cobbold, 1985) and, more recently,
it was shown that PMA can stimulate store-operated
Ca’t influx (Halet et al., 2004). However, the role
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of PKC activation at fertilization is unclear because
while some inhibitors of PKC block events such as
meiotic resumption, cortical granule exocytosis and
transcription at the one-cell stage (Gallicano et al.,
1997; Yu et al., 2007), other inhibitors are without
any effect (Ducibella and Lefevre, 1997).

The dynamic translocation of PKCs to the plasma
membrane of fertilizing mouse eggs was previ-
ously measured using GFP (green florescent protein)-
tagged PKCox or PKCYy (Halet et al., 2004). It was
shown that these PKC isoforms translocate to the
plasma membrane with similar kinetics to the sperm-
induced Ca’" increases (Halet et al., 2004). The
translocation is transient and largely dependent on
the amplitude of the initial Ca®" increase, and was
mainly driven by the Ca**-dependent C2 domain
of these conventional PKC isoforms. Here, we in-
vestigate DAG production and PKC activation in
fertilizing, and PLC(-injected, mouse eggs using a
fluorescent probe for DAG based on the tandem C1
domain of PKCS (C1,0—GFP; Codazzi et al., 2001;
Dries et al., 2007). We find that minimal DAG pro-
duction occurs in the plasma membrane at fertiliza-
tion, or after physiological levels of PLC( injection,
in mouse eggs. However, overproduction of DAG by
high levels of PLC( can lead to excessive Ca’" in-
flux and an unusual pattern of high-frequency Ca®"
oscillations.

Results

C1,6-GFP detects plasma-membrane DAG in
mouse eggs

In a previous study, the C1 domain of conventional
PKCox was used as a DAG biosensor in mouse eggs,
buct it failed to detect any DAG in the plasma mem-
brane of fertilized eggs (Halet et al., 2004). We re-
investigated DAG synthesis in fertilized eggs using
tandem C1 domain of PKC (C1,0—GFP), which is
reported to have an affinity for DAG binding two
orders of magnitude higher than the binding af-
finity of the C1 domain from PKCo (Dries et al.,
2007). Figure 1(A) shows that ionomycin treatment
of unfertilized mouse eggs caused a large Ca?* in-
crease and a delayed translocation of C1,0—GFP to
the plasma membrane, indicating DAG production.
In contrast, the addition of 100 ng/ml PMA to eggs
caused an immediate increase in C1,0—GFP plasma-
membrane translocation without any increase in Ca”*
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Figure 1| GFP-tagged PKCé C1 domain (C1,6—GFP) translocation in mouse eggs

The translocation of C1,6—-GFP, indicating DAG accumulation, was measured as the plasma-membrane fluorescence divided
by the bulk cytoplasmic fluorescence (PM/C ratio) (dotted line, labelled ‘DAG’). The fluorescence of Fura Red was monitored
to indicate changes in Ca?* (solid line, labelled ‘Ca?*’). Fura Red fluorescence decreases on Ca’>* binding, so we inverted the
fluorescence signal of Fura Red (at 488 nm excitation) to represent Ca®* levels. The slight drift up in the trace with time was due
to some loss of dye from the egg. The insets show example images of eggs taken at the time indicated by the arrows. In (A), the
egg was exposed to 2 uM ionomycin, which caused an immediate Ca?* increase and a delayed C1,5-GFP translocation from
cytosol to the plasma membrane (n = 10). In (B), eggs treated with 100 ng/ml PMA showed an immediate C1,6—GFP translocation
without a Ca®* increase (n=11). In (C), a recording is shown for 1 of 2 eggs that showed a small C1,5-GFP translocation during
the initial Ca* increase at fertilization. In (D), a typical trace is shown from the remaining 12 eggs where there was no detectable
increase in C1,6-GFP translocation during Ca®* oscillations at fertilization.
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levels (Figure 1B). These results show that C1,0—-GFP
can effectively report DAG production at the plasma
membrane in mouse egg, which is presumably due
to the activity of endogenous Ca’t-sensitive PLCs
(Halet etal., 2004). When we examined eggs at fertil-
ization, we found that translocation of C1,0—GFP to
the plasma membrane was only just detectable in two
eggs (Figure 1C), whereas in most of the eggs at ferti-
lization (12/14) there was no evidence for transloca-
tion to the plasma membrane (Figure 1D). In the
two eggs that showed evidence of C1,0—GFP trans-
location, this was restricted only to the initial Ca’"
increase at fertilization and tended to be evident in a
restricted portion of the cortex. C1,0—GFP did not
show any clear localization in the meiotic spindle
either before or after fertilization. These results sug-
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gest that there is very little DAG production in the
plasma membrane of fertilizing mouse eggs in com-
parison with that seen with ionomycin.

