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Inositol 1,4,5-Trisphophate (IP3) Responsiveness Is Regulated in a
Meiotic Cell Cycle Dependent Manner
Implications for Fertilization Induced Calcium Signaling

ABSTRACT
Fertilization of mammalian eggs is known to trigger a series of transient rises in cytoso-

lic calcium, known as calcium oscillations, the initiation and duration of which are cru-
cial for meiotic exit and subsequent entry into embryogenesis. It is not known how these
calcium oscillations are terminated when the zygote exits meiosis; it is thought that
responsiveness to inositol 1,4,5-trisphosphate (IP3) is involved, since the oscillations are
known to be mediated by an IP3 dependent mechanism. Here we report that IP3 respon-
siveness is maintained throughout meiotic maturation and falls very rapidly after meiotic
exit. We also show that inhibition of the major cell cycle kinase, CDK1, has no effect on
responsiveness, but that prolonging CDK1 activity prevents the decline in responsiveness
normally seen at meiotic exit. We conclude that CDK1 plays a role, but is not the only
factor involved in controlling IP3 responsiveness during the meiotic cell cycle.

INTRODUCTION
The fundamental process of fertilization serves not only to ensure exchange of 

maternal and paternal genetic material, but also to activate eggs from meiotic or mitotic
cell cycle arrest, and in so doing initiate embryogenesis. A universal consequence of this
sperm-egg fusion is a large rise in cytosolic calcium.1,2 In mammals, and the primitive
marine chordate the ascidian, our chosen animal model, this initial rise in calcium is 
followed by a series of transient rises, known as calcium oscillations, and these constitute
an essential trigger for meiotic exit and subsequent entry into embryogenesis.2-6 It has
recently been suggested that the initial rise in calcium is initiated by delivery of a sperm
specific phospolipase, PLC ζ.7 However, it is not known how the calcium oscillations are
switched off when the zygote exits meiosis. It is thought that responsiveness to IP3 is
involved, since the oscillations are known to be generated by an IP3 dependent calcium
release from the endoplasmic reticulum (ER),8 and because IP3 responsiveness is known
to decline after meiotic exit,9-12 although the timing and rate of this decline have not yet
been established. We were interested in determining the link between the meiotic cell cycle
and IP3 responsiveness.

Here we have precisely measured IP3 responsiveness in the ascidian oocyte and show
that it is maintained throughout meiotic maturation, and falls very rapidly (t1/2=2.9 min
± 1.2) following second polar body (pb2) extrusion, a morphological marker of meiotic
exit. Meiotic cell cycle progression is principally controlled by the activity of cyclin 
B-dependent kinase (CDK1), the principle component of MPF.13-15 We show that 
inhibition of CDK1 has no effect on IP3 responsiveness in the unfertilised ascidian oocyte,
but that when CDK1 activity was maintained beyond the time of pb2 extrusion, IP3
responsiveness was also maintained. These results imply that the fall in CDK1 activity is
necessary but not sufficient for the fall in responsiveness to IP3, and that another cell cycle
activity is also involved.

MATERIALS AND METHODS
Biological Material. Specimens of the ascidian Ascidiella aspersa were collected locally from the

Northumberland coast and kept in a tank of sea water at 10˚C. Oocytes were harvested by first
removing the cellulose tunic and then piercing the first gonoduct to release the oocytes which were
immediately transferred to a small Petri dish containing 0.1% trypsin in filtered sea water (0.2 µM
pore size filter, Millipore UK). After 1 hour of trypsin digestion, the outer chorions were then easi-
ly removed by shearing several times through the base of a glass pipette. Dechorionated oocytes were
then kept in filtered sea water in dishes coated previously with a mixture of gelatine and
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formaldehyde (1% each and rinsed prior to use) to prevent the now exposed
membrane of the oocytes sticking to the plastic. All plastic and glassware was
treated similarly if coming into contact with the oocytes.

