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reault et al., 1988; Yoshida, 1993). Intracellular levels of
GSH and glutathione disulphide (GSSG; oxidised form
of GSH) increase during maturation following germi-
nal vesicle breakdown and are lower in fertilised eggs
at the pronuclear stage when compared with mature
oocytes in the hamster and pig (Perreault et al., 1988;
Yoshiga et al., 1993; Funahashi et al., 1995). In porcine
eggs, total GSH and GSSG content decreased following
sperm penetration and prior to sperm decondensation
(Funahashi et al., 1995). Recently, it has been suggested
that γ-glutamyl transpeptidase (GGT) present on the
surface of boar spermatozoa is associated with a
decrease in oocyte glutathione (GSH + GSSG) content
at fertilisation (Funahashi et al., 1996). GGT is a mem-
brane-binding enzyme associated with degradation of
glutathione in the γ-glytamyl cycle (Meister et al., 1976;
Tate & Meister, 1981).

However, the time at which oocyte glutathione con-
tent decreases following sperm penetration is not

Glutathione, the major intracellular free thiol, and
other thiols in the cytoplasm are the most likely candi-
dates for the oocyte to reduce disulphide bonds in the
nuclear protamine of penetrating spermatozoa (Per-
reault, 1990; Yanagimachi, 1994). A high content of a
reduced form of glutathione (GSH) at sperm penetra-
tion appears to be beneficial for successful sperm
decondensation and male pronuclear formation (Per-
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Summary

The content of glutathione and other thiols in rat eggs was examined during sperm penetration and
pronuclear formation by high-performance liquid chromatography with fluorescence detection.
Reduced glutathione (GSH) content was higher in unfertilised oocytes (8.50 ± 0.29 pmol/egg) and pene-
trated eggs with a decondensed sperm nucleus (DSH eggs; 7.72 ± 0.56 pmol/egg) than eggs at the pronu-
clear stage (PN eggs; 5.93 ± 0.10 pmol/egg). The content of oxidised glutathione (GSSG) was not differ-
ent among experimental groups (152.6 ± 74.1 nmol/egg in unfertilised eggs, 146.0 ± 50.0 nmol/egg in
DSH eggs and 39.7 ± 17.3 nmol/egg in PN eggs). The GSSG/GSH ratio did not change during fertilisa-
tion. Although the reduced cysteinylglycine content of eggs did not change among experimental groups,
the oxidised form of cysteinylglycine increased (p < 0.025) between sperm decondensation (6.9 ± 1.5
nmol/egg in unfertilised oocytes and 10.1 ± 2.1 nmol/egg in DSH eggs) and pronuclear formation (40.5
± 11.5 nmol/egg in PN eggs). Low contents of cystine were detected during fertilisation but cysteine and
γ-glutamylcysteine were not detected in any treatment groups. These results demonstrate that GSH con-
tent in rat eggs decreases between sperm decondensation and pronuclear formation, probably due to the
increased activity of γ-glutamyl transpeptidase.
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known in other mammalian species, nor is the levels of
other thiols in eggs or the changes in these during fer-
tilisation. Recently a methodology has been developed
for the simultaneous detection of thiols and disul-
phides by high-performance liquid chromatography
(HPLC) with fluorescence detection (Toyo’oka et al.,
1988). The present study was designed to determine
the change in intracellular content of glutathione and
other thiols in rat eggs during sperm penetration and
pronuclear formation by HPLC with modified fluores-
cence detection.

Materials and methods

Collection of ovulated oocytes and penetrated eggs

Sexually mature female Wistar rats (2–3 months old)
were maintained under controlled lighting conditions
(14L : 10D; lights on at 0600 hours). For collection
of ovulated oocytes, rats were killed by cervical dis-
location at 1000 hours on the day of oestrus, which
was identified by examination of vaginal smears. To
obtain penetrated eggs, rats at pro-oestrus, which
was identified by examination of vaginal smears, were
naturally mated overnight with males of the same
strain. On the following morning females were
examined for the presence of vaginal plugs or sperma-
tozoa in the vagina. To collect eggs with decondensed
sperm head (DSH eggs) and zygotes at the pronuclear
stage (PN eggs), mated rats were killed by cervical dis-
location at 0800 and 1500 hours, respectively. Eggs
were recovered by flushing the excised oviducts with
approximately 0.1 ml of HEPES-buffered Tyrode’s lac-
tate medium containing 0.1% polyvinylalcohol (TL-
HEPES-PVA) supplemented with 0.1% hyaluronidase
through the fimbrial opening. Eggs were denuded by
pipetting and then washed three times with the
medium without hyaluronidase. Under a dissecting
microscope, only those eggs in which a sperm head
was not visible but a penetrating sperm tail existed,
or in which pronuclei were visible, were selected as
DSH eggs and PN eggs, respectively. Five microlitres
of TL-HEPES-PVA containing 40–50 eggs was trans-
ferred to a 1.5 ml microcentrifuge tube and 5 µl of
1.25 M phosphoric acid added to the tube. After
making sure of the disappearance of the zona pellucida
and plasma membrane under a stereomicroscope, the
tubes containing samples were stored in a freezer
at –80 °C until use for HPLC with fluorescence
detection.

