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Abbreviation
4-Br A23 187

4-bromo A23 187

AM

Acetoxymethyl ester

ATP

Adenosine 5'-triphosphate

BAPTA

l ,2-bis-(o-Aminophenoxy)ethane-tetraacetic acid

BHQ

2,5-di-(tert-Butyl)-1 ,4-hydroquinone

BSA

Bovi ne serum albumin

Ca2+

Calcinm ion

[Ca2+];

Intracellul ar Ca2+ concentration

CCE

Capacitative calcium entry

CG

Cortical granul e

CICR

Cal cium-induced calcium release

DTC

Differential interference contrast

DMSO

Dimethyl sulfoxide

OTT

Dithi othreitol

EGTA

[ethy lenebis-(oxyethylenenitril o)] tetraacetic acid

ER

Endoplasmic reticulum

FITC

Fluorescein isothiocyanate

GTP

Guanosine 5'-triphosphate

hCG

Human chorionic gonadotropi n

HE PES

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic ac id

HR

Hyperpol ari zing response

IICR

Inositol 1,4,5-trisphosphate-induced calcium release

IP3

Inositol l ,4,5-trisphospbate

lP3R

lno, ito! I ,4,5-trisphosphate receptor

IP3R- I

Inositol l ,4,5-trisphospbate receptor type l

IP3R-2

Inositol 1,4,5-trisphosphate receptor type 2

IP3R- 3

Inositol 1,4,5-tri sphosphate receptor type 3
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TVF

In vitro ferti lization

LCA

Lens culinaris aggulutinin

mAb

Monoclonal antibody

Mcr2+
0

Magnesium ion

mRNA

Messenger ribonucleic acid

NAADP

Nicotinic-acid adenine dinucleotide phosphate

Ni2+

Nickel ion

PB

Polar body

PBS

Phosphate-buffered saline

PIP2

Phosphatidylinositol4,5-bisphosphate

PLC

Phospholipase C

PKC

Protein kinase C

PMCA

Plasma membrane Ca2+-ATPase

PMSF

Phenylmethylsulfonyl fluoride

PMSG

Pregnant mare's serum gonadotropin

PN

Pro-nucleu s

PYA

Polyvinylalcohol

PYDF

Polyvinylidene difluoride

PVP

Polyvinylpyrrolidone

R

Ratio (F340/F380)

Rpeak

Maximal peak ratio

RyR

Ryanodine receptor

S.D.

Standard deviation

SDS

Sodium dodecylsulfate

SDS-PAGE

SDS polyacrylanlide gel electrophoresis

SERCA

Sarcoplasmic reticulum calcium ATPase

SIT

Silicone-intensified target

SR

Sarcoplasmic reticulum

Sr2+

Strontium ion
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TG

Thapsigargin

TMS

Thimerosal (etb ylmercmithiosalicylate)

Tri

Tris[bydroxyethyl]aminoetbane

TRS

Tyrode ringer's saline

TYH

Toyoda, Yokoyama, Hoshi

ZP

Zonae pellucidae

Abstract
Preci se function and consequences of Ca2+ osci llations and signaling of
Ca2+ that leads to the cellular functions after fertilization of mouse egg are
remaining problems to be solved.
In th.is study, in order to investigate the underlying mechanisms of Ca2+
signaling in mature mouse egg, I focused on the two phenomena; Ca2+
oscillation and cortical granu le exocytosis that occur after fertilization by
spenn. To define the role of Ca2+-ATPase and Ca2+ influx pathway at Ca2+
oscillations in mouse eggs, I applied Ca2+-ATPase inhibitors and an antagonist
for capacitative calcium entry in conju nction with other reagents inducing
Ca2+ oscillations such as thimerosal and with fertilizing sperm. I used two
chemical ly unrelated Ca2+-ATPase inhibitors thapsigargin and 2,5-di-(tertbutyl)-1,4-hydroquinone (BHQ) and an antagonist for capacitative calcium
entry SK&F 96365 as tools to study the mechanism pharmacologically.
Moreover, using Ca2+-ATPase inhibitors, dependence of cortical granule
exocytosis on Ca2+ change in the egg cytoplasm was examined.
In chapter I, resu lts from immunoblotting and immunohistochemical
experiments using subtype spec ific monoclonal antibodies to the IP3 receptors
(IP3Rs) indicated that the type 1 IP3 receptor (IP3R-I) was predominantly
expressed and localized in the cortex as clusters in mature mouse eggs. These
results suggest that among the intracellular Ca2+ release channels, type 1 fP3R
may solely functions as a molecular base in the Ca2+ release mechanism at
fertilization of mouse egg.
In chapter II, functional analys is of Ca2+ signaling in mouse egg was
performed by load ing fluorescent calcium indicator fura-2 into the eggs and
measurment of in trace llular Ca2+ concentration was done by Ca2+ imaging
technique. I showed that two potent Ca2+-ATPase inhibitors; thapsigargin and
BHQ both showed a transient rise in [Ca2+]; clue to increase in leakage of Ca2+

6

fro m the same Ca2+ store. At the concentratio n that cau e maximal Ca2+
release, two inhibitors appeared to be possessi ng different activity upon
divalent cation entry across the membrane. Depletion of the Ca2+ stores by
thapsigargin induced divalent cation entry across the membrane. In contrast.
to thapsigargi n, eggs treated wi th BHQ did not show such Ca2+ influx. The
Ca2+ in flux pathway activated by thapsigargin was sensitive to SK&F 96365

(an antagoni t for ca pacitative calc ium entry), since Ca2+ intlux induced by
thapsi gargi.n was inhibited by the an tagonist. These phenomena, shown above,
are generally accepted as evidence of capacitati ve calcium entry. These results
suggest that intrin sic mechanism that coupled with the depletion of the
tbaps igargin (and BHQ)-sensiti ve Ca2+ store and activation of Ca2+ influx is
present in the mature mouse eggs and may work during Ca2+ oscillations at
fertilization . When eggs showing repetitive Ca2+ transient were treated with
the antagonist SK&F 96365, frequency of the Ca2+ oscillation decreased do. edependently. These results suggest that Ca2+ influx activated by the depletion
of the Ca2+ store operates at Ca2+ oscillation and that tllis influx is due to Ca2+
channel ensitive to SK&F 96365. Moreover, the e resu lts indicate that the
frequency of osciJlation is regul ated, at least in part, by the Ca2+ .influx from
extracellular fluid. The effect of Ca2+-ATPase inhibitors on Ca2+ oscillations
was examined . Thapsigargin and BHQ both showed inhibitory effect on the
Ca2+ osci ll atio n induced by thimerosal in the presence and absence of
extracellular Ca2+. Moreover, Ca2+ oscillation induced by sperm was
suppressed by the inhibitors. These results indicate that in mature mouse egg,
Ca2+ pump sensitive to thaps igargin and BHQ exists and functi ons during Ca2+
oscillation induced by thimerosal and sperm. Above results suggest th at Ca2+
oscillation in mouse egg is a modulated release of Ca2+ from the ty pe 1 IP3R
localized in the cortex and the refilling of Ca2+ stores via thapsigargin- (and
BHQ-) sensiti ve Ca2+-ATPase and tbe Ca2+ influx via undefined Ca2+ channel
but sensitive to SK&F 96365.
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In chapter III I fo und that the treatment of matu re mouse eggs with Ca2+_
ATPase inhibitors triggered corti cal gran ul e (CG) exocytosis. This resul t
prov ides the supportive evidence that CG exocytosis can be triggered by the
transient increase in Ca2+ concentra ti on in the cytosol. The Ca2+-A T Pase
inhibitors will be very useful to control the Ca2+ concentration in the cyotsol
and exa mine the threshold of Ca2+ concentrati o n that triggers the CG
exocytos is.

Introduction
Fertilization of mammalian eggs initiates a series of responses in the
eggs that are temporaUy classified as "early" and "late" events of egg
activation (Schultz and Kopf, 1995). Early event include a transient
increase in intracellular Ca2+ concentration that leads to cortical granule
(CG) exocytosi . The contents released from the CGs modify the zonae
pef!u.cidae (ZP) and result in a block to polyspermy. Late event of egg

activation include the ernmision of the ·econd polar body (PB) ,
recruitment of maternal mRNAs (Cascio and Wassarman , 1982) and
posttranslational modifications of proteins (Van Blerkom, L981 ; Endo et
a/., 1986 ; Howlett, J 986) , pronucleu s (PN) formation and initiation of

DNA sy nthesis, and cleavage. lt is quite clear that Ca2+ is the second
messenger that plays a key rol e in sig nal transduction and cellular
function at fertiLization in variou s species because intracellular calcium
concentration changes are induced by the spemJ , are essential, and are
sufficient for activating the egg (Jaffe et a/. , 1983; Whitaker and
Steinhardt, 1982; Bement, 1992).
Mammalian eggs exhibit repetitive rises in the cytoplasmic Ca2 +
concentrations (Ca2+ oscillations), associated with propagating Ca2+ waves
in the initial responses at fertilization. How the spenn generates the Ca2+
changes in the egg cytoplasm at fertilization is a remaining problem to be
solved. At least two main ideas have been put forward for the signaling
systems used by a sperm to trigger Ca2+ release in eggs at fertilization.
One is a sperm receptor coupled to GTP-binding protein (Gprotein)/pbospholipa e C (PLC) pathway (Turner et al., 1986; Miyazaki ,
1988) or a protein tyrosine kinase/PLC pathway (Ciapa and EpeJ, 199 I)
leading to production of inositol 1,4,5-trisphosphate (IP3) and then to IP3induced Ca2+ release (llCR). The other is a pathway invo lving a cytosolic
9

factor derived from tbe sperm (recently named "OsciJJin") thro ugh
cytoplasmic continuity of the sperm and egg (Swann 1990; Whitaker and
Swann, 1993; Parrington eta/. , 1996).
Tbe precise function and consequences of these Ca2+ oscillations
remain as unknown in mammalian eggs as they do in many somatic ceJI
types that undergo prolonged Ca2+ oscillations (Berridge and Galione,
1988; Miyazaki , 1991; Sun et al., 1992; Kline and Kune, 1992a) . The
Ca2+ oscillations now receive much attention and is thought to be of
general importance in cell biology. ln mammaLian eggs, as in the most
other animals, it appears that the temporal oscillations of [Ca2+ li is ba eel
primary on the modulated release and re-uptake of Ca2 + from
intracellular stores (lgusa and Miyazaki, 1983 ; Kline and Kline, 1992a).
Recent stu die using a functional blocking monoclonal antibody to the
inositol I ,4,5-trisphosphate (IP3) receptor (IP3 R)/Ca2+ release channel
demonstrated direct evidence that llCR from intracelJular stores operates
at fertilization of the hamster egg and that IICR is essential in the
initiation , propagation, and osci ll ation of the sperm-induced Ca2+
transients (Miyazaki et al., 1992b). Sensitization of Ca2+-induced Ca2+
release (CICR), on the other hand, is suggested to be both necessary and
sufficient to explain oscillations (Igusa and Miyazaki, 1983 ; Swann,
1991) .
Thimerosal , a sulfhydryl-reagent, mimics the large and persistent Ca2+
oscillations seen at fertilization most successfully, in both hamster and
mouse eggs (Miyazaki eta/., l992a; Swann, 1991 ; Swann, 1992). The
effects of thimerosal suggested that altering the sensitivity of Ca2+
channels may of itself be sufficient to cause Ca2+ oscillations. It is also
suggested that a sensitizing action of Ca2+ on the IP3R, i.e. , Ca2+sensitized IJCR, can serve as a regenerative proce s of Ca2+ release and
could be the ba is for Ca2+ oscil.lations (Miyazaki et al., 1992b). On the
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other hand, undergo ing of the repetitive Ca2+ oscillations must have a
feature in the necessity to move Ca2+ between the cytosol and storage s ites
by seq uestration, a process that is principally , perhaps exclusively ,
attributable to the actio n of Ca2+-ATPase (SERCA pump ) (Mi ssiaen et
a /., 1991). Moreover, refilling of the Ca2+ store is also mediated by Ca2+

influx, since fertilized eggs devoid of extracellul ar Ca2+, greatly reduced
the frequency of Ca2+ transients (Kli ne and Kl ine, 1992b). Accordingly,
inhibition of Ca2+-ATPase and Ca2+ influx pathway should be disruptive
to induced oscillations. However, the nature and regulation of Ca2+ reuptake and Ca2+ entry pathway and ignaling of Ca2+ that .leads to the
development of mouse eggs are still uncertain.
I foc used on the two phenomena of the earl y events of mouse egg
activation; Ca2+ osci ll atio ns and cortical granule (CG) exocytosis. The aim
of this study was to inves ti gate the role of Ca2+-ATPase and Ca2+ entry
pathway operating during Ca2+ oscillations and the relationship between
the Ca2+ s ignal and tri ggering of corti ca l granule (CG) exocytosis and
di scuss the possible Ca2+ signaling mechanisms that might be involved in
early events at fertilization and activation of mouse eggs.