Plasmid Fusion Constructs. ∆90 cyclin B was constructed by a PCR
based approach from the previously described ∆90 cyclin B::GFP.18 mRNA
for ∆90 cyclin B was then transcribed using a T3 mMESSAGE mMACINE
(Ambion) according to the kit protocol, and resulting mRNA dissolved in
nuclease free water to a concentration of approximately 1 µg/µl and stored
at -20˚C prior to use.

p21::GFP fusion protein was constructed again using a PCR based strat-
egy where the gene encoding p21 was amplified from pCEP/WAF, a kind
gift from Dr R Patel, University of Leicester. The PCR product was then
cloned into a derivative of the GST expression vector pGEX 6P-1, which
had been engineered to contain the sequence coding for EGFP, resulting in
a fusion protein consisting of an N-terminal GST tag, followed by p21 and
EGFP at the C-terminus. Following bacterial expression, the protein was
purified by GST-affinity chromatography according to the kit protocol
(Amersham Pharmacia Biotech), buffer exchange into PBS and finally con-
centration on Microcon YM 30 spin concentrators (Millipore UK) to a final
concentration of approximately 10 mg/ml. Aliquots were then stored at -70˚C.

Microinjection and Fluorescence Imaging. The procedure for injecting
oocytes was exactly as previously described.9 Intracellular calcium levels were
measured by microinjecting Calcium Green-1 dextran (Molecular Probes,
Oregon) to an approximate final concentration of 50 µM. The specimen
was imaged using an epifluorescent microscope. Excitation light was from a
Xenon lamp (Opti Quip, 150W) and was passed through 350 nm, 365 nm,
380 nm and 488 nm band pass filters housed in a filter wheel (Sutter
Lambda 10-2, Sutter Instruments) to illuminate the specimen. A triple pass
dichroic/emission filter set (Chroma set 61000, suitable for DAPI, FITC
and TRITC) was used to direct light to, and send light from the specimen
onto a cooled (-10˚C) charge-coupled device (CCD) camera (MicroMax,
Princeton Instruments). Images were processed using MetaFluor software
(Universal Imaging)

Measuring IP3 Responsiveness. Oocytes were coinjected with Calcium
Green-1 and caged IP3 (Calbiochem) to approximate final concentrations of
50 and 10 µM respectively. IP3 responsiveness was quantified by measuring
increase in Calcium Green-1 fluorescence as a result of release of caged IP3
by time controlled flashes of 365 nm u.v. light. 

Histone H1 and MBP Kinase Assays. These were used to measure
CDK1 and MAP Kinase activities respectively and were performed exactly
as previously described.9

RESULTS
Fertilization in the ascidian oocyte, which is arrested at metaphase of

meiosis I, results in the generation of two series of calcium oscillations,
punctuated by a brief period (the so-called gap phase) where calcium returns
to basal levels and the first polar body is extruded. The oscillations then
resume and finally stop just prior to extrusion of the second polar body
(Fig. 1), an indication that meiosis is now complete. It is known that in the
ascidian, these oscillations are generated by an IP3-dependent mechanism,16

as is the case in mammalian eggs.8 We have previously shown in the
ascidian that responsiveness to IP3 is maintained throughout this period of
oscillatory behaviour, even during the gap phase, and has fallen following
extrusion of the second polar body,9 and see Figure 1. Such a decline has also
been observed in mammalian oocytes, where IP3 responsiveness has
diminished by the time of pronuclear formation.10-12 Here we have precisey
measured the rate of loss of responsiveness to IP3 and determined the exact
point in the meiotic cell cycle at which this decline commences. Next we
manipulated the major cell cycle kinase active during this period, CDK1, to
determine if there is a causal relationship between CDK1 activity and IP3
responsiveness. We did this by inhibiting CDK1 with p21 and by main-
taining CDK1 activity with ∆90 cyclin B1 and measuring response to IP3.

The Decline in IP3 Responsiveness Starts After Extrusion of the 2nd

Polar Body and Falls Very Rapidly. Oocytes were co-injected with the
calcium indicator dye Calcium Green-1 and the photo-releasable form of
IP3, caged IP3. IP3 responsiveness was then measured as a consequence of
calcium release by recording increases in Calcium Green-1 fluorescence fol-
lowing sequential periods of u.v. light exposure which result in the uncaging
of discrete doses of IP3 (Fig. 2). The figure clearly shows that responsiveness
remains the same during the first four 25 ms flashes, at which point the 2nd

polar body was extruded. Further flashes of the same duration show an
immediate, rapid and continuing decline to the point at which the tenth
flash, administered approximately 7 minutes after 2nd polar body extrusion,
elicits no response at all. In all, our results give a t1/2 value for this decline
of 2.9 minutes (± 1.2 min. n = 25 from 6 different animals). That only a
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Figure 1. Pattern of calcium oscillations and IP3 responsiveness following fer-
tilisation in the ascidian oocyte. Intracellular free calcium was measured by
injection of the ratiometric calcium indicator Fura-2 dextran. The trace (solid
line) clearly shows the two phases of calcium oscillations separated by a
brief gap following fertilisation in the ascidian oocyte. IP3 responsiveness (as
previously measured by injection of IP3

9) is indicated by the dotted line. Egg
morphology indicates time of fertilisation, 1st and 2nd polar body extrusion. 