High levels of PLC¢ promote DAG synthesis in
mouse eggs

PLC( triggers Ca’T oscillations similar to those seen
at fertilization, but unlike fertilization it can be ex-
pressed in eggs at a range of different concentrations
that can be quantified with a luciferase tag (Nomikos
et al., 2005; Yu et al., 2008). Figure 2 shows the
patterns of Ca’" oscillations triggered by injection
of luciferase-tagged PLC( RNA (PLC(luc) at vari-
ous concentrations. Increasing levels of mouse PLC(
expression led to an increase in Ca** oscillation fre-
quency. However, when expression was higher than
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Figure 2| The patterns of Ca?t oscillations triggered by
PLC¢-luc

Different concentrations of mPLC{-luc RNA (0.05-1 pg/pl)
were injected into mouse eggs. The oscillations in Ca?* were
indicated by changes in fluorescence intensity (in arbitrary
units) of Oregon Green BAPTA. The relative expression levels
of PLCC-luc protein are indicated by luminescence in photon
cps along the left-hand side of each fluorescence trace. The
traces are representative and were selected from 150 eggs
(in the range of 0.1-40 cps) and the expression level on the
left-hand side is that determined for each sample egg (roun-
ded to two significant figures). Low PLC-luc expression was
associated with long-lasting low-frequency Ca?* oscillations,
whereas oscillations similar to fertilization were associated
with expression levels of 1-5 cps. High levels of PLCC-luc
expression were associated with two distinct series of Ca®*+
oscillations.
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10 cps (counts per seconds), Ca** oscillations ceased
prematurely, and the highest expression levels (20—
40 cps) were associated with an unexpected second-
ary series of high-frequency Ca’" oscillations that
occurred with a delay of 3—4 h (Figure 2). When we
examined C1,8—GFP translocation in PLC(-injected
eggs, we found that the initial series of Ca’t os-
cillations was not associated with any evidence of

Figure 3| C1,5-GFP translocation initiated in PLC¢-luc-
injected eggs

The conditions were otherwise the same as in Figure 1. High
level of mMPLC(-luc (1 ug/ul) caused rapid Ca®* oscillations. A
typical trace is shown where there was no C1,6-GFP translo-
cation during the first series of Ca®>* oscillations (n = 8). How-
ever, a clear translocation of C1,6—-GFP occurred during the
series of secondary Ca?* oscillations (n = 8).
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translocation (Figure 3). However, with high PLC(
expression levels, and when secondary Ca®" oscilla-
tions were initiated, C1,0—GFP translocation to the
plasma membrane was clearly detectable in all eggs
in synchrony with the initial Ca** transient of the
secondary series. These results suggest that DAG pro-
duction can occur in the plasma membrane of mouse
eggs when PLC( is overexpressed for inducing a sec-
ondary series of Ca’T oscillations.