Materials and methods
Media and reagents

The media used in these experiments are TYH medium and Ca2+ ,
Mg2+-free TRS medium with minor modifications. The composition of
TYH was 119.37 mM NaCJ , 4.78 mM KCI , 1.71 mM CaCl2 , 1.19 mM
KH2P04, 1.19 mM MgS04, 25.07 mM NaHC03, 1 mM sodium pyruvate
(Katayama kaga.ku, Osaka, Japan ), 5.56 mM glucose (Sigma, MO ,
U.S.A.), 100 units/ml pennicilin G (Banyu , Tokyo, Japan), 50 11-g/m.l
streptomycin sulphate (Meiji Seika Kai sha Ltd. , Tokyo, Japan), 0.0002%
phenol red (Life technologies, NY, U.S .A.) and 4 mg/mL bovine serum
albumin (BSA, type V; Sigma). The composition of Ca2+, Mg2+-free TRS
medium (pH 7.4) was 136.9 mM NaCl, 4.02 mM KCl , 0.44 mM
NaH2P04, 0.18 mM KH2P04, 11.9 mM NaHC03, 11.1 mM glucose,
0.0002 % phenol red , 0.1 % polyvinylpyrolidone (Sigma) .
Media were made with cell culture reagents and 6ssue culture grade
water. ALI chemicals, except where noted, were obtained from Wa.ko Pure
Chemicals (Osaka, Japan). All media were ftltered through 0.22 !liD pore
size filters (Type GV ; Millipore, MA, U.S.A.) and equilibrated at 37

·c

under mineral oil in an atmosphere of 5 % C02, 95 % air.

Materials

Fura-2 AM, calcium green- ] AM and 4-Br A23187 were purchased
from Molecular Probes (OR, U.S.A.). U73122 were obtained from
BIOMOL Research Laboratories (PA, U.S.A.). Thapsigargin and BHQ,
(La Jolla, CA, U.S.A.). These drugs shown above were dissolved in
DMSO (Sigma). SK&F 96365 were from Calbiochem. Thimerosal , DTT
12

and caffeine were all from Sigma. EGTA and HEPES were from Dojindo
(Kumamoto, Japan) .

Preparation of gametes

ICR female mice (8-12 weeks; SLC Japan, Hamamatsu, Japan) were
superovulated by intraperitoneal injection of 7 i.u of pregnant mare's
serum gonadotropin (PMSG ; Sankyo, Tokyo, Japan) followed 48 hour
later by 5 i.u of human chorionic gonadtropin (hCG ; Sigma). MetaphaseIT arrested eggs were released from the oviduct into warmed TYH
medium containing 4 mg/ml BSA. Cumulus cells were removed by brief
treatment with hyaluronidase (0.25 mg/ml; Type IV-S ; Sigma) 15- 16
hour post-hCG and washed four times with TYH medium. Zonae

pellucidae (ZP) was removed by brief exposure (approximately 2 min) to
a-chymotrypsin (2.5 ]lg/ml ; Sigma) in TYH medium . After washing
extensively with TYH medium , the eggs were drawn into and expelled
from a small bore glass pipet, which aided in the removal of the ZP. Eggs
were held in drops of TYH medium under mineral oil (Sigma) in tissue
culture dishes. All manipulations were carried out at 37

·c

on heated

plates.
Sperm were expelled from the cauda epididymides of 12-15 weeks old
male ICR (Clea Japan, Tokyo, and SLC Japan, Japan) mice into drops of
TYH medium containing 4 mg/mJ BSA. Sperm were diluted to 5 x 105
sperm/ml in TYH medium and incubated under mineral oil for at least 1.5
hour at 37

·c and 5% C02 to capacitate.

In vitro fertili zation (JVF) and artificial activation

Eggs were .inseminated in a 200

~I

drop of TYH medium , under

mineral oil. The final sperm concentration was 5-20 x l 03 sperm/mi.
Eggs were artificially activated by treatment with the Ca2+ i.onophore 4Br A23187 in Ca2+, Mg2+-free TRS medium. For ionophore activation.
eggs were treated with 5

!1M 4-Br

A23187 for 2 min in Ca2+, Mg2+-free

TRS medjum, then washed and incubated in Ca2+, M g2+-free TRS medium
for 30 min.

Chapter I
IP3 receptors in mouse egg
1. Introduction
Inositol 1,4,5-trispbosphate (IP3) releases Ca2+ from intraceUular
stores by binding to an IP3 receptor (IP3R) (Supattapone et a!., 1988),
which composes an IP3-gated Ca2+ channel (Ferri s et al., 1.989 ; Miyawaki
et al., 1990; Maeda et aL, I 991 ). Molecular cloning studies showed that
there are at least three types of TP3R subtypes derived from di stinct genes,
designated type 1 (lP3 R-I ) (Furuichi eta /. , 1989 ; Mignery eta/. , 1990;
Yamada et al., 1994; Kume et al., 1993), type 2 (IP3R-2) (Sudhof et al.,
1991; Yoshikawa et al., 1992; Yamamoto-Hino eta/. , L994), and type 3
(IP3R-3) (Yamamoto-Hino eta/. , 1994; Blonde! et al., 1.993 ; Mmanto,
1994). Recent studies using a functional blocking monoclonal antibody to
the IP3R demonstrated direct evidence that IP3-induced Ca2+ release
(llCR) from intracellular stores operates at fertilization of the hamster
egg. IICR is essential in the initiation , propagation and oscillation of the
sperm-induced Ca2+ increases . Ca2+-induced Ca2+ relea e (CfCR) bas also
been suggested, but a sensitizing action of Ca2+ on the IP3R, i.e., Ca2+sensitized IICR, can serve as a regenerative process of Ca2+ release and
could be the basis for Ca2+ waves and oscillations (Miyazaki et aL, 1992b;
Miyazaki et al., 1992a). These results indicate that the important role of
IP3R as molecular base in the Ca2+ signaling at fertilization and activation
of mammalian eggs. It has been demonstrated that IP3R- 1 exists and
functions in IP3-induced Ca2+ release in mature mou se egg (Mehlmann et

a/., 1996). However, expression of other fP3R subtypes have not been
examined in mouse eggs.
In order to determine which subtypes of IP3R are expressed in matme
mouse eggs, I performed Western blot and immunohistochemical analysi
using three ctifferent specific antibocties to each IP3R subtypes.
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2. Materials and methods
Antibodies

Rat monoclonal antibody 4CIJ and 18AJO against mouse type I IP3
receptor (IP3R-l ) were prepared as described previously (Maeda et al.,
1991). Mouse monoclonal antibodies KM1083 and KM1082 were raised
against synthetic peptides corresponding to I 5 C-terminal amino acid · of
IP3R-2 (human IP3R-2, 2687-2701) (Yamamoto- Hino eta/., 1994), and
IP3R-3 (human IP3R-3, 2657-2771) (Yama moto-Hin o et a /. , 1994),
res pectively. Detailed characterizations of these antibodies were described
previ ously (Sugiyama et al. , 1994). Polyclonal antibody 908 was raised
against synthetic peptide corresponding to 16 N-tem1inal ami110 acids of
IP3R- l (mou e TP3R-I , 40-55) (unpublished resuJts).

lmmunoblotring

Eggs were coUected as described previously and the ZP was removed
by a brief treatment in acidic Tyrode's solution (136.9 mM NaCI, 2.68
mM KC!, !.63 mM CaCI2, 0.73 mM MgCl2, 5.55 mM glucose, 0.4 mg/ml
polyv.inylpyrrolidone, pH 2.5), followed by several washes through TYH
medium . CeUs were counted and washed in phosphate-buffered saline
(PBS ; pH 7.4), containing 0.1% polyvinylalcohol (PYA ; Sigma) and
transferred to a microcentrifuge tube. Most of the PBS was removed and
lysing buffer (50 mM Tris- HCl, pH 6.8, 1 % sodium deoxycholate, 0.1%
SDS , 0.8 mM phenylmethylsulfonyl fluoride, 10

~M

Jeupeptin , I

~M

pepstatin A) were added and the cells were quickly frozen in liquid
nitrogen and stored at -80

·c until

use. Before loading the egg lysate into

a polyacrylamide gel, one fifth volume of sample buffer (50 mM Tris-

HCl, pH 6.8 , 50 % glycerol, 5 % SDS , 5 % 2-mercaptoethanol , 0.25 %
pyronin Y) was added to each tube and the samples were incubated at 37

·c

for 1 h. Membrane fraction of Raji cell., wl1icb all Ih receptor

subtypes are expressed (Monkawa et al. , 1995), were used for compru;son
in immunoblotting experiments. Prior to loading in the gel, sample buffer
was added to each aliquot and the mixture heated at about 65
min.

Egg-lysate and membrane fraction

of Raji

·c for 20

ce ll s were

elect.ropboretically separated using a 4 % stacking , 5 % resolving
polyacrylamide gel (Laemmli, 1970), followed by an ovemigbt
electrophoretic transfer to a PYDF membrru1e (Immobilon P ; Millipme).
Membrru1es were incubated in a blocking buffer (PBS, pH 7.4, 0.1 %
Tween 20 , 5 % nonfat milk) for l h and washed with PBS-T (PBS
containing 0.1 % Tween 20) followed by incubation with the primary
antibodies for 90 min. Antibodie KM1083 and KMI082 were diluted in
PBS-T to 4 J..Lg/ml. For immunoblotting with 18AJO and 4Cll, culture
supernatant of hybridoma were used without dilution. Following primru·y
antibody incubation, tbe membranes were washed four times for 5 min
each with PBS-T and were incubated for 1 h with horseradish peroxidaseconjugated secondary antibody (anti-rat IgG from goat; Amersbarn,
England) diluted I :500 to PBS- T. After washing tbe membranes with
PBS-T, labeled proteins were identified on X-ray film (Kodak, NY,
U.S.A.) using an enhanced chemiluminescence method, according to the
manufacture's protocol (ECL kit; Amersham).

lmmunolocaiiz.ation of the !P3 receptors in eggs

Eggs were collected as described above and ZP was removed with a
brief treatment (less than 3 min) with 2.5 f.!.g/ml a-chymotrypsin.
Following several washes through TYH medium, eggs were fixed for 30

min at 37 ' C or over night at 4 ' C in fre ' hly prepared 3.7 %
paraformaldehyde in PBS (pH 7.4) containing 0.1 % PV A. After fixation,
eggs were washed three times (10 min) with PBS containing 0.1 % PV A
(PBS-PYA) and incubated with blocking buffer (PBS , pH 7.4, contruning
3 % BSA and 0.25 % gelatin) for I 5 mi.n. Eggs were incubated in
primary antibody for 90 min at 37 ' C. Primary antibodies were 90 j..Lg/ml
of purified monoclonal antibody 4Cll, KM1083 and KMI082 diluted in
blocking buffer. Following primary antibody incubation, eggs were
washed three times with bLocking buffer and were incubated for 1 h with
the secondary antibody (fluorescein-conjugated rabbit anti-rat IgG ,
Vector Laboratories, CA, U.S.A.) diluted in blocking buffer. Eggs were
washed three times for 15 min in blocking buffer. Included in the first
wash was I j..Lg/ml Hoechst 33342 that aU owed visualization of the position
of the meiotic spindle in eggs. Eggs labeled by immunofluorescence were
observed using standard epifluorescence microscopy or viewed with a
laser-scanning confocal microscope (LSM410; Carl Zeiss). The eggs were
washed into a drop of PBS before viewing. For examination with the
confocal micro cope, eggs were mounted on cover slides in PBS. Images
of control eggs incubated with normal rat lgG ( I 00 j..Lg/ml) were made
with the same excitation illumination intensity and viewed with the same
confocal settings as eggs incubated with 4Cll anhbody.
The method described above wa established previously by Mehlmann
(Mehlmann et al., 1996). They showed that paraformaldehyde fixation
alone, without permeabilization treatment, was sufficient to permit
penetration of antibodies into the intetior cytoplasm. Consistent witJ1 their
result, I have also observed the penetration of the antibodies using
antibody for B-tublin as a control (data not shown) .
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3. Results
3.1 IP3 receptors in mouse eggs

3.1. 1 Westem blotting of IP3 receptors in eggs

Total lysate from 500 ZP-free eggs and membrane fraction of Raji
ce lls for positive control were subj ected to SDS-PAGE under reducing
condition and transfered to PVDF membrane and probed with
monoclonal antibodies (mAbs) 18Al0 (for IP3R-J ), KM1083 (for IPJ R2) and KM1082 (for IP3R-3). As shown in Figure lA (lane 2) , IP3R-l
immunoreactivity migrated as a band of approximately 240 kDa almost as
same as positive control (lane 1). Although loaded egg lysate was
overloaded and transferred membrane was over-exposed in order to
detect the faint immunoreactive bands, immunoreactivity of IP3R-2 (lane
4) and IP3R-3 (lane 6) were not detected in this condition (Figure 1A).
IP3R-l protein appeared on Western blots (Figure LB) as a singl e band
when each lane were loaded with 200 ZP-free eggs probed with another
antibody for IP3R- I; 4C I 1 (lane I) and antibody 908 (lane 2) that may
recognize all subtypes (unpublished results). Single band was also detected
with mAb 18AJ 0 in a lane loaded with approximately only 25 eggs
(Fi gUie IC, lane 1). In contrast to IP3R-2 and IPJ R-3 , IP3R-l was
predominantly expressed in mature mouse eggs.