Figure 2. IP3 responsiveness declines rapidly after 2nd polar body extrusion.
Oocytes were co-injected with the calcium indicator dye Calcium Green-1
and caged IP3 to give final concentrations of approximately 50 and 10 µM
respectively. Sequential 25 millisecond flashes of 365nm u.v. light were
administered resulting in extrusion of the 2nd polar body (as indicated by the
egg morphology). IP3 induced calcium release is indicated by the size of the
Calcium Green-1 fluorescent signal, which declines rapidly after 2nd polar
body extrusion (t1/2 as shown). A final flash of 125 ms was found necessary
to elicit a response, indicating that there has been a five-fold decline in
responsiveness. Flash periods are indicated by the solid bars, increased
length of which indicates the longer final flash time (not to scale).
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time, 10 min
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further flash of 125 ms, five times the duration previously used, was
sufficient to elicit a response confirms our previous finding that there is a
five-fold decline in responsiveness to IP3 following meiotic exit.9 We are also
confident that we are observing a genuine decline in responsiveness and not
simply a depletion of available caged IP3 in that the decline always correlates
with pb2 extrusion, even though the flash protocol used to elicit pb2 
differed from one experiment to another. Additionally it was noted (data not
shown) that longer flashes, after responsiveness had declined, would always
elicit a response, which would not be seen if the supply of caged IP3 were
exhausted. We assume that a sufficiently large supply of IP3 remains caged
at the centre and far side of the egg (where the u.v. flash penetrates
progressively less efficiently) throughout the duration of each experiment. 

From these data we conclude that the responsiveness to IP3 falls rapidly
following pb2 extrusion, and so were interested to determine whether this
decline in responsiveness could be affected by preventing meiotic exit. 

Inhibition of CDK1 Activity Has No Effect on IP3 Responsiveness in
the Unfertilised Oocyte. In order to investigate whether IP3 responsiveness
is related to the activity of the major cell cycle kinase, CDK1, we sought to
inhibit CDK1 activity in the unfertilised oocyte. This we did using the
known molecular CDK inhibitor p21.17 Bacterially expressed GST-tagged
GFP::p21fusion protein was made by affinity purification, and used to
construct a dose response graph (Fig. 3). This confirmed that p21 is an
effective inhibitor of CDK1activity when present at a concentration of
1.6 µM or greater, and moreover that this is a specific inhibition, in that
even at high concentrations, MAP kinase activity remains unaltered. A
supra-optimal concentration of p21 was used in the following experiment. 

The effect of CDK1 inhibition on IP3 responsiveness was tested as
above, by comparing the increase in Calcium Green-1 fluorescence obtained
when control and p21 injected oocytes were subjected to identical duration
u.v. flashes in the same field of view. Results (Table 1) showed that there was
no significant difference in IP3 responsiveness between control oocytes and
oocytes injected with p21 (p = 0.264 using a standard two-tailed t-test, 
n = 11 from 6 animals) 

Maintaining CDK1 Activity Prolongs IP3 Responsiveness. In order to
determine whether responsiveness to IP3 could be maintained by CDK1
activity, we injected oocytes with ∆90 cyclin B, a non-destructible truncat-
ed form of cyclin B1, known to keep CDK1 active in ascidian oocytes.18

We used a non-GFP tagged version of ∆90 to avoid the GFP 
fluorescence contributing to the Calcium Green-1 fluorescence
measurements. 