Evaluation of sperm penetration in DSH eggs

To make sure the DSH eggs contained a decondensed
sperm head, some of these were examined under a
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phase-contrast microscope after fixation in 10% neutral
formalin for 4–6 h, dehydration with 95% ethanol, and
staining with 0.25% lacmoid in 45% acetic acid. To
assess what percentage of sperm tails had been
incorporated in the DSH eggs, some of the eggs were
freed from the zona pellucida and decorating sperma-
tozoa by treatment in 0.1% proteinase in Dulbecco’s
phosphate-buffered saline (PBS). The zona free DSH
eggs were washed three times with fresh Dulbecco’s
PBS supplemented with 0.4% bovine serum albumin
(BSA), and then examined using a dissecting micro-
scope.

HPLC separation of thiols and disulphides in
unpenetrated and penetrated eggs

The contents of thiols and disulphides associated with
the γ-glutamyl cycle were determined by HPLC
after labelling with 4-(aminosulphonyl)-7-fluoro-2,1,3-
benzoxadiazole (ABD-F, Dojindo Laboratories,
Kumamoto, Japan) as the precolumn derivative
reagent for thiols and ammonium 7-fluoro-2,1,3-ben-
zoxadiazole-4-sulphonate (SBD-F, Dojindo Laborato-
ries, Kumamoto, Japan) for disulphides (Toyo’oka et
al., 1988) with modification. Briefly a 50 µl portion of
0.5% ABD-F in 0.7 M sodium borate buffer (pH 9.3)
containing 5 mM EDTA was added to the sample
tubes, heated at 60 °C for 5 min, and then extracted
three times with 1 ml of ethyl acetate on ice. The aque-
ous layer was treated at 60 °C for 20 min with 5 µl of 5%
SBD-F in 0.7 M sodium borate buffer (pH 9.3) contain-
ing 5 mM EDTA and 5 µl of 10% tri-n-butylphosphine
in isopropanol/acetonitrile (2/98, v/v). After cooling
on ice, 10 µl of 4 N HCl was added, and then the final
solution was subjected to HPLC.

The analytical column used for HPLC was ODS-
80Ts (Toso, Tokyo, Japan). A fluorescence detector (RF-
10A-XL, Shimadzu, Kyoto, Japan) was used for detec-
tion with an excitation wavelength of 380 nm and an
emission wavelength of 510 nm. The data were calcu-
lated by an integrator (C-R6A chromatopac, Shimadzu,
Kyoto, Japan). The flow rate of the eluent was fixed at
1.0 ml/min by a controller (LC-10AT, Shimadzu,
Kyoto, Japan). The separation of the derivatives was
achieved in a linear gradient elution from 1% acetoni-
trile in 75 mM sodium citrate (pH 2.9) to 4% for 2 min,
an isocratic elution of 4% acetonitrile in 75 mM sodium
citrate (pH 2.9) for 6 min, 7% acetonitrile (in 75 mM
sodium citrate, pH 2.9) for 12 min and then a linear gra-
dient elution from 7% acetonitrile to 15% for 30 min.
For calibration, a solution spiked with a known
amount of thiols (0.4 mg/ml GSH, 5 µg/ml cysteine,
0.2 µg/ml cysteinylglycine, 5 µg/ml γ-glutamyl-
cysteine and 0.2 µg/ml homocysteine in a solution of
5 mM EDTA) and disulphides (0.4 mg/ml GSSG,
1 µg/ml cystine, 0.1 µg/ml cysteinylglycine (oxidised



form) and 0.1 µg homocysteine in a solution of 5 mM
EDTA) was analysed.

Statistical analysis

Statistical analyses from three replicate experiments
for treatment comparisons (40–50 eggs per treatment
per experiment) were carried out by analysis of vari-
ance (ANOVA) and Fisher’s protected least significant
difference test using the STATVIEW program (Abacus
Concepts, Berkeley, CA). Data in the text were
expressed as mean ± SEM. A probability of p < 0.05 was
considered statistically significant.

Results

When 27 DSH eggs were examined under a phase-con-
trast microscope after fixation, dehydration and stain-
ing, a decondensed sperm nucleus was observed in all
eggs. When the tail of penetrated spermatozoa was
observed in zona-free DSH eggs, only 12.1% ± 6.9% of
the tail was observed inside of the plasma membrane
and 59.8% ± 8.8% was not yet bound to the membrane
(n = 18).

Intracellular contents of reduced (GSH) and oxi-
dised glutathione (CSSG) examined by HPLC are
shown in Fig. 1. The content of GSH was lower (P <
0.01) in PN eggs (5.93 ± 0.10 pmol/egg) when com-
pared with unpenetrated oocytes (8.50 ± 0.29
pmol/egg) and DSH eggs (7.72 ± 0.56 pmol/egg).
GSSG content was much lower (p < 0.01) than that of
GSH but did not differ (p = 0.31) among experimental
groups (152.6 ± 74.1 nmol/egg in unpenetrated eggs,
146.0 ± 50.0 nmol/egg in DSH eggs and 39.7 ± 17.3
nmol/egg in PN eggs). The GSSG