3.1.2 lmmunolocalization of the type 1 IP3 receptors in eggs

To examine the spatial distribution of IP3R- l in mature mouse eggs,
the localization of the IP3R-l was determined in fo ur eggs using 4Cll
antibody and laser-scanning confocal microscope as indi cated under

Materials and Methods. As shown in Figure 2A , IP3R-I was organized in
clusters and di persed in the cortex and little staining was observed in the
interior of the egg (Figure 2B). Similar staining pattern was observed in
eggs from B6C3Fl mouse (n

=

incubated with normal rat lgG (n

4; data not shown). Control eggs

= 2)

for first antibody and the eggs

without first antibody incubation (n = 2) did not show the same staining
pattern observed i.n eggs stained with 4Cll (data not shown). Consisitent
with the resu lts from Western blot analysi , there was no specific
immunoreactivity of IPJR-2 and IP3R-3 in the mature mouse egg, using
KM1083 and KM 1082 respectively (data not shown).
Above results, together with the results from Western blot analysis
suggest that type 1 IP3R may solely functions as a molecular base in the
Ca2+ release mechanism at fertilization of mouse egg.
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4. Discussion
4.1 IP3 receptors in mouse eggs

Miyazaki et al. reported that monoclonal antibody to the IP3R; 18A I 0
inhibited both IlCR and CICR upon injection of IP3 and Ca2+ into hamster
eggs, respecti vely (Miyazaki et a/., 1992b). The 18Al0 antibody
completely blocked sperm-i nduced Ca2+ waves and oscillations.
Moreover, this antibody blocked Ca2+ oscil.lation s induced by thjmerosal
in the hamster egg (Miyazaki et al., 1992a). In mouse eggs, it has been
shown that heparin; known as antagonist to IP3R blocked the Ca2+
oscillations (Kline and Kline, l 994), and 18A I 0 inhibited the 1P3-induced
Ca2+ release (Mehlmann er al., 1996). There is good evidence that Ca2+
release in the hamster and mouse egg is mediated solely by the IP3R and
that any apparent Ca2+-induced Ca2+ release is mediated by sensitization
of the IP3-induced Ca2+ release by Ca2+. Furthermore, functional analysis
using caffeine (Figure 6) and the re ult fro m Kline et al. (Kline and
Kline, 1994) revealed that no apparent property of caffeine-sensitive Ca2+
release exists in mature mouse eggs. Since functional blocking antibody;

18A10 is specific for type 1 IP3R (IP3R-l), complete inhibition of Ca2+
release with the antibody indicates that type l IP3R solely functions in
lP3-induced Ca2+ release in mouse and hamster eggs at fertilization.
Jmmunoblotting experiment showed that IP3R-l was predominantly
expressed among three different types of IP3Rs in mouse eggs (Figure 1).
Since I could not detect the immunoreactiv ity of lP3R-2 ,

r did

the

Westem blot analysis using ly sate from 1000 eggs and using polyclonal
antibody to rat IP3R-2 (data not shown). However, T could not detect the
specific immunoreactive band of type 2 IP3R.
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Before analyzing the intrinsic properties of functional Ca2+ store, it is
worth examining the localization · of IP3Rs and Ca2+-ATPase in the egg. J
tried to immunolocalize the SERCA2b (isoform of Ca2+-ATPase that
shown to be expressed unifonnly in all cell types) in the eggs and to
examine the co-localization of these Ca2+ pumps and the IP3R. Using a
monoclonal antibody to SERCA2b, I performed the Western blot
experiment, however, could not detect the specific immunoreactivity (data
not shown). Preliminary observation from Western blot analysis using
another monoclonal antibody suggested that another isoform of Ca2+_
ATPase SERCA3 may be expressed in mature mouse eggs (data not
shown) . It will be informative to h1rther study the expression of Ca2+ATPase in the mouse egg.
On the other hand , using specific antibody to IP3R-l ; 4C 11, I
imrnunoJocali zed the TP3R in eggs. This experiment showed that these
IP3R-ls were localized in the cortex as cluster (Figure 2). Although
there is a fine endoplasmic reticulum (ER) network in the interior of the
mouse egg (Mehlmann et al., 1995), IP3R-l was not detected in the
interior of the egg. It is likely that some IP3Rs are present throughout the
interior of eggs, since Ca2+ wave propagation through the inner
cytoplasm of hamster eggs is dependent on IP3Rs (Miyazaki et al., 1992b;
Shiraishi et al., 1995).
However, the Ca2+ wave at fertilization in the mouse egg has not been
examined carefully. Recently it has been reported that sperm-induced
Ca2+ waves in the human egg propagate through the cortical region
before moving through the interior cytoplasm (Tesarik et al., 1995),
suggesting some segregation of Ca2+ stores similar to those observed in
the mouse egg.
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5. Figures
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Fig. L Westernblotting of IP3 receptors in mouse eggs.
Type 1 IP3 recep tor (IP3R-l) is dominantl y expressed in mature
mouse eggs. Lysate from ZP-free eggs was electrophoresed under
reducing condition and probed with antibodies specific for each IP3R
subtypes (18Al0 and 4Cll for IP3R-l , KM1083 for IP3R-2 and KM1082
for lPJ R-3, 908 for al l subtypes). A, total protein from 500 eggs (lane 2,
4 and 6) and membrane fraction from Raji cells (lane I , 3 and 5) were
subjected to SDS-PAGE followed by immunoblotting with antibodies
(18A 10; lane J and 2, KM 1083; lan e 3 and 4, KM1082 ; lane 5 and 6). B,
lysate from 200 eggs was probed with hybridoma culture supernatant of
4Cll (lane I) and antibody 908 (2 J..tg/ml ; lane 2). Antibody 908 was
affinity purified using Ampure PA column (Amersham) followed by
antigen peptide-conjugated cell.ulofine. C , lysate from approximately 25
(lane I), 50 (lane 2) and 75 (lane 3) ZP-free eggs were electrophoresed
and probed with 18A 10.
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Fig. 2. Confocal sections of type 1 IP3 receptors in eggs.
lrnmunofluorescentl y labeled type llP3 receptors localized as clusters
at the cortex of mature eggs. F ixed eggs were tained with 4C ll antibody
against lP3R-l and observed with laser-scanning confocaJ microscope. A,
typi ca l im age of FITC-fluor escence from an optical sec tion
(approximately 5 11-m) viewed at the surface of an egg (n = 4). B, image
of an equatorial section of tbe same egg as in A. C, flurorescent image of
Hoec hst 33342 staining of tbe same egg as in A and B. Scale bar
represents I 0 J..UU .
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Chapter IT

.

Ca2+ oscillations In mouse egg
1. Introduction
A long series of transient elevations of [Ca2+]; occur after fertilization
of the mouse egg. The precise function and consequences of these Ca2+
oscillations remain as unknown in mammalian eggs as they do in many
somatic cell type that undergo prolonged Ca2+ oscillations (Berridge and
Galione, I 988; Miyazaki, 1991 ; Sun er al. , I 992; Kline and Kline, 1992a).
In mammalian eggs, it appears that the temporal oscillations of [Ca2+]; is
based primary o n the modulated release and re-uptake of Ca2+ from
intracellular stores (lgusa and Miyazaki , 1983; Kline and Kline, I 992a).
On the other hand , undergoi.ng of the repetitive Ca2+ oscillations mu st
have a feature in the necessity to move Ca2+ between the cytosol and
storage sites by sequestration , a process that is principally, perhaps
exclu ively , attributable to the actio n of Ca2+- ATPase (SERCA pumps)
(Missiaen eta/. , 1991).
Accordingly, inhibition of Ca2+-ATPase and Ca2+ influx pathway
should be disruptive to induced oscillations. Effect of Ca2+- ATPa se
inhibitor thapsigargin on sperm-induced Ca2+ oscillation has been
observed (Kline and Kline, L992b). However, they have not examined the
effect of thapsigargi.n on thimero al-induced osciLlation an d have not
examined the effect of another Ca2+-ATPase inhibitor. Moreover, the
aspect of Ca2+ influx during Ca2+ oscillations is not well examined .
To investigate the mechani sms of Ca2+ oscillations, it was necessary to
induce the Ca2+ oscillation effectively in individual eggs. Therefore, I
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used a sulfhydryl-reagent, thimerosal that mimi.c the large and persistent
Ca2+ o cillations seen at fertilization in eggs. Thus, with thi drug which
can effectively induce Ca2+ oscillations, it is possible to eliminate any
factor from the sperm that affects tbe Ca2+ signaling in mouse egg.
In this chapter, in order to investigate the role of Ca2+-ATPase and
Ca2+ influx mechanism at Ca2+ o ciUation in mature mouse eggs, I used
two chemically unrelated Ca2+-ATPase inhibitors thapsiga.rgin and 2,5-di(tert-butyl )- 1,4-hyd roquinone (BHQ) and an antagonist for capacitative
calcium entry SK&F 96365. With these tools, I pharmacologically
examined tbe effect of Ca2+-ATPase inhibitors and an antagonist for
capacitative calcium entry on Ca2+ stores and Ca2+ oscillations induced by
sperm and thimerosal.

28

2. Materials and methods
Measurement of intracellular free calcium concentrations

ZP-free eggs were loaded with fura-2 AM (I
for 15 to 20 mjn in TYH medium at 37

~M ;

Molecular Probes)

·c and washed extensively with

the medium. Eggs were then transferred to 10 mM HEPES (pH 7.4)
containin g TYH medium without BSA so the eggs would more rearuly
adhere to glass-bottomed petri dishes (MatTek Corp., MA, U.S.A.)
precoated with poly-L-lysine and placed on the stage heated at 34-36

·c

of a Olympus IX70 inverted mjcroscope for imaging.
Intracellular free divalent cation activity was imaged through a 20 x
(Olympus UApo/340, NA 0.75) objective lens and silicone-intensified
target (S IT) camera (C2400-08; Hamamatsu Photonics, Hamamatsu ,
Japan), by calculating the ratio of fura-2 fluorescence at 510 rrm, exci ted
by UV light passed through a neutral density filter (1.2 % transmission)
alternately at 340 nm and 380 nm from Xenon arc lamp (75W).
Excitation wavelengths were alternately irradiated through i.nterference
fi lters for 340 nm (band width, 25 nm) and 380 nm (band width, 25 nm)
respectively and recorded the fluorescence intensity at 510 nm (band
width, 25 nm) at dual excitation wavelength of 340 nm and 380 nm. Jn
most cases, data were sampled at 5 seconds interval , but for long period
of analysis, sampling were done every 10 or 20 seconds. Data sets were
stored on the hard di sk of the computer as di gital images, and images
hom the square area (approximately JO x 10 11m) at the center of eggs
were processed to calculate the ratio of the fluorescence (R = F340/F380).
A calibration curve between Rand [Ca2+]; was obtained by mea uring Rs
of Ca2+-EGTA buffer solution (Molecular Probes) containing 2 flM fura2 at 34.5

·c under same optical settings used for measurements . Because
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of the various assumption and reliance on external calibration buffers,
the calculated [Ca2+]; in cells should be considered approximations rather
than absolute values, and ratio values are generally presented rather than
[Ca2+] ;. Calibration curve between ratio (R

= F340/F380)

and Ca2+

concentration was linear, in the ratio range of 0.6 to 3. A fluorescence
ratio of 0.8 corresponded to a LCa2+ ]; of 100 nM, a ratio of 1.2 was 150
nM and ratio of 2.8 was 1.35 f.J.M . Change of the fluorescence ratio
(ex pressed as IJ.R) was calculated by subtracting the basal ratio from
maximal peak ratio (Rpeak). Statistical comparisons were made using tbe
Student's t test. All procedures from image acquisition through [Ca2+ ];
calculation were accompl ished with an image processor (Argus 50,
Hamamatsu Photonics).
For the recording of [Ca2+ ]; at IVF, a small amount of sperm
suspension was added to ISO or 200 j..tl drop of TYH medium containing
the experimental eggs, under mineral oil. The final. perm concentration
was 5-20 x 103 sperm/ml and final BSA concentration was 2-3 mg/ml. To
determine whether the fura-2 loaded eggs had been fertilized , the
coverslip was exami.ned under bright fie ld for evidence of polar body
(PB) extrusion.
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3. Results
3.1 Effect of Ca2+-A TPase inhibitors on Ca 2+ stores

The sesquiterpene lactone, tbapsigargin (TG) and synthetic compound
2,5-di-(tert-buty l)-1 ,4-hydroquinone (BHQ) are known as selective
inhibitors and have been used as a tool

to

interfere with Ca2+ store

function and content (Thastrup et al., 1990 ; Moore et al. , 1987).
Thapsigargin inhibits the endop lasmic reticulum and sarcoplasmic
reticulum Ca2+-ATPase (Ca2+ pumps) with little effect on the plasma
membrane Ca2+-ATPase (Thastrup et at., 1990; Lytton et at. , l 991;
Sagara and lnesi , 1991 ). By preventing reuptake from leaky stores ,
thapsigargin elevates [Ca2+]i in a variety of cell types without stimulating
production of inositol polyphosphates (Jackson et al. , 1988; Tak:emura et
al. , 1989; Law et al. , 1990; Ely et at. , 1991) and has no significant effect

on protein kinase C (PKC).
Another inhibitor of intracellular Ca2+-ATPase; BHQ shares the
mechanism of action with thapsigargin. lt is frequently used and exhibits
less inhibitory potency and selectivity similar to that of cyclopiazonic acid
(CPA) (Foskett and Wong, 1992; Wictome et at. , 1992; Mason et at. ,
1991).
I first examined the abi lity of thapsigargin (TG) and BHQ to alter
cytosolic [Ca2+ ]i in mouse eggs.