PKC activation and Ca?* influx promote
secondary Ca?* oscillations

The premature cessation, and the subsequent gen-
eration of a delayed secondary series of Ca** oscil-
lations, is a novel feature of high levels of PLC(
expression. Previous studies have suggested that pro-
nuclear formation can regulate Ca?t oscillations by
sequestering PLC( (Larman et al., 2004). However,
pronuclear formation or dissolution did not play any
role in the pattern of Ca’" changes in eggs over-
expressing PLC(, because the basic phenomena of
premature cessation and secondary oscillations were
still seen in eggs that had been enucleated (results
not shown). The cessation of Ca’" oscillations could
occur because of inositol 1,4,5-trisphosphate receptor
down-regulation, since this can be induced by injec-
tion of agents such as the inositol 1,4,5-trisphosphate
receptor agonist, adenophostin, which causes a
single series of Ca’* oscillations (Brind et al., 2000;
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DAG production during mouse egg activation

Figure 4| Secondary Ca?* oscillations triggered by PMA
and raising extracellular Ca?+

Eggs were injected with adenophostin (Ad), or with PLC( to
cause low levels of expression (luciferase expression indic-
ated in parentheses), or they were fertilized (IVF). In each case,
a single series of Ca®>* oscillations was seen and then PMA
(1 ng/ml, at the time indicated by the arrows) was added (in
A-C). The addition of PMA led to another set of Ca?* oscil-
lations in most of the eggs (the number of eggs responding
is indicated above each trace). In a similar set of experiments
(D-F), the extracellular Ca®* was increased to 10 mM after
the cessation of the initial Ca®* oscillations. In these cases,
all the eggs responded to the raising of extracellular Ca®* by
showing a second set of Ca?* oscillations (the numbers of
eggs are indicated above each sample trace).
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Jellerette et al., 2000). The occurrence of secondary
Ca”" oscillations, however, is not obviously explained
by this down-regulation mechanism.

We then considered the possibility that DAG pro-
duction and hence PKC stimulation could play a role
in causing the secondary oscillations. Figure 4 shows
eggs that had been injected either with adenophostin,
or with PLCC (corresponding to low levels of expres-
sion), or else fertilized in vitro by sperm. With each
of these stimuli, there is normally only a singular
series of Ca’" oscillations. However, when PMA was
applied after the cessation of Ca’" oscillations, we
found that most of the eggs underwent an extra series
of Ca?* oscillations (Figures 4A—4C). These second-
ary series of Ca>* oscillations were of high frequency
and resembled the pattern of secondary Ca®" oscilla-
tions seen with high PLC( expression.

Previous studies in mouse eggs have suggested that
PMA can increase the rate of Ca’T influx (Halet

© 2008 The Author(s)

Figure 51 PLC¢-luc-induced Ca?* oscillations in eggs
treated with the PKC inhibitor CHE

In (A), two example traces are shown where eggs were ex-
pressing high relative levels of PLC-luc expression (32 cps).
The top traces show the usual pattern of initial and secondary
Ca?* oscillations, whereas the bottom trace shows that sec-
ondary Ca®* oscillations did not occur in egg incubated with
0.8 uM CHE. In (B), the histogram summarizes data on eggs
treated with CHE (open bars) or control eggs without CHE
(filled bars). The expression levels are placed into groups ac-
cording to the expression levels and the numbers of eggs for
each group are indicated above columns bars. The asterisks
indicate statistically significant differences between groups
(P <0.05).
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et al., 2004). If the above effects of PMA are me-
diated via Ca’* influx, then it should be possible to
stimulate secondary Ca?t oscillations by increasing
extracellular Ca?t levels. Figure 4 shows eggs that
had again been injected either with adenosphostin,
or with PLCC (low level of expression), or that had
been fertilized in vitro. After the normal primary series
of Ca**t oscillations had ceased, raising extracellular
Ca’* to 10 mM led to a secondary series of Ca’"
oscillations that again resembled the high-frequency
response observed with high PLC( expression (Fig-
ures 4D—4F). These results suggest that stimulation
of PKC and subsequent Ca’" influx can produce sec-
ondary Ca’" oscillations in mouse eggs.