Pairs of oocytes, one control and one expressing previously injected ∆90
cyclin B mRNA, were coinjected with identical amounts of Calcium Green-
1/caged IP3, and then oocytes with the same CG signal were paired, since
CG fluorescence relates directly to the amount of caged IP3 present. This is
important in that it then allows us to treat flash responsiveness as directly
comparable between pairs of oocytes. The paired oocytes were then exposed
to 10 ms flashes of u.v. light, two of which were sufficient to lead to pb2
extrusion in the control oocyte (Fig. 4). That the ∆90 oocyte fails to extrude
a second polar body is evidence that we have successfully maintained CDK1
activity as shown previously.18 We then proceeded to administer further
short, 2ms flashes to the oocytes after the time we know IP3 responsiveness
to have declined in the control oocyte. It can clearly be seen that the ∆90
oocyte gives a response after each flash where there is none in the control.
This is clear evidence that IP3 responsiveness can be maintained in the pres-
ence of sustained CDK1 activity (n = 14 from 5 different animals).
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Figure 3. p21 is a specific inhibitor of CDK1 activity at low micromolar con-
centrations. Oocytes were injected with varying amounts p21::GFP protein
(see materials and methods). Final concentration of p21 in each oocyte was
estimated by comparing the resulting green fluorescent signal against a
previously prepared calibration curve constructed by injecting known
amounts of recombinant EGFP into oocytes and measuring the fluorescence
produced. Samples of 3 oocytes with similar amounts of p21 were collected
to represent a large range of concentrations, and these were then subjected
to dual HH1 (a major substrate for CDK1 kinase)/MBP (a major MAP kinase
substrate) assays. Values on the y-axis represent HH1 and MBP activities as
a percentage of that found in control oocytes, HH1 activity is depicted by
the solid bars, MBP by the white bars. Con is the control.

Figure 4. IP3 responsiveness is maintained when CDK1 activity remains ele-
vated.Pairs of oocytes, one control and one expressing ∆90 cyclin B to main-
tain elevated CDK1 activity15 were injected with as close to identical
amounts of Calcium Green-1/caged IP3 as possible in order that response
to flashing in each is directly comparable. In the same field of view, 10ms
duration 365nm u.v. flashes were administered and 2nd polar body was
duly extruded in the control oocyte (as indicated by the egg morphology).
That this does not happen in the ∆90 oocyte is confirmation that CDK1 activ-
ity is elevated. Later, further flashes of only 2ms produce no response in the
control oocyte, but are sufficient to elicit calcium releases in the ∆90 oocyte,
which is clear evidence of maintained IP3 responsiveness. Flash periods are
indicated by the solid bars, with the shorter bars indicating the later reduced
flash times (not to scale).

Table 1 EFFECT OF CDK1 INHIBITION ON IP3 RESPONSIVENESS
IN UNFERTILIZED OOCYTES

Sample IP3 Responsiveness

control 213.6 + 22.5 (n = 8 from 6 animals) 

p21 241.2 + 21.3 (n = 11 from same 6 animals) 

Results shown mean IP3 responsiveness, measured as rise in Calcium Green-1 fluroescence above baseline
after u.v. flashing, + S.E.M.
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DISCUSSION
The results we report here show that on the one hand inhibition

of CDK1 activity in the unfertilised, metaphase arrested oocyte has
no effect on IP3 responsiveness, but on the other that maintaining
CDK1 activity beyond the point in the meiotic cell cycle at which it
normally declines results in prolonged responsiveness to IP3. These
results imply that CDK1 activity can play a role in regulating IP3
responsiveness, but that there is another regulatory pathway
involved, as has also recently been suggested in nemertean oocytes.19

It is possible that CDK1 is acting at the level of regulating the struc-
ture of the endoplasmic reticulum or ER,19,20 the membranes of
which contain not only the IP3 receptors, but also the calcium
pumps for returning calcium to the lumen of the ER.21 That CDK1
activity is not solely responsible for regulating IP3 responsiveness is
also implied when we look at the situation in a normal fertilised
oocyte. As described above, there is a period when the calcium oscil-
lations pause and the CDK1 activity is low (Fig. 1), but that this is
not due to a drop in IP3 responsiveness, which we have already
shown stays steady during this period.9 This is consistent with the
idea that responsiveness to IP3 does not only follow CDK1 activity,
although it could be argued that the drop in CDK1 activity during
the gap phase is so brief (only approximately 5 minutes) that a
decline in responsiveness could not be detected before CDK1 activ-
ity rises again and responsiveness is restored. The extremely rapid
decline in IP3 responsiveness that we report here is highly unlikely
to be due to proteolytic degradation of IP3 receptors which has been
reported to occur over a period lasting several hours in mouse
eggs.22-24 We have also shown here that IP3 responsiveness finally
declines only after pb2 extrusion, when CDK1 activity is known to
have already declined to basal levels and the calcium oscillations have
already stopped. These observations seem to imply that another cell
cycle pathway maintains IP3 responsiveness until meiotic exit, and
also that the calcium oscillations cease for a reason other than decline
in IP3 responsiveness.
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