3.1.1 Effect of thapsigargin and BHQ on intracellular Ca2+concentration

Tn the presence and absence of external Ca2+, TG induced a dosedependent rise in [Ca2+]i consisting of a rapid rising and rather slow
falling peak as illustrated in Figure 3. The pattern of TO-induced Ca2+
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release from intracellular stores, as measured by the transient ri se in
[Ca2+]i in tbe absence of extracellular Ca2+ (right panel in A) was imilar
to that of [Ca2+]i increase in the presence of external Ca2+ (left panel in
A) , however, d1e amplitude of dle [Ca2+]i increase was smaller compared
to the increase in tbe presence of external Ca2+ . Tbapsigargin induced
increase in [Ca2+]i in the pre ence of external Ca2+ was due to the release
from intracellular store and Ca2+ influx from extracellul ar fluid.
Addition of l !-LM TG in tbe presence of external Ca2+ (n = 17) to the
unfertilized egg caused a transient increase in [Ca2+ ]i. Similar increases in
[Ca2+]i during 1 1-lM TG (n

=6) exposure were observed in the absence of

external Ca2+ . At TG concentrations of 20 !-LM, the treatment caused a
monotonic rise in [Ca2+ Ji both in Ca2+, Mg2+-containing TYH medium (n
= 7) and in Ca2+, Mg2+-free TRS medium containing 1 mM EGTA (n =

5). In the ran ge studied , addition of 0.5-10 !-LM TG caused dose-dependent
increase in [Ca2+Ji (closed square in Figure 3B) in the absence of external
Ca2+. Since treatment of eggs widl TG concentration of 0.1 to 0.5 )..lM
caused oscillatory responses, values from the measurement at those ran ge
of TG concentration were not plotted in dle Figure 3B. In dle absence of
external Ca2+ (Ca2+, Mg2+-free TRS medium containing 1 mM EGT A), a
maximal increase in [Ca2+ ]i were obtained between dle ran ge of 5 )..lM to
100 !-LM (closed square in Figu re 3B). Thus, TG concentration of 20 )1M
was used for further experiments.
Similar analysis of the effect of BHQ on [Ca2+]i was performed and
representative traces of eggs treated with BHQ are illustrated in Figure
4A. The release of Ca2+ induced by 5 !-LM BHQ (n

= 7)

was similar widl

the release induced by TG. Treatment of eggs with 20 )..lM BHQ showed
two typical type of release. Among fourteen eggs examined , six eggs
showed a monotonic type of rise as those seen in eggs treated widl 20 !-LM
BHQ (6 out of 14 eggs). Other eggs showed rather fast rising and had fast
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falling and followed by slow decline in [Ca2+ ]; to the basal level (8 out of
14 eggs). However, treatment of egg with 20

~M

BHQ did not induce

maximal Ca2+ release at the concentration that can induce maximal release
by TG . The dose dependence of the increase in [Ca2+]; induced by BHQ in
the presence and absence of external Ca2+ is summarized in Table 1. In
the range studied, the Ca2+ relea ed by BHQ increased with the
concentration of the inhibitor, reaching a maximum of amplitude around
100

~M (LlR

= 1.35 ± 0.20; n = 28)

in the absence of extracellular Ca2+

(Ca2+, Mg2+-free TRS medium containing 1 mM EGTA). Similar
increases were observed with the eggs treated with 100 j.LM BHQ in Ca2+,
Mg2+-free TRS medium (n = 22; for example Figure 7B, E and H).
Therefore, 1 routinely used TG and BHQ at the concentration of 20
~M

and 100

~M ,

respectively, to insnre maximal Ca2+ release from the

intracellular Ca2+ stores and deplete the stores for further experiment.

3.1.2 Effect of thapsigargin and BHQ on the Ca2+ stores

Altho ugh it is apparent that thapsigargin and BHQ release comparable
amo unts of Ca2+ from the intracellular Ca2+ store, it is not clear whether
the same store is affected. lt is possible that these two inhibitors might
release Ca2+ from different stores. To examine this possibility, I next
investigated the degree of overlap between the stores by addition of two
inhibitors sequentially to the egg.
While the addition of 20

~M

TG resulted in a transient rise in [Ca2+];,

subsequent addition of 100

~M

BHQ was found to be no effect (Figure

SA, n = 8). When the order of treatment was reversed, first addition of
BHQ induced a marked transient increase in [Ca2+];, with the secondary
addition of TG having no detectable increase in [Ca2+ ]; (Figure SB, n

=

11 ). These findings suggest that the Ca2+ stores depleted by both
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inhibitors overl ap exten ively. Moreover, eggs treated with both TG and
BHQ showed additional Ca2+ release from the intracellular tares when
treated wi th Ca2+ ionophore indicating the presence of another TG- and
BHQ-resistant or insensitive Ca2+ storage compartment(s) in mouse egg.
It has been shown that mou se eggs are caffeine-insensitive cells (Kline
and Kli11e, 1994). I next examined the involvement of caffeine-sensitive
Ca2+ store. I investigated whether caffeine cou ld mobilize [Ca2+] ; by
activating the ryanodi.ne receptor (RyR) in eggs. Consistent with the result
from Kl ine et. al., application of 10 mM caffe ine (Figure 6A, n

= 8) did

not result in increase of [Ca2+];, thereb y ind icating no apparent property
of caffeine-sensitive Ca2+ release in mature mouse eggs.

3.2 Effect of Ca2+-ATPase inhibitors on Ca2+ influx

In many cell types, increase in Ca2+ permeability of the plasma
membrane is triggered by the depl etion of critical intracellul ar Ca2+
storage compartme nt. This unknown mechanism is called "Capacitative
Calcium E ntry (CCE)" which was proposed by Putney (Putney, 1986;
Putney, 1990). This hypothes is is based large ly on the effect of
thapsigargin. E mptying the thapsigargin-sensitive store promotes Ca2+
influx (Ca2+ entry), in many cell s (Thastrup et a/., 1990; Takemura et al.,
1989; Law et al., 1990; Mason et al., 1991), but not in all cel1 s (Jackson et

al., 1988; Llopi s et al. , J 991 ), without change in the leve l of inositol
phosphates (Jackson et al., I 988). On the other hand, depletion of the
intracellular stores by high concentration of BHQ, failed to induce Ca2+
influx in other cell types (Kass et al. , 1989; Missiaen et al. , 1992; Foskett
and Wong, 1992).
It has been suggested that the phase of thapsigargin-incluced elevation
of [Ca2+]; which is dependent on extracellular Ca2+, is voltage- insensitive,

34

and can be blocked by inorganic ions such as Ni2+ or by a new channel
blocker specific for tbis site, SK&F 96365 (Merritt et a!. , J 990 ;
Demaurex et al. , J 992). I next investigated the effect of Ca2+-A TPase
inhibitors on divalent cation entry across the plasma membrane and
further tested for the ability of the antagonist for capacitative calcium
entry SK&F 96365 to inhibit the Ca2+ influx pathway.

3.2. J Effect of tbapsigargin and BHQ on divalent cation entry

Eggs were treated with TG (20 f.LM) or BHQ (100 f.LM) in Ca2+, Mg2+_
free TRS medium to deplete the stores and three different divalent cations
were added to the extracellular medium. As shown in Figure 7 A and D,
addition of TG activated an influx pathway for divalent cations across tbe
plasma membrane; a second surge in [Ca2+); was ob erved when 4.6 ruM
CaCI2 was added to eggs previously treated with 20 11M TG in Ca2+,
Mg2+-free TRS medium (Figure 7 A, n = 5). There was little change in
[Ca2+ ]; over a 60 min period when 4.6 mM CaCI2 was added to control
eggs not previously treated with TG (Figure 7C, n

= 14).

Among them ,

two eggs showed spontaneous transients (data not shown). A larger,
immediate increase in [Ca2+]; occured with addition of 4.6 mM SrCl2
after treatment with TG (Figure 70, n = 7). Addition of SrCl2 caused
repetitive Ca2+ transient in eggs (Figure 7F, n

= 4). This Ca2+ oscillation

continued for more than an hour (data not shown) . Addition of 4.6 mM
MgCl2 with prior TG treatment caused no increase in [Ca2+]; (Figure 7G,
n = 6) nor the treatment of eggs with 4.6 mM MgCl2 alone bad no effect
on the [Ca2+]; (Figure 71, n

= 14). In

contrast, the effect of BHQ on the

Ca2+ influx differed markedly from that of thapsigargin. Addition of
three different divalent cations; CaCI2 (Figure 7B, n = 9) , SrCI2 (Figure
7E, n

= 12) and MgCl2

(Figure 7H, n = 6) to eggs previously treated with
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I 00

~M

BHQ in Ca2+, Mg2+-free TRS medium either failed to induce

Ca2+ influx across the plasma membrane. Similar inhibitory effect of
BHQ on Ca2+ influx across the plasma membrane has been reported in
other cell types (Kass eta/., 1989; Mason eta/. , 1991; Foskett and Wong,
1992).

3.2.2 Effect of SK&F 96365 on thapsigargin-ioduced Ca2+ influx

Similar with the experiment in Figure 7, addition of CaCI2 to the eggs
previously treated with 20

~M

TG in Ca2+, Mg2 +-free TRS medium

containing I mM EGTA resulted in Ca2+ influx across the plasma
membrane (Figure SA, n = 9) . In contrast to TG , BHQ treated eggs did
not cause Ca2+ influx (Figure 8B, n = 5). A shown in Figure 8C, Ca2+
influx due to depletion of Ca2+ stores by thapsigargin was inhibited by
pretreatment with 50

~M

SK&F 96365 in 1 mM EGTA containing Ca2+,

Mg2+-free TRS medium (n

= 7)

and in Ca2+, Mg2+-free TRS medium

without EGT A (n = 21 ; data not shown). S K&F 96365 treatment of eggs
previously treated with 100 }.1M BHQ had no effect on [Ca2+]; when 4.6
mM CaCI2 was added to the egg (n = I 0, data not shown). Addition of 20
!lM SK&F 96365 also inhibited Ca2+ influx in Ca2+, Mg2+-free TRS
medium containing 1 mM EGT A (n = I; data not shown).
These phenomena, shown above, are generally accepted as evidence of
CCE. These results suggest that intrinsic mechanism that coupled with the
depletion of the tbapsigargin (and BHQ)-sensitive Ca2+ store and
activation of Ca2+ influx is present in the mature mouse eggs and may
work during Ca2+ oscillations at fertilization.