If PKC plays a role in triggering the second-
ary Ca?* oscillations, we should be able to inhibit
PLC(C-induced secondary oscillations by blocking
PKC activity. The PKC inhibitor, CHE (cheleryth-
rine chloride), has previously been shown to be an
effective inhibitor of PKC activity in mouse eggs
(Ducibella and Lefevre, 1997; Gallicano et al., 1997).
Figure 5 shows the effects of adding CHE to mouse
eggs that were injected with PLC({. We found that
the occurrence of PLC(-induced secondary Ca* os-
cillations was virtually abolished by treatment with
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CHE (0.8 uM). The results collected from almost
300 eggs showed that incubation with CHE reduced
the occurrence of secondary Ca*t oscillations from
37.8% (8/23) t0 10.6% (5/47), and 85.7% (12/14) to
16.7% (3/18) in the PLC( expression ranges of 15-30
and 3045 cps respectively. These results support the
hypothesis that increased PKC activity plays a role
in triggering secondary Ca®" oscillations in mouse

eggs.

PKC activation promotes Ca?* influx and
overloading of the Ca?t stores

Since PKC-driven Ca’* influx could cause the sec-
ondary Ca’*t oscillations, we sought to assay Ca®"
influx in eggs. The Mn®"-induced quenching of fura
2 fluorescence has previously been used as a surrogate
for monitoring the rate of Ca?t influx into mouse
eggs (McGuiness et al., 1996; Mohri et al., 2001). To
establish whether PKC activity stimulates bivalent
cation influx, eggs were treated with 1 pg/ml PMA
for 1 h before the addition of Mn?**. The trace in Fig-
ure 6(A) shows the quenching of fura 2 and indic-
ates that PMA significantly stimulated the Mn?™"
influx rate (4.93 & 0.54 relative fluorescence units/s
decrease, # =25 compared with the control eggs;
1.5 4 0.1 fluorescence units, z=19, P <0.01). In
order to investigate whether Ca>* influx was related
to the occurrence of secondary Ca”* oscillations, we
used the same Mn?" quenching protocol at different
time points in eggs injected with either adenophostin
or high PLC( concentrations. We compared overex-
pression of PLC( with the effects of adenophostin
injected, since adenophostin only causes a single set
of Ca®" oscillations and it is not expected to cause
significant DAG production since it generates mod-
erate Ca’T increase compared with ionomycin (Brind
et al., 2000; Jellerette et al., 2000). Eggs at 2 and
4 h after mPLC¢ (mouse PLC¢) or adenophostin in-
jection were loaded with fura 2 and then exposed
to Mn** for inducing fura 2 quenching (Figures 6B
and 6C). We chose the 2 h time point because all
of the eggs should be completing the primary oscil-
lations phase, whereas at 4 h the PLC(~luc-injected
eggs should be commencing the secondary Ca®* os-
cillations. At 2 h post-injection, the quenching rate
(measured over 150s) in both mPLC( (2.7 4 0.30,
n=9) and adenophostin A (2.7 %+0.15, »=21)
injected eggs were similar, but higher than that in
control eggs (1.8 +0.12, »=23). However, at 4 h
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after injection, the quenching rate became higher
(3.54%0.39, n=11) in mPLC(-luc-injected eggs,
while it returned to control levels in adenophostin-
injected eggs (2.1 £ 0.2, n=15). These data support
previous data on Ca®" influx in fertilizing mouse eggs
(Halet et al., 2004) and suggest that high PLC( ex-
pression differs from adenophostin in that there is a
prolonged phase of increased Ca’" influx.