3.3 Ca2+ oscillations induced by sperm and thimerosal
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Interaction between mouse egg and sperm at fertilization triggers a
large and long increase in [Ca2+]i in the egg cytoplasm whi ch is followed
by repetitive Ca2+ transients. At fe1tilization of mouse eggs, the pattern of
Ca2+ transients varied considerab ly between egg and strains of mice and
there is even some variabillity in the frequency of oscillations among
individua l mouse eggs under s imil ar conditions (Kline and Kline, l992a:
Swann, 1992).
On the other hand, a sulfhydryl-reagent, thimerosal, mimi cs the large
and persistent Ca2+ oscillations seen at fertilization most successfull y, in
both hamster and mou e eggs (Miyazaki et al., l992a; Swann, 1991 ;
Swann, 1992). With thi s drug, it is possible to induce the Ca2+ asci !lations
reproduciblly in mouse egg.
It has been shown that the sulfh ydryl-oxidi zing reagent thimerosal
(ethylm ercurith iosali cylate) ca uses [Ca2+]i increases in pl atelets and
le ukocytes (Hecker et a/., 1989 ; Hatzelmann et a!. , 1990). These
observations sugge ted that sultb ydryl gro ups are invol ved in a Ca2+
release mechani sm. Swann et al. showed that thimerosal causes a series of
Ca2+-dependent hyperpolari zing respon es (HRs) in unfertilized ham ter
eggs (Swann , 1991). The series of Ca2+ transients induced by thimerosal
are observed in eggs of a number of mammalian spec ies (Fissore et al. ,
1992; Kl in e and Klin e, 1994; Miyazaki et al., 1992a) . R ecentl y,
thimerosal- induced Ca2+ release has been reported fo r imm ature mouse
oocytes and mature mouse eggs (Kline and Kline, 1994). Furthermore,
Miyazaki et al. (Miyazaki et al., 1992a) reported that the monoclonal
antibody to the IP3R blocked Ca2+ oscillations induced by thimerosal in
the hamster egg, indicating that thimerosal causes Ca2+ oscillations by an
effect dependent on the IP3R. Treatment of unfertilized mammalian eggs
with thimerosa l is the simplest and most effective way of artificially
caus ing the Ca2+ oscillations.
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Thimerosal mimics the pattern of the Ca2+ oscillations induced by
sperm, however, the signal that generates the Ca2+ release may be little
different. Thimerosal probably acts by oxidizing-sulfhydryl groups, a
process that should be reversed by reducing reagent dithiothreitol (DTT)
(Cheek et al., 1993). It is suggested that the thimerosal induces Ca2+
without affecting the inositol -phosphate level (Bootman et al., 1992).
Recently, a role for PLC at fertilization has been examined using U73122
in intact mouse eggs (Dupont ef al. , 1996). U73122 exhibited an
inhibitory action on acetylcholine- and sperm-induced Ca2+ oscillations,
and did not inhibit TMS-induced Ca2+ oscillations. Results from the
experiment using the PLC inhibitor in my experiment (data not shown)
and the report from Dupont et al. indicated that in contrast to sperm,
thimerosal-induced [Ca2+ ]i release may not be a consequence of IP3
production. The consensu of the action of thimerosal is that the oxidative
state of protein thiol groups present in the IP3R itself is able to influence
IICR at the basal concentration level of IP3 in the cytosol.

3.3.1 Ca2+ oscillations induced by sperm

Eggs from ICR moose were loaded with fura-2 and recording of
[Ca2+]i was started after addition of the spenn suspension into the drop of
medium. Representative Ca2+ responses of eggs to spem1 are illustrated in
Figure 9. Repetitive Ca2+ transients induced by sperm continued for more
than two hours. Following the insemination, the initiation of Ca2 +
transients in the first egg began after a delay of about 15-40 minutes and
the first u·ansient was broader and had a larger amplitude than the
subsequent transients as has been described by others (Kline and Khne,
l992a; Swann, 1992). The subsequent pattern of Ca2+ transients varied
considerably between eggs and strains of mice and, as shown in Figure 9,
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there was even some variabillity in the frequency of oscil lations among
indi vidual mouse eggs under similar conditions. Variability of tra nsients
were seen with the eggs from other stra in of mice; B6C3Fl (n

= 20, two

measurements with fura-2, data not show n) and with another
measurement using ca.lcium green-! as a calcium inclicator (n = 29, fo ur
meas urements with eggs from ICR mouse, data not shown). In most
experiments, some eggs remained unfertilized; th e Ca2+ levels in these
eggs served a controls for those in ferti li zed eggs. In most eggs, there
was a grad ual reduction in amplitude of the each transients with time, as
recorded in prev iou s experiments on mouse (Cuthbertson, 1983) and
hamster (Jgusa and Miyazaki, 1983) eggs . We have observed trains of
Ca2+ transients up to almost three hours (Figure 9). Such Ca2+ transients
can continue for as long as fo ur hours after fertiJization (Kline and Kline,
1992b; Jones et al., I 995).

3.3.2 Ca2+ oscillations induced by thimerosal

Addition of thimerosal (TMS) to unfertilized mouse egg produced a
series of Ca2+ transients which also usually began wi th a much broader
peak, as observed for sperm-induced oscillations. A characteristic feature
of each transients is the gradual pace maker ri se in Ca2+ that precedes the
rapid rising phase and subsequently, the [Ca2+]; r.ise declined, associated
with the first slow phase and the second rapid phase. The tbre hold for
the stimulatory action of TMS was ru·ound 10

~

(Figure LOA, n

= 6).

Among six eggs, three eggs showed no change in [Ca2+]; for 50 min and
other three eggs showed two to three transients which had short duration
of 13 to 15 min after the treatm ent. Application of 250 J.!M TMS
produced repetitive Ca2+ tran sients in all eggs examined in these
experiments. Treatment with 250 J.!M TMS in normal Ca2+- containing
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medium caused a gradual increase in [Ca2+]; began 2 to 3 min later and
oscillations usually lasted for an hour (Figure lOB , n

= 12).

With time,

amplitude of each transient gradually dechned and freqeunc y of
oscillation became higher. Further rai ·ing the concentration to 500

= 12;

data not shown) , 1 mM (n

LOC, n

= 12) and

20 mM (n

= 13;

= 12; data

!1M (n

data not shown), 5 mM (Figure

not shown) showed no oscillations

but resulted in sustained increase in [Ca2+ ]dor over 30 min. I used the
TMS concentration of 250 11M for further experiment which has a large
amplitude and long lasting Ca2+ oscillations.
I next investigated whether TMS-induced Ca2+ o ·cillations depend on

extracellular Ca2+ . Eggs treated with 120 11M (n
and 250 11M TMS (Figure IOD, n

= 10;

data not shown)

= 7) in Ca2+, Mg2+-free

TRS medium

showed a series of Ca2+ transients. First Ca2+ transient was broad as those
seen in Ca2+-containing TYH medium , however the amplitude of Ca2+
transient and basal [Ca2+]; level slightly declined with time. When eggs
were treated with 250 11M TMS , Ca2+ transients disappeared around 40 to
60 minutes after the treatment. Similar pattern of rise in rcaz+]; were
observed in Ca2+, Mg2+-free TYH medium containing 5 mM EGTA (n

=

7, data not shown) and in Ca2+, Mg2+-free TRS medium containing 1 mM
EGTA (n

= 5,

data not shown). Large proportion of Ca2+ stores was

depleted by TMS-induced Ca2+ oscillations in Ca2+, Mg2+-free TRS
medium. As shown in Figure I I B (n = 27), treatment of Ca2+ ionophore
4-Br A23187 (5 11M) after TMS-induced Ca2+ transients had stopped,
additional Ca2+ was released from intracellular Ca2+ stores. Magnitude of
the additional release of Ca2+ from the eggs treated with TMS was always
small compared to that of eggs lTeated with Ca2+ ionophore alone (Figure
llA, n

= 25) .

Thimerosal induced Ca2+ transients in the absence of extracellular
Ca2+ (Figure lOD), indicating that TMS-induced osci!Jations in mouse egg
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consist of repetitive Ca2+ release from intracellular stores. The difference
between the osci llations induced by TMS in Ca2+-containing medium and
in Ca2+, Mg2+-free medium indicates the requ irement of extracellular
Ca2+ for the maintenance of the ampli tude and the frequency of
oscillations.

3.4 Effect of SK&F 96365 on Ca2+ oscillations induced by
thimerosal

Thimerosa l-induced Ca2+ oscillations in Ca2+, Mg2+-free medium
showed no marked acceleration of freq ue ncy as compared to the
oscillations in Ca2+-contain ing medium (Figure lOD). This result indicates
that the frequency of oscilJ atio n is dependent on the extracellular Ca2+ As
I have shown previously, SK&F 96365 inhibited the TO-induced Ca2+

influx across the plasma membrane (Figure 8C). It is probable that SK&F
96365 wili inhibit the Ca2+ influx during the Ca2+ osc ill ations. Therefore,
I investigated the effect of this inhibitor on Ca2+ oscillations induced by

thimerosal in the presence of extrace!Ju lar Ca2+.
Various concentration of SK&F 96365 was added to d1e eggs showing
oscill ation s induced by thimerosal in norm al Ca2+-co ntainin g TYH
medium. Period between transients (indicated as "Interval of tran sients"
in y-axis) were measllfed between the peak of the each tran sient and
plotted against the number of tran sients observed durin g I h of
measurement. Figure 12A (left panel) shows the representative eggs
(from the eggs shown in the right panels) treated with indicated
concentration of SK&F 96365. As shown in the right panel, period
between tbe trans ients became longer with increasing dose of SK&F
96365 ( 10 j..l.M; n

= 24, 20

j..l.M; n

= 23, 50 !J.M; n = 51). Eggs

not treated

with the antagonist showed the acceleration of the frequency , (Fig ure
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12B, n = 12). However, eggs treated with 50

~M

SK&F 96365 resulted in

marked delay of the onset of fo llowing transients (Figure 12A, n

= I 0).

These results sugges t that, at least in part , Ca2+ influx from
extracell ul ar fluid regulates the freque ncy of osc illatio n, and that thi s
influx pathway consist of mechanism sensiti ve to SK&F 96365.

3.5 Effect of Ca2+-ATPase inhibitors on Ca2+ oscillations

As previously shown in Figure lOD and llB, thi merosal induced the
persistent Ca2+ oscill atio ns in the absence of extracellular Ca2+, indicating
that significa nt amo unt of Ca2+ is taken up by Ca2+- ATPase into
intracellul ar Ca2+ store. Inhibiting re-uptake of Ca2+ into the stores may
have severe effect on Ca2+ oscillations. Therefore, I examined the effect
of Ca2+-ATPase inhibitors on Ca2+ oscillations induced by sperm and
thimerosal.

3.5.1 Effect of Ca2+-ATPase inhibitors on Ca2+ oscillations induced by
thimerosal

The effect of Ca2+-ATPase inhibitors TG and BHQ on TMS- i.nduced
Ca2+ oscillations were inves ti gated. As previously shown in F igure 1OB ,
addition of TMS to unfertilized eggs produced an oscillation w hi ch
usually bega n with a much broader transient than the sub seque nt
transients and repetitive Ca2+ transients with high frequency . Figure 13
shows the effect of TG on TMS-induced oscillations. Prior treatment of
eggs with 20

~M

TG caused a monotonic increase in [Ca2+]i as shown

previous ly, subsequentl y, addition of 250

~

TMS to the eggs resulted in

oscillations (u.pper tra ce in F igure l3A, n = 18) . However, the first
transient appeared relatively small in amplitude and short in duration
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(Ratio at the peak of the transient:

Rpcnk

= 2.24 ± 0.24, duration

at the

point of half maximal : T 112 = 88 ± 10 sec; n = 9) as compared to the
amp litude of first transient in same batch of the eggs not previously
treated with TO

(R peak

= 2.98 ± 0.22 , T 112 = 165 ± 26 sec; n = 8) (p <

O.OOJ). As show n in Figure 13A (lowe r trace), raising the TO

concentration to 50 jlM (n = 25) markec!Jy suppressed the frequency of
the oscillation as compared to the eggs treated with 20 11M TO. Addition
of 20 jlM (uppe r panel, n = 19) and 50 jlM (lower pan el, n = 22) TO
after 3 to 4 (approximately 15 min after treatment) transients induced by
TMS in TYH medium (Figure l 3C) dose-de pende ntly decreased the
frequency of subseq uent osciJJations as compared to the eggs treated with
0.2 % DMSO (Figure BE, n

= 7;

the same concentration of DMSO with

20 11M TG). To exclude the contribution of Ca2+ influx ac tivated by TO ,
same examination was done in the absence of extracel lu1ar Ca2+. Prior
treatment of eggs with 20 11M TO in Ca2+, Mg2+-free TRS medium
containing I mM EGTA did not complete ly inhibit Ca2+ oscillations
induced by TMS (upper trace in Figure 138, n

= 17).

However, similar

with the result in Figure 13A, the duration of first transient was
suppressed. Same effect of TG was seen with the eggs treated in Ca2+,
M g2+-fre e TRS medi um (n = 14, data not shown). Rai in g the TO
concentration to 50 11M (lower trace in Figure 138 , n = 13) resulted in
m a rked inhibition of subsequent trans ients. Among thirteen eggs
examined , eleven eggs showed one or two transients and other two eggs
showed no transient at all. Addition of 20 11M and 50 jlM TG after 3 to 4
transients induced by TMS in Ca2+ , Mg2+-free TRS medium had little
inhibitory effect on the frequency of subseq uent oscill ations (Figure 130,
n = 8 for 20 f..LM and n = 5 for 50 jlM respectively).
Another inhibitor BHQ exhibited almost complete inhibition of
osci ll ations when BHQ was added after few transients had started in
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response to TMS. Inhibition of subsequent transients was observed with
eggs treated with LOO 11M BHQ in normal Ca2+-containing medium
(Figure 14C, n = 16) and in Ca2+, Mg2+-free TRS medium (Figure J4D, n

= 21). BHQ treatment produced a rapid increase

in [Ca2+]i, sub equently

transients ceased. Similar inhibitory effect was observed with rhe eggs
treated with 200 11M BHQ in Ca2+, Mg2+-free TRS meditun containi ng I

mM EGTA (n = 20; data not shown) . Induction of repetitive transients by
TMS after pretreatment with 100 11M BHQ (upper trace in Figure 14A, n
= 22) in TYH medium resulted in low frequency oscillations which had

slow rising and falling peaks. Raising the concentration to 200 11M BHQ

(lower trace in Figure l4A, n = 17) showed disruptive effect on the
oscill ations. Most of the eggs (15 out of 17) showed only one or two
transients. Similar inhibitory effects were observed with the eggs treated
witl1 100 11M (upp er trace in Figure 148, n = 13) and 200 11M (lower

trace in Figure 14B, n = 14) in Ca2+, Mg2+-free TRS medium containi ng

1 mM EGTA and in Ca2+, Mg2+-free TRS medium (n = 16; data not
shown ).
Thapsigargin and BHQ both showed inhibitory effect on the Ca2+
oscillation induced by thimerosal in the presence and abse nce of
extracellular Ca2+ These results indicate that in mature mouse egg, Ca2+
pump sensitive to both inhibitors exi sts and functions during Ca 2+
oscillation induced by thimerosal.

3.5.2 Effect of Ca2+-ATPase inhibitors on Ca2+ oscillations induced by
sperm

I next carried out the same experiment wi th sperm-induced Ca2+

oscillatio n. Eggs were treated with TG or BHQ after ferti li zation. Wben
TG was added after two transients have occured, TG treatment produced
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an increase in [Ca2+Ji (Figure !SA). However, the transient increa. e in
[Ca 2+ ]i immediately following TG addition was short in dura6on as
compared to that of increase normally produced by TG alone. Treatment
of eggs with 20 1-LM (l eft tra ce in Figu re I SA , n = 6) and 50 J.!M TG
(right trace in Figure l SA , n = 4) suppressed the subsequent Ca2+

transients induced by sperm. Among ten eggs which were treated with
high concentration (20

!-1M

and 50

~LM,

n = I 0) of TG , three (2 for 20

1-1M and I for 50 !-LM) eggs showed only one transient immediately after
the treatment and no subsequent transient was observed throughout the
measurement (left trace in Figure 15A). An egg treated with 50

!-1M

resulted in two transients which had high frequency and showed no
subsequent transients (right trace in Figure 15A). Other six eggs (4 for 20
J.!M and 2 for 50

!-LM)

showed one transient around 30 min after the

treatment and most eggs (5 out of 6 eggs) had a tendency for base line to
drift upwards . Although long exposure of eggs to high concentration of
TG caused damage to the eggs, TG treated eggs which appeared normal
showed suppression of Ca2+ oscillation.
Treatment of eggs with I 00 1-LM BHQ resulted in inhibition of the
subsequent transients in all eggs examined (Figure 15B, n = 7). Two types
of response were observed. In one case, as shown in Figure 15B (left

trace), BHQ induced three to four transients immediately after the
treatment of the inhibitor and subsequent transients disappeared (2 out of
7 eggs). These egg showed similar transients as observed with the eggs
treated with 50 1-LM TG in right panel in Figure 15A. The fo llowing
transients were usually reduced in amplitude and, in these eggs, BHQ
temporarily shortened the period between transients. In other case (5 out
of 7 eggs), BHQ induced one large increase and one small transie nt and
no subsequent transients were observed throughout the measurement
(right trace in Figure 15B).
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4. Discussion
4.1 Effect of Ca2+-ATPase inhibitors on intracellular Ca2+
concentrations in eggs

It has been suggested that there are roughl y two types of response in

cells treated with high concentrations of thapsigargin. There are the
release from stores is then followed either by return of [Ca2+]; to the
prestimulatory levels or by maintained elevated plateau reflecting an
increased Ca2+ influx through plasma membrane channe ls. The ability of
thapsigargin and BHQ to alter cytosolic [Ca2+]; in mouse egg was
examined. Both in the presence and absence of external Ca2+, thapsigargin
induced a monotonic dose-dependent rise in [Ca2+ ];, as illustrated in
Figme 3A and did not appeared to be a su tained type of increase in
[Ca2+];. This may be due to the action of plasma membrane Ca2+-ATPase
(PMCA) pumping Ca2+ out of the egg cytosol. Thapsigargin induced
increase in [Ca2+ ]; in the presence of external Ca2+ was due to the release
from intracellular store and Ca2+ influx from extracellular fluid.
Maxi mal

Ca2+ release response was observed at thapsigarg i n

concentrations of 20 J.tM in the absence of external Ca2+ (Figure 3B). I
used another chemically unrelated synthetic compound BHQ a Ca2+.
ATPase i:nhibitor (Figure 4). Dose dependent rise .in [Ca 2 +]; were also
seen with BHQ and concentration of 100 J.tM was needed to maximally
induce Ca2+ release similar to that of thapsigargin from the intracel1ular
stores and to deplete the store. Tha. trup et al.. introduced thapsigargin
into widespread use and is normally effective at concentrations below 1
J.tM (Thastrup et al. , 1990). ln general, to achieve measurable Ca2 +
discharge in f ura-2 loaded cells, thap. igargin should be used at
concentrations ranging from 20 to 100 nM, but frequently is used at
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higher concentrations to insure maximal Ca2+ release. In many ceiJ , a
significant mismatch exists between Ca2+-ATPase inhibitor concentrations
required to elicit Ca2+ discharge rather than the pump arrest, because of
the efficiency and kinetics of cell penetration by these inhibitors. Upon
inhibition of Ca2+-ATPase (SERCA), BHQ required a half-maximal
inhibitory concentration of about 0.4 IJ.M for the rabbit SERCA la
isoform (Wictome et al. , 1992). However, in intact lymphocytes, BHQ
req uired a concentrati on of 30 IJ.M for maximal Ca2+ release (Mason et

al. , 1991). As previously observed with thapsigargin by Kline et al. in
mou e eggs (Kline and Kline, 1992b), like Xenopus oocytes (Petersen and
Berridge, 1994), mouse eggs were relatively in ensitive to these
inhibitms . Thu s, Ca2+ relea e in eggs required higher concentrations of
these reagents.

4.2 Relationships between Ca2+ stores in mouse eggs

It is conceivable that the different pattern of increase in [Ca2+];
induced by thap igargin and BHQ (Figure 3 and 4) in Ca2+-containing
medium and the fact that additional Ca2+ release ca n be induced (figure
5) reflects the involvement of different stores. Many experiments on Ca2+
storage pools are perfonned imply by the sequential additio n of multiple
hormones or drugs to intact cells to determine whether Ca2+ di scharge
induced by one agent can abolish the effect of the other. I have
seq uentially added thapsigargin and BHQ to the eggs and showed that
these two inhibitors acted upon same intracellular Ca2+ stores and
overlapped extensively (Figure 5) . Since no distinction has been fo und
between the Ca2+ stores defined by the use of different Ca2+- ATPase
inhibitors, that is, Ca2+-ATPase inhibition defines the same functional
store regard less of the inhibitor used. lt has been suggested th at
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thapsigargin depletes an IP3-sensitive Ca2+ stores in some cells (Thastrup
et al., 1990; Takemura et al., 1989; Robinson and Burgoyne, 1991) , but

may also affect IP3-insensitive Ca2+ stores (Thastrup et a/. , I 990; Ely et
at., 1991 ; Bian et al., 1991). It was suggested by Kline et al. that in mou e

eggs, the IP3-sensiti ve store is not rapidly depleted of Ca2+ by inhibition
of the Ca2+-ATPase, since thapsigargin did not prevent the increase in
[Ca2+]; produced by injection of IP3 . Pretreatment of intact cells with high
concentrations of thapsigargin (or of other i nhibitors) most often results
in the abolition of Ca2+ release by both agonists coupled to IP3 generation
and ac tivators of ryanodine receptors. In a few cell types (parotid and
ch romaffin) (Foskett et al . 1991; Robinson and Burgoyne, 1991 ),
however, a residual agonists (or caffeine)-induced Ca2+ mobilization has
been observed even after thapsigargi n treatment. In contrast to IP3sensitive store, the caffeine-sensitive store is not ubiquitously expressed,
and its presence is often revealed by administration to cell s of hi gh
concentrations (10-20 mM) of caffe ine. It has been peviously suggested
that mouse egg does not respond to caffe ine (Kline and Kline, 1994) . I
examined whether eggs used in this experiment contains caffeine-sensitive
Ca2+ stores or not (Figure 6). Consistent with the result by Kline et aL ,
application of caffeine to unferti lized eggs had no direct effect on [Ca2+];,
indicating that mouse eggs seems to be possessing no caffeine-sensitive
stores. Although, eggs exposed to thapsigargin or BHQ showed additional
Ca2+ release (Figure 5), it is clear that there is at least one thapsigargi n
(BHQ)-sensiti ve store in mouse egg. It is possible that TG- and BHQresistant or insensitive Ca2+ stores can be; mitochondrial Ca2+ stores, the
sto re dischargeble only by Ca2+ ionophore (Bi an et al. , 1991) and/or
novel Ca2+ stores that releases Ca2+ by ni.cotinic-acid adenine dinucleotide
phosphate (NAADP) recently found in sea urchin eggs (Chini et al. ,
1995; Genazzani and Galione, 1996). Morever, 1 cannot exclude the
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possibilities that Ca2+-ATPase in mouse eggs has very low sensitivity

to

these inhibitors and/or existence of unknown Ca2+-ATPase resistant to
these inhibitors.

4.3 Mechanism of Ca2+ oscillations in mouse eggs

Ca2+ oscillations induced by both spenn and thimerosal in mouse egg
consist of repetitive Ca2+ release from intracelluJar stores , since
thimerosal induced Ca2+ transients in the absence of extracellular Ca2+
(Figure I OD) and sperm induces several transients in the absence of
extracellular Ca2+ (Kline and Kline, 1992b). However, extracellular Ca2+
was required to maintain the large amplitude and duration of each
transients and frequency of oscillations (Figure 10 and 12). I have
successfulJy inhibited the site of Ca2+ influx pathway by using the
antagonist for capacitative caJcimn entry SK&F 96365 (Figure 12). SK&F
96365 modulated the frequency of osci llation by inhibiting the Ca2+ influx
pathway probably via undefined Ca2+ channel which is voltage-insensitive.
These results indicate that influx of extracell ul ar Ca2+ regulates the
frequency of osc illation.
In this study, I have shown that thapsigargin and BHQ suppressed the
Ca2+ oscillation induced by both sperm and thimerosal (Figure 13 to 15).
However, thapsigargin did not completely prevent sperm-induced Ca2+
transients. It is quite possible that mouse egg is relatively insensitive to the
inhibitor and the egg may contain thapsigargin-insen ·itive or -resi stant
store that may mobilized by sperm at fertilization as previously djscussed
by Kline et. al. (Kline and Kline, 1992b). Moderate inhibitory effect of
thapsigargin on osciilations was observed when added after the thimerosal
treatment (Figure 13C and D). It is possible that thapsigargin can no
longer inhibit the Ca2+ -ATPase, sin ce it has been suggested that
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thimero al bas some aspect of affecting endopl asmic and sarcoplasmic
Ca2+-ATPase (Sayer. eta /., 1993) . Surprisingly, another structuall y
unrelated inhibitor BHQ showed more severe effect on Ca2+ osci ll alio ns
induced by both sperm and thimerosal in eggs (Figure ISC, 0 and Figure
14). Addition of BHQ after thimerosal treatment ex hibited disruptive
effect on subsequent transients (Figure 14C and D) In addition , sperm
treated with BHQ appeared normal in contras t to the eggs treated with
thapsigargi n. It has been suggested that BHQ may interfere with
additional as pects of Ca2+ signalin g dynamics, or inhibition of the passive
Ca2+ leak from internal stores (Missiaen et a/., 1992). Furthermore, BHQ
has not been tested rigorously for its spec ificity in inhibition of other ionmotive ATPases. The discrimination between the effect of these inhibitors
on Ca2+ oscillations cannot be simpl y explained by the effectiv e
concentrati on of these two inhibitors on Ca2+-ATPase, since the efficiency
and kinetics of ceLl penetration by these inhibitor are unknown. It i.
unlikel y that the inhibitory action of BHQ on Ca2+ osciJJations induced by
thimerosal (Figure 14C) is the result of inhibiting Ca2+ influx from
extracellular medium, since BHQ had a potency of inhibiting Ca2+
oscillations completely even in the absence of external Ca2+ (Figure l4B
and D). Pharmacological approach using the inhibitors revealed that
tbapsigargin- (and BHQ-) sensitive Ca2+-ATPase are likely to take up a
considerable amount of Ca2+ into the intracellular store during
oscillations induced by both thimerosal and sperm. Further experiments
using another Ca2+-ATPase inhibitor cyclopiazonic acid (CPA) may
support the results obtained in this study. It is of interest to estimate what
amount of the stored Ca2+ released during each transient and proportion
of Ca2+ taken up by Ca2+-ATPase present on the intracellular Ca2+ stores.
It will be nicely studied if it is possible to measure the Ca2+ co ncentration
in the cyto ol and in the lumen simultaneou sly.
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Fig. 3. The Ca2+-ATPase inhibitor thapsigargin
transient increase in [Ca2+ ]; in mouse eggs.