Increased Ca®" influx could promote intracellular
Ca’" release via the overloading of Ca’% stores. To
investigate this possibility, we measured the relative
amount of Ca’" in the thapsigargin-releasable Ca**
store 4 h after injection of adenophostin, or PLC(,
when maximal differences might be expected. Thap-
sigargin and BAPTA [bis-(¢s-aminophenoxy)ethane-
N,N,N’,N’-tetra-acetic acid} were added to the Ca’*-
free medium containing the eggs to trigger Ca’™ re-
lease that was detected with fura 2 dextran fluo-
rescence at 380 nm wavelength {(F, — Fy)/F.]. This
phasic Ca®" increase is used as a measure of the size of
the Ca?* store (El-Jouni et al., 2005). Figure 7 shows
that 4 h after injection, the Ca®" increase elicited
by thapsigargin was larger in eggs overexpressing
PLC(~luc compared with eggs injected with adeno-
phostin (Figure 7A). The size of the Ca** stores was
assessed either by the amplitude of the thapsigargin-
induced Ca’™ increase or by the integral of the phasic
Ca’t increase (area under the curve). With either
metric, there was a significant increase in Ca®™ store
content in eggs overexpressing PLC(—luc (Figures 7C
and 7D). The increase in Ca’T store content was also
present in uninjected eggs that had been treated with
PMA for 1 h (Figure 7B). These results suggest that
Ca’* stores are substantially more loaded than normal
by overexpression of PLC( and by PKC stimulation.

Discussion

Most studies on signalling at fertilization in
mouse eggs have concentrated on inositol 1,4,5-
trisphosphate-induced Ca®" release (Miyazaki et al.,
1993; Kurakawa et al., 2004; Miyazaki and Ito,
2006). However, the involvement of PLC( or any
other PLCs will inevitably generate DAG and this
has been less extensively studied for technical reas-
ons. Here, we have used a GFP-linked probe with a
high sensitivity and specificity for DAG. At fertiliz-
ation, DAG synthesis in the plasma membrane was
not consistently observed, and the signal detected
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Figure 6 | Bivalent cation influx in mouse eggs in response to adenophostin, PLC; and PMA

Bivalent cation influx was measured by the quenching of fura 2 fluorescence by Mn?* (0.1 mM) that was added at the arrows
for each sample trace. In each case, the dotted line represents a control (uninjected or untreated) egg that was treated at the
same time in the same experiment with the numbers of eggs for each experiment indicated. In (A), Mn®>* was added to eggs
after 1 h of PMA treatment. In (B), eggs were injected with 10 uM adenophostin A and monitored 2 and 4 h after injection. In (C),
eggs were injected with PLCZ-luc and Mn?* quenching was monitored for 2 and 4 h after injection. The straight lines indicate

the slopes used for estimating the initial Mn?+ influx rate.
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was very small compared with the DAG increase eli-
cited by ionomycin. Moreover, the transient increase
in plasma-membrane DAG occurred solely during
the first Ca’T transient, which is consistent with
a previous report showing that conventional PKC
translocation to the plasma membrane of fertilized
eggs is driven essentially by the Ca’"-binding C2

domain (Halet et al., 2004). Our results suggest that
DAG accumulation in the plasma membrane of fer-
tilized eggs is both relatively modest and short-lived.
Since a very large Ca®" increase itself can be a stim-
ulus for DAG production, some egg-derived plasma-
membrane PLCs may be stimulated in eggs and this
could be the PLC[3 isoforms (Igirashi et al., 2007).
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Figure 7 | Thapsigargin-releasable Ca?* store content in eggs

Eggs were exposed to 20 uM thapsigargin (at the arrow) in Ca®t-free medium. Fura 2 dextran fluorescence (at 380 nm)
[(Fy — Fo)/Fy] is plotted to gain a measure of the amount of Ca?* released. In (A), the fluorescence change is plotted for eggs
injected 4 h previously with either adenophostin (dotted line) or PLC-luc (solid line). In (B), the fluorescence change is plotted
for an egg treated with PMA (solid line) compared with a control untreated egg (dotted line). To quantify the changes in store
content, we plotted the amplitude of the fluorescence change (C) or else the integral of the elevated phase of Ca®* (area under
the curve) in (D). All joint sets of bars show a significant difference between each other (P < 0.02) with the numbers of eggs in