causes

a

Thapsiga rgin (TG) dose-dependentl y elevates [Ca2+]; fro m the
intracellul ar Ca2+ stores in mou se egg. Zonae pellu cidae (ZP) was
removed from th e egg and loaded with fura-2 before measurement as
indi cated under Materi als and Methods. A , representative traces of eggs
treated with i.ndi cated concentration of TG both in Ca2+, Mg2+-contai ning
TYH med ium (left panel, I f!M ; n = 17. 20 f!M; n = 22) and in Ca2+,
Mg2+-free TRS medium containing I mM EGTA (right panel, J f!M ; n =
14, 20 ~LM ; n = 5). B , dose- response fo r [Ca2+]; ri se induced by TG in
Ca2+, Mg2+-free TRS medium contai nin g I mM EGT A (closed square)
and in Ca2+, Mg2+-containing TYH medi um (open circle). Change of the
fluorescence ratio (L1R; basal ratio subtracted from maximaJ peak ratio)
obtained from meas urement of 30 minutes were ca lcul ated and ex pressed
as "Ca2+ in crease (L':. R )" . Ca li.bration curve between ratio (R =
F340/F380) and Ca2+ concentTati on was linear, in the ratio ran ge of 0.6 to
3. Eac h poim represents the mean ± S.D. (n = 3-26) of eggs from one to
three batches of egg. D ata are from 26 different batches of egg. Values
obtained from the range of 0.1 to 0.5 f!M were not plotted in the fig ure,
since treatment of eggs w ith those concentration of TG caused o. ci ll atory
typ e o f respo nses, but not monotonic type of responses.
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Ta ble 1. Effect of another Ca 2 +-ATPase inhib itor BHQ on [Ca2+ J; in mouse eggs.
Eggs were treated wit b va1ious concentrations of BHQ in normal Ca2+. Mg2+.co ntaining
TYH medium and in Ca2+, Mg2+.free TRS medium containing I mM EGTA. The average
peak Ca2+ increase (L1R) i indicated (mean± S.D.). Change of the nuorescence ratio (Ll.R:
ba al ratio subtracted from maximal peak ratio) obtained from measurement of 30 minute
were calculated and expressed as "Ca2+ increase (L1R)" . n is the number of eggs examined.
Concentration
ofBHQ

Ca2+ increase

Medium

n

L1R

50 ~LM

Ca2+, Mg2+.free T RS medium+ I mM EGTA
Ca2+, Mg2+.free TRS medium+ I mM EGTA
Ca2+, Mg2+.free TRS medium+ I mM EGTA
Ca2+, Mg2•-contain ing TYH medium
Ca2+, Mg2•-contai ning TYH medi um

100~

200 f!M
100 11M
200~

a Mean value significant ly differe nt from L1R for

0.96±022
1.35±0.2Qa
0.88 ± 0.17
1.48 ±0.24
1.15 ± 0.24

14
28
14
23
33

SO 11M or 200 f!M BHQ in Ca2+. Mg2+.

free TRS med ium+ 1 m.M EGTA (p < 0.000 1).
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Fig. 4. BHQ induced [Ca 2+]; increase in mouse eggs.
R e prese nta ti ve meas ure m e nt of eggs treated w ith in d icated
co ncentra ti o n of BHQ. A , eggs were treated wi th vario us co ncentrations
of BHQ in norma l Ca2+, M g2+-containing TYH m edi um (5 j..lM; n = 7, 20
j..lM; n = 14, 100 j..lM ; n = 23). B, eggs were treated with 50 11M (n = 14)
and I 00 j..lM (n = 28) BHQ in Ca2+, Mg2+. free TRS med ium conta ining I
mM EGTA .
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Fig. 5. Thapsigargin and BHQ release Ca2 + from the same
intracellular store.
Th apsiga rg in (TG )-sensitive and BHQ-sensitive Ca2+ stores overl ap
extensively in eggs. T wo inhibi tors we re seq ue ntiall y add ed to the eggs in
Ca2+, Mg2+- free TRS med ium. A , treatme nt of egg wit11 20 )..lM TG
followed by addition of LOO JlM BHQ and treated finall y with S )..lM Ca2+
iono phore 4-Br A23187 (n = 8). B, eggs were treated with 100 )..lM BHQ
pri or to addi ti o n of 20 JlM TG fo ll owed by fin al treatment with 5 )..lM 4Br A23 187 (n = II ).
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Fig. 6. Absence of caffeine-sensitive Ca2+ stores.
There was no marked in cr ease in rca 2+]; w hen eggs we r e
extracellu lary treated with caffeine . Eggs were treated with I 0 mM
caffeine in TYH medium. A , representative trace from an Ltnfertili zed
egg treated with I 0 mM caffeine alone (n = 8).
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Fig. 7. Thapsigargin and BHQ have different activities on
divalent cation entry.
Depletion of the Ca2+ stores by thapsigargin (TG) promotes
"Capacitative Calcium Entry (CCE)". In contra t to TG, 100 ~M BHQ
does not induce Ca2+ influx. Three different divalent cations were added
to Ca2+, Mg2+-free TRS medium containing eggs pretreated with 20 ~M
TG or 100 11M BHQ. A , representative measurement in an egg treated
with TG foll owed by addi ti on of 4.6 mM CaCI2 (n = 5). B, an egg treated
with BHQ fo llowed by addition of 4.6 mM CaC]z (n = 9). C , control
measurement during addition of 4.6 m.M CaCI2 alone (n = 14). D, treated
with TG fo ll owed by addition of 4.6 m.M SrC1 2 (n = 7) . E , treated with
BHQ fo ll owed by addition of 4.6 m.M SrCJ 2 (n = 12). F , typical
measurement foll owing addition of 4.6 mM SrC1 2 alone (n = 4) . G , 4.6
mM MgC1 2 were added to the eggs treated with TG (n = 6) . H , 4.6 mM
MgC1 2 were added to the eggs treated with BHQ (n = 6). I, control
experiment of eggs treated with 4.6 mM MgCI2 alone (n = l4).
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Fig. 8. An antagoist for capacitative calcium entry SK&F
96365 inhibits thapsigargin-induced divalent cation entry.
Capacitative Ca2+ entry evoked by thapsigm·gin (TG) was inhibited by
SK&F 96365. A , typical measurement in an unfertilized egg treated with
20 11M TG followed by add ition of 4.6 mM CaCh in Ca2+, Mg2+-free TRS
medium containing I mM EGTA (n = 9). B , representative of an egg
treated with 100 fl,M BHQ followed by addition of 4.6 mM CaC1 2 in Ca2+,
Mg 2+.free TRS medium containing I mM EGTA (n = 5). C , typical
measurement i.n an unfertilized egg treated with 20 [1M TG followed by
add ition of 50 fl,M SK&F 96365 and then 4.6 mM CaCh in Ca2+, Mg2+_
free TRS medium contai11ing 1 mM EGTA (n = 7).
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Fig. 9. Ca2+ oscillations at fertilization of mouse egg.
Repetitive Ca2+ transients occur in mature mouse eggs at ferti li zation

in. vitro. Egg from ICR mouse were removed of Zonae pellucidae (ZP)
and eggs were loaded with fura-2 and inseminated with sperm in TYH
medium. Record ing of [Ca2+]; was started (at the zero time) as soon as
sperm suspe nsion was added to the drop. Two representative traces made
from a same recordin g and batch of eggs.
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Fig. 10. Cal+ oscillations induced by various concentrations of
sulfhydryl-oxidizing reagent thimerosal in the presence and
absence of extracellular Ca2+.
Ca2+ oscillations were induced by exposing eggs to thimerosal (TMS)
both in TYH medium and in Ca2+, Mg2+-free TRS medium. Eggs were
treated at the time indicated by th e arrow with va ri ous concentrations of
TMS. A , I 0 J..i.M (n = 6). B , 250 11M (n = 12). C , 5 mM (n = 12) in TYH
medium contai ning 1.7 mM CaCh. D , 250 J..I.M in Ca2+, Mg2+-free TRS
medium (n = 7).
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Fig. 11. Thimerosal depletes a large part of inh·acellular Ca2+
stores .
Significant proportion of Ca2+ stores are depleted by th imero. atinduced oscillation. A, contro l experim ent of eggs treated with 5 j..LM 4Br A23187 alone (n = 25). B, 5 j..LM 4-Br A23 187 was added after
stimu lation of eggs with 250 ~M TMS in Ca2+, Mg2+.free TRS medium (n
= 27) .
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Fig. 12. Ca2+ antagonist SK&F 96365 suppresses the frequency
of thimerosal-induced Cal+ oscillations.
SK&F 96365 modul ates the frequency of thimerosa l (TMS)- induced
C a 2+ oscill ations in tbe presence of externa l Ca2+ . Do se-depe nd e nt
inhibition of frequen cy of Ca2+ osc illation s induced by TMS. A ,
representati ve traces of eggs (s hown with tbe same symbol in B) f rom a
batch show n in B (right panel). Eggs were treated with indicated
concentrati on of SK&F 96365 after induction of Ca2+ transients with 250
~M TMS in TYH medium (none; n = 12, 10 !J.M; n = 24, 20 ~M; n = 23 ,
SO ~M ; n = 51 ). B , interval of the tran siellts (y axis) were calculated
between the peak of the transients and plotted against number of transients
(x axi s) occured during 1 h of mea urement (none; n = 12, I 0 !1M; n =
13, 20 ~LM; n = 12, 50 ~M ; n = I 0). SK&F 96365 was added to the
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Fig. 13. Effect of tbapsigargiu on Ca2+ oscillations induced by
thimerosal.
Thapsigargin (TG) has an inhibitory effect on the oscillation induced
by thimerosal (TMS). TG was added before and after the stim ulation of
Ca2+ oscillations induced by 250 f!M TMS in the presence and absence of
extern al Ca2+ A , eggs were treated with 20 ~LM (upper /.race , n = 18) and
50 f!M (Lower trace, n = 25) TG followed by addition of TMS in TYH
medium. B, treated with 20 J..IM (upper trace, n = 17) and 50 J..1M (lower
tra ce , n = 13) TG in Ca2+, Mg2 +.free TRS medium con taining I mM
EGT A prior to stim ulation with TMS. C, representative measurement of
TMS stimulated egg treated with 20 J..IM (upp er trace , n = 19) and 50 f!M
TG (lower tra ce , n = 22). D , eggs we re treated with TMS followed by
add ition of 20 J..IM (upp er trace, n = 8) in Ca2+ , Mg2+.free TRS medi um
and 50 f!M TG (lower trace , n = 5) in Ca2+ , Mg2+.free TRS medium
containin g l mM EGT A. E , control measurement of 250 f!M TMS
stimul ated egg treated wi th 0.2 % DMSO in TYH medium (n = 7).
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Fig. 14. Effect of BHQ on Ca2 + oscillations
thimerosal.

induced

by

BHQ Lnhibits thimerosal (TMS)-induced Ca2+ o c illations when add ed
after stimuiati on by TMS. BHQ ( l 00 j.!M) was added before and after the
stimul ation of Ca2+ oscillations induced by 250 j.!M TMS in the presence
and absence of external Ca2+. A , eggs were treated w ith I 00 j.!M (upper
tra ce , n = 22) and 200 J..LM (l ower tra ce, n = J 7) BHQ followed by
additi on of TMS in normal Ca2+-containing TYH medium . B , typi cal
measurement of eggs treated with 100 j.!M (upper trace, n = 13) and 200
J.1M (lower trace, n = 14) BHQ after stimulation with TMS in Ca2+, Mg2+_
free TRS medium containing 1 mM EGTA. C and D , 100 j.!M BHQ wa
added to the eggs previously stimulated with TMS in TYH m edium (n =
16) and in Ca2+, Mg2+-free TRS medium (n = 2 1) res pectively.
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Fig. 15. Effect of Ca2+-ATPase inhibitors on sperm induced
Ca2+ oscillations.
Thapsigargin (TG) and BHQ both suppressed Ca2+ transients following
fertili zatio n. A , two different representative traces of eggs in seminated
and treated with 20 J.lM (n = 6) and 50 J.lM (n = 4) TG after the second
transient increase in [Ca2+]i induced by sperm (left trace; 3110, right
trace; 111 0). B (n = 7), two differe nt representative [Ca2+]i measurements
(left trace ; 2/7, right trace; 517) in which ferti lized eggs were treated with
100 J.lM BHQ in TYH medium after fertili zati on.
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Chapter III

.

Cortical granule exocytosis In
mouse egg
1. Introduction
In mammalian eggs, cortical granule (CG) exocytosis at fertilization is
co nsidered to be important for preventing polyspermic fertilization
(Gulyas, 1979). Exocytosis of CGs, secretory granules contain specialized
enzymes and glycoproteins, is caused by fusion of their membranes to the
plasma membrane, resulting in release of CG contents at the surface of
the eggs. The contents released from the CGs modify the zonae pellucidae
(ZP) and result in a block to polyspermy. The exduates remain on the
surface of the eggs and they can be labeled by LCA (Lens cu linaris

aggulutinin)-lectin (Cherr et al. , 1988; Ducibella

el

al., 1988).

It has been suggested that [Ca2+]; increase is essential for early and late
events in mouse eggs at fertiljzation (Kline and Kline, 1992a; Xu eta/. ,
1996) . Higher concentration s of calcium chelator; BAPTA-AM is
required to inhjbit CG exocytosis than to inhibit em mi sion of the second
PB (Kline and Kline, 1992a). By injecting Ca2+- BAPTA buffers into
unfe rtilized eggs, it was suggested th at CG exocytos is occurs over a
narrow threshold range of free-Ca 2+ concentrations (Xu et a /., 1996).
Results of these studie suggest that early events of egg activation such as
CG exocytosi.s are more sensiti ve to experimental manipulation than the
late events. I have previously demonstrated that treatment of eggs wi th
thapsigargin (TG) and BHQ resulted in transient increase in [Ca2+]; from
the intracellul ar stores (Figure 3, 4 and Table 1). In this chap ter, 1
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examined whether these increase in [Ca2+)i by Ca2+-ATPase inhibitors can
induce CG exocytosis in eggs.
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2. Materials and methods
Drug treatment

ZP-free mature eggs were treated with various concentration of the
inhibitors for 30 min at 37 ' C in a 200 Ill drop of TYH medium. Egg
were washed extensively with TYH medium and held in the drop of TYH
medium. under mineral oil.

Labeling the co rtical granule exudate with LCA (Lens culinaris
aggu.lutin.in) and visualization of egg chromatin

Unfixed eggs were washed in TYH medium and incubated for 15 min
at 37 ' C in 10 !-Lg/ml fluorescein isothiocyanate (FITC)-conjugated LCA
(Seikagaku Corp., Tokyo, Japan) in TYH medium. These eggs were
thoroughly was hed and viewed with a standard epiflu orescence
microscopy (Axiophot 2; Carl Zeiss, Jena, Germany). To vis ualize the
egg chromatin , a DNA-specific fluorochrome, Hoechst 33342 (Sigma)
was used. Preloading the eggs with Hoechst dyes before insemination
allowed detection of sperm-egg fusion (Conover and Gwatkin , 1988).
Unfertilized eggs were incubated in 0.5 !-Lg/ml Hoechst 33342 in TYH
medium at 37 ' C for 15 min and washed with TYH medium before
insemination.
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3. Results
3.1 Cortical granule exocytosis at fertilization and activation
of mouse eggs

3.l.l Sperm and Ca2+ ionophore-induced cortical granule exocytosis in
eggs

CG exocytosis at fertilization and artificial activation by 4-Br A23 187
were evaluated by LCA staining indicated under Materials and Methods.
Two hour after fertilization, as shown in Figure 16A, most eggs extruded
second polar body (PB) and were penetrated by one or more sperm
indicated by Hoechst staining (Figure 16C). These eggs underwent
exocytosis as indicated by CG exduate identified with FITC-LCA (Figure
168). CG exocytosis can be induced by artificial activators, such as Ca2+
ionophore and SrCI2. As shown in Figure 16E, exocytosi occured in all
eggs treated with Ca2+ ionophore 4-Br A23187 (5 JlM) in Ca2+, Mg2+_
free TRS medium.

3.2 Cortical granule exocytosis induced by Ca2+-A TPase
inhibitors

3.1.2 Effect of thapsigargin and BHQ on cortical granule exocytosis in
eggs

Eggs treated with TG concentration of 20 iJ.M which induces maximal
Ca2+ release from the stores resulted in CG exocytosis in 79 % (26/33) or
the treated eggs (n = 33). Representative eggs treated with 20

iJ.M TG

are

shown in Figure 17C and D. Treatment of eggs with BHQ concentration
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of I 00 11M caused CO exocytosi in 88 % (15/17) of the eggs (Figure
17F, n = 8). These eggs treated with inhibitors showed positive stainin g
with FITC-LCA as compared to eggs treated with 0.2 % DMSO (Fi gure
178, n = 10), however, the intensity of the FITC-LCA fluorescence was
weak as compared to the eggs activated by Ca2+ ionophore and sperm .
Treatment of eggs with 5 11M (n

=

7) and 20 IJM (n

=

14) BHQ,

concentrations that did not cause maximal Ca2+ release (Figure 4A)
showed no staining at all (data not shown). Moreover, raising the
concentrations of BHQ to 200 11M, only 50 % (4/8) of the eggs resulted in
exocytosis (n = 8; data not shown). The parallelism between the BHQ
concentration and the proportion of the eggs resulted in CO exocytosis
suggest that triggering of CO exocyotsis is dependent on the Ca2+
concentration in the cytosol.
Metaphase IT-arrested eggs possess a CO-free domain that contains the
chromosomes and an opposing CO-rich domain containing a high density
of COs. As shown in Figure 18, fettilized egg showed the ring-shaped
pattern of immunofluorescence stained with FITC-LCA. I next observed
the eggs which were treated with 20 11M TO or I00 11M BHQ using laserscanning confocal microscope to see the precise pattern of staining. As
shown in Figure 19 (n

= 2) ,

HTC-LCA fluorescence was observed

arou nd the plasma membrane of the eggs and formed a ring-shaped band
similar to the eggs underwent CG exocytosis induced by fertilization.
Same experiment was done with the eggs treated with 100 11M BHQ
(Figure 20, n = 3). These eggs also showed typical staining pattern seen
with fertilized egg . Spatial pattern of CG exocytosis induced by Ca2+_
ATPase inhibitors was not different from those induced by fertilization.
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4. Discussion
4.1 Cortical granule exocytosis and Ca2+ concentrations in

eggs.

Eggs treated with TO and BHQ exhibited exocytosis of COs, as
assessed with FITC-LCA staini ng method. Moreover, thapsigargin and
BHQ treated eggs showed typical staining pattern of COs (Figure 19 and

20). Thimerosal treated eggs showed exocytosis (data not shown)
consistent with the previous result (Cheek et al. , 1993). However, the low
fluorescence intensity wa

observed with eggs treated with those

inhibitors (Figure 17) compared to the eggs ferti lized or activated with
Ca2+ ionophore (Figure 16). Moreover, as demonstrated in
4, although

r have

Fi~:,'llre

3 and

induced maximal Ca2+ release with these inhibitors,

BHQ treated eggs showed much low fluorescence inten ·ity than
thapsigargin treated eggs (Figure L7F). It is possible that compl etion of
CO exocytosis in eggs requires not only the tran ·ient increase in [Ca2+]i
above the thresho ld, but the repeated increase in rca2+]i, like induced by
sperm (Figure 9) and thimerosal (Figure lOB) or sustain ed leve l of
increase for few minutes, like induced by Ca2+ ionophore (Figure II A),
since elevation of [Ca2+ ]i by thapsigargin lasted longer than that of BHQ
(Figu re 3 and 4) but relatively shorter than that of Ca2+ ionophore
(Figure ll ). The Ca2+-ATPase inhibitors wiJJ be very useful to control
the Ca2+ concentration in the cyotsol and examine the tnreshold of Ca2+
concentration that triggers the CO exocytosis. Studying the parallelism
between the Ca2+ concentration and the proportion of the eggs underwent
CO exocytosis may provide the evidence for the depe ndence of CO
exocytosis on Ca2+ concentration in the cytosol.
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Although, it is quite clear that Ca2+ plays a key role in CG exocytosis.
molecular target of Ca2+ is not defined. It has been shown that the CG
exocytosis in mou se egg occures constitutively and continued at almo t
uniform rate for tens of minute after the sperm attachment, and was not
always induced concomitantly with each [Ca2+ ]; increase (Tabara et a!.,
1996). Increase of intracellular Ca2+ concentration can be the trigger of
the exocytosis, however, such results from experiment by Taba.ra et. al.
indicate the presence of messenger other than Ca2+. The next step of the
Ca2+-dependent pathway in CG exocytosis remains unknown. It has been
suggested that W -7, an antagonist of calmodulin, did not affect exocytosis
(Xu et al. , 1996). I have also observed the same effect using the same
inhibitor and another specific inhibitor for calmodulin (unpublished
results). These results indicate that the mechanisms of CG exocytosis may
not depend on the Ca2+/calmodulin-dependent pathway.
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5. Figures
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Fig. 16. Cortical granule exocytosis at fertilization and
activation of mouse egg.
Cortical granule (CG) exocytosis occur in mature mouse eggs at
fertilization in vitro and acti vation by Ca2+ ionophore. ZP-free mouse
eggs were incubated with FITC-LCA in TYH mediu m 40 min after
insemination or acti vation with Ca2+ ionophore and ob erved at 2 h post
treatment. A , differential interference contrast (DIC) image of eggs after
fertilizatio n (n = 11). B , FITC-LCA fluorescent image of eggs in same
field as in A. C , eggs in same field as in A and B were stai ned with
Hoecbst 33342 (0.5 j..lg/ml). D, DIC image of eggs which were artificially
activated with 5 11M 4-Br A23187 (n = 10). E , FITC-LCA fluorescent
image of eggs in same field as
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Fig. 17. Cortical granule exocytosis induced by Ca2+-A TPase
inhibitors in mouse egg.
CG exocytosis occur in mature mouse eggs treated with thapsigargin
(TG) and BHQ. Eggs treated with the inhibitors were incubated with
FITC-LCA and observed at 2 b post treatment. A , differential
interference contrast (DIC) image of eggs pretreated with 0.2 % DMSO
(n = 10). B, FITC-LCA fluorescent image of eggs in same field as in A.
C , DIC image of eggs pretreated with 20 J.LM TG (n = 15). D , FITC-LCA
fluorescent linage of same f ield a in C. E , DJC image of eggs pretreated
with 100 J.LM BHQ (n = 8). F, FITC-LCA fluorescent image of same field
as in E.
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Fig. 18. Confocal sections of fertilized egg stained for
exocytosed cortical granule exduates.
Eggs were fertilized and incubated witl1 FITC-LCA and viewed with
laser-scan ning confocal microscope at 2 h after insemination. A , DIC
image of fertilized egg which have extruded the second polar body. B,
optical sections (approximately 5 1-1m depth) viewed at tl1e bottom of the
egg. C, an optical section at approximately 10 f.Lm from the bottom. D, 20
1-1m from the bottom. E , 30 1-1m from the bottom . F , 40 J.l.m from tbe
bottom. Scale bar represents 10 1-1m.
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Fig. 19. Confocal sections of thapsigargin treated eggs sta ined
with FITC-LCA.
Thapsiga:rgin (TG)-treated eggs showed a typical discharge of the CG
content. Eggs were treated with 20 !-LM TG for 30 min in TYH medium
and incubated with FITC-LCA and viewed with laser-scanning confocal
microscope at 2 h after tbe treatment (n = 2). A, an optical section
(approximately 5 !-Lin depth) viewed at tbe bottom of tbe egg. B , an
optical section at approximately 10 !-Lin from the bottom. C, 30 !-Lm from
the bottom. D , an optical section approximately 70 /-L111 from the bottom.
Scale bar represents 10 !-Lm.
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Fig. 20. Confocal sections of BHQ treated eggs stained with
FITC-LCA .
Eggs treated with BHQ also showed a typical discharge of tbe CO
exduate. Eggs were treated with 100 f.LM BHQ fo r 30 min in TYH
medjum. Hoechst 33342 was loaded and incubated with FITC-LCA and
viewed with laser-scan ning confocal microscope at 2 b after the treatment
(n = 3). A, an optical section (approximately 5 fliD depth) viewed at the
bottom of the egg. B, an optical section at approximately I 0 flm from the
bottom. C , 20 fllll from the bottom. D , an optical section app roximately
30 flm from the bottom. E, 40 f.Lm from the bottom. F, a fluorescent
image of chromosome stained with Hoechst 33342. Scale bar represents
J0

)..UTI.
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