each group shown above each bar.
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As with fertilization, the expression of physiolo-
gical levels of PLC( did not lead to any measurable
increase in DAG in the plasma membrane. However,
overexpression of PLC( resulted in the appearance of
a delayed, second series of high-frequency Ca®" oscil-
lations that was consistently associated with plasma-
membrane DAG production. Since a gap of several
hours separates the two series of oscillations, the eggs
would have expressed a significant level of PLCC by
that time, which may contribute to the increased
DAG synthesis as a result of Ca*"-induced PLC(
stimulation since PLC( is highly sensitive to cytoso-
lic Ca?* (Kouchi et al., 2004; Nomikos et al., 2005).

This may resemble the situation where inositol 1,4,5-
trisphosphate was monitored in mouse eggs using a
fluorescence indicator that could only detect inositol
1,4,5-trisphosphate after a period that allowed for
increased PLC( expression (Shirakawa et al., 2006).
The secondary Ca?t oscillations we describe in
the present study have not been previously reported,
because earlier studies injected PLC( RNA corres-
ponding approximately to the amount contained in a
single sperm (Saunders et al., 2002; Miayzaki and Ito,
2006). The overexpression of PLC( is likely to lead
to the down-regulation of inositol 1,4,5-trisphos-
phate receptors, which could then explain the early
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cessation of oscillations (Brind et al., 2000; Jellerette
et al., 2000). However, inositol 1,4,5-trisphosphate
receptor down-regulation does not preclude further
Ca’" oscillations, because it has been shown that
some sufficiently strong stimuli can still generate
Ca®" oscillations after 70-80% down-regulation of
inositol 1,4,5-trisphosphate receptors (Malcuit et al.,
2005). Our results suggest that PKC is important in
providing the extra stimulus that re-stimulates Ca’"
oscillations, since PMA triggers a series of second-
ary Ca’t oscillations in eggs that would otherwise
only generate a single series of Ca’" oscillations. Fur-
thermore, the PKC inhibitor, CHE, significantly in-
hibits the occurrence of secondary Ca®" oscillations
in eggs injected with high concentrations of PLCC.
This shows that PKC-stimulation is both necessary
and sufficient to trigger the secondary Ca’" release
that occurs with high levels of PLCC.

It is remarkable that these dramatic effects of PKC
can be inferred in the absence of any detectable DAG
production in the plasma membrane of eggs during
the time between the first and secondary Ca** oscil-
lations. It should be noted that in astrocytes the same
C1,8-GFP domain that we used in mouse eggs is
very effective at reporting plasma-membrane DAG
generation in response to metabotropic glutamate
receptor-mediated stimulation that activates PLC[3
(Codazzi et al., 2001). Our inability to observe trans-
location of the C1,80—GFP domain at fertilization, or
during the period leading up to the secondary Ca’*
oscillations caused by excessive PLC( expression, is
therefore unlikely to represent any deficiency in the
affinity of the DAG probe. It is possible that any DAG
increase is too gradual to be readily detected with a
translocation-based indicator, or else DAG is local-
ized differently in eggs compared with astrocytes.

Our results suggest that the mechanism by which
PKC causes secondary Ca?' oscillations appears to
involve Ca** influx. We also found evidence for en-
hanced filling of Ca’* stores after PKC stimulation
or overexpression of PLC(. It is possible that Ca**
influx and the subsequent overloading of Ca** stores
could trigger the secondary Ca®" oscillations, since
the overloading of Ca?* stores can lead to a ‘spontan-
eous’ release in sea-urchin egg homogenates (Galione
et al., 1993). However, we cannot exclude the pos-
sibility that PKC increases could also alter the sens-
itivity of the inositol 1,4,5-trisphosphate receptor to
inositol 1,4,5-trisphosphate such that Ca*t release
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is enhanced (Vermassen et al., 2004). Whatever the
mechanisms, our current findings imply that PKC
overstimulation can have major negative effects on
eggs when it causes an abnormal series of second-
ary Ca®" oscillations. Similar to studies with human
PLC(, we found that none of the eggs that expressed
high levels of mouse PLC( developed to blastocyst
stages even though they formed pronuclei (Yu et al.,
2008). This suggests that the stimulation of PKC in
the plasma membrane has to be minimal at fertiliza-
tion. Given the evidence that calmodulin-dependent
protein kinase II can trigger meiotic resumption and
early development, the role of PKC in egg activa-
tion has to be questioned (Jones 1998; Madgwick
et al., 2005; Knott et al., 2006). It is possible that
most of the increase in PKC activity that has been
reported at fertilization is due to non-conventional
and novel isoforms such as PKC( and PKCJ, which
are localized to the meiotic spindle in mature mouse
eggs where they may play a permissive role in mei-
otic resumption (Tatone et al., 2003; Viveiros et al.,
2003).

Materials and methods

Gamete collection, RNA preparation and microinjection

MF1 female mice were superovulated by intraperitoneal in-
jection of 7.5 i.u. of PMSG (pregnant mare’s serum gonado-
trophin; Folligon) followed 48 h later by 10 i.u. of hCG (hu-
man chorionic gonadotropin; Folligon) (Saunders et al., 2002;
Larman et al., 2004). Eggs (13—16 h post-hCG) were released
from the oviduct into warmed M2 medium (Sigma). Cumu-
lus cells were removed by a brief exposure to hyaluronidase
and the zona pellucida removed by exposure to acid Tyrode’s
solution (Gibco). Oocytes were held in drops of M2 medium
under paraffin oil in Falcon tissue culture dishes. Spermato-
zoa were expelled from cauda epididymis of male CBA/C57
mice into 1 ml of T6 medium containing 16 mg/ml BSA, and
incubated under oil for 2-3 h at 37°C and 5% CO, to ca-
pacitate. For IVF (in vitro fertilization) experiments, approx.
10 pl of sperm suspension was added to the dish containing the
eggs. Complementary RNA encoding mouse PLC( fused via the
C-terminus to firefly luciferase (mPLCC~luc), and PKCd tan-
dem C1 domain, tagged with GFP (C1,6—GFP in pcDNA3.1),
were prepared with an mMessage mMachine T7 Ulera kit
(Ambion), followed by polyadenylation (Halet et al., 2004;
Nomikos et al., 2005). Microinjection procedures were carried
out as previously described (Saunders et al., 2002). Eggs were
injected to 3—5% egg volume with a solution containing differ-
ent concentrations of mPLC(~luc cRNA (0.05-1 pg/pl) mixed
with 1 mM (pipette concentration) Oregon Green BAPTA dex-
tran (Molecular Probes, http://www.probes.com) and/or C1,0—
GFP cRNA (~0.5 pg/pl). Unless otherwise stated, media and
reagents were purchased from Sigma (Poole, Dorset, U.K.).
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Confocal imaging

At 2-3 h after C1,0-GFP cRNA injection, eggs were loaded
with 10 UM Fura Red/AM (Fura Red acetoxymethyl ester) (Mo-
lecular Probes) for 20 min and subsequently the zona pellucida
was removed by incubation in acidic Tyrode’s medium at 37°C.
Zona-free eggs were placed in a chamber seated in a heated
stage, and containing 1 ml BSA-free hKSOM medium. The
changes in the distribution of GFP-tagged proteins and Ca®"
induced by mPLCC-luc or other reagents were monitored sim-
ultaneously at the equator of the cells using a confocal microscope
(TCS SPS; Leica), under a X20 (0.75 NA) lens. Excitation was
provided by the 488-nm line of an argon laser and time series
were acquired at a rate of 1 frame every 10s. Confocal data
were analysed as described previously (Halet et al., 2004), using
Image]J (htep:/rsb.info.nih.gov/ij/). In brief, regions of interest
were drawn in the cytosol or around the plasma membrane, and
changes in fluorescence intensity were measured during con-
focal time series. The value of the PM/C ratio (plasma mem-
brane/cytosol ratio) was used as an index of membrane translo-
cation.

Measurement of intracellular Ca?* and luciferase
expression

The imaging of Ca*" oscillations induced by mPLC(~luc and
the quantification of mPLC(-luc expression were catried out as
previously described (Yu et al., 2008). Briefly, injected oocytes
were placed in a chamber with hKSOM medium containing
100 uM luciferin, on the temperature-controlled stage of an
inverted microscope. In some cases, injected eggs were zona-
free and attached to the polylysine-coated glass bottom of the
chamber in calcium-free hLKSOM medium (Larman et al., 2004).
Ca*" oscillations were monitored by measuring the fluorescence
of Oregon Green BAPTA dextran, and luciferase expression was
monitored by the luminescence. These measurements were both
carried out on the same sets of eggs using a Zeiss Axiovert
S100 microscope with light from the stage directed towards a
cooled ICCD camera [intensified CCD camera (charge-coupled-
device camera)}. The microscope and ICCD camera were inside a
custom-made dark box, and the data collection and analysis was
carried out using software supplied with the camera, which was
from Photek (http://www.photek.co.uk). In most experiments,
the fluorescence was recorded first by exposing oocytes to ex-
citation light (450—490 nm) and reducing the sensitivity of the
ICCD camera to 10%, and then the luminescence was recor-
ded by removing the excitation light and switching the ICCD
camera to maximum sensitivity.

Ca?* influx measurement

The Ca?T influx rate in eggs at 2 or 4 h after injection of mPLC{—
luc or adenophostin was estimated by using Mn?" as a surrog-
ate for Ca’* and measuring Mn?** quenching as described by
McGuinness et al. (1996) and Mohri et al. (2001). Briefly, eggs
were loaded with fura 2/AM (fura 2 acetoxymethyl ester; Mo-
lecular Probes; 1 uM in M2 medium) supplemented with 0.02%
pluronic acid (Molecular Probes) at 37°C for 30 min. After the
zona pellucida was removed, these eggs were transferred to BSA-
free hAKSOM medium on a coverslip that had been precoated with
polylysine (1 mg/ml) in a chamber. The chamber was mounted
on the microscope stage and kept at ~37°C with a heated plate.
Eggs were imaged using a CCD camera (CoolSNAP-HQz) and
collected using Image Q software both supplied by Photomet-
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rics (htep://www.photomet.co.uk). After the addition of 0.1 mM
MnCl,, Mn?" entry was monitored in parallel with changes in
Ca’* by imaging the resulting quench in fura 2 fluorescence
emission (>520 nm) as it was excited alternately at 340, 360
and 380 nm. At 360 nm, fura 2 fluorescence is independent of
Ca®" and any decrease in fluorescence is due only to Mn** entry.
A Student’s # test was used for comparing Mn?T quenching rates
among batches of eggs. The final values are expressed as a ra-
tio (mean £ S.E.M.) and the significance of any difference are
indicated.

Intracellular Ca?* stores measurement

The relative content of the intracellular Ca®" stores at 4 h after
injection of mPLC(-luc, or adenophostin, was measured as pre-
viously described (Jellerette et al., 2000; El-Jouni et al., 2005).
Eggs were loaded with 1 uM fura 2/AM and placed in BSA and
Ca’T-free hAKSOM medium in a chamber as described above.
Then, 20 uM thapsigargin plus 2 mM BAPTA was added to re-
lease Ca®t from intracellular stores. Fura 2 fluorescence (380 nm)
ratio [(F, — F)/F,} across the whole imaging field was plotted
over time. The amplitude of the Ca** rise elicited by thapsigar-
gin, or the area under a line traced out by the elevated phase of the
Ca®" transient were taken as measures of relative thapsigargin-
releasable Ca®™ store content. Data were collected from at least
three different replicates. Values cited are the means and S.E.M.
A Student’s 7 test was used to compare the integral of Ca®" rises
between injected eggs and control eggs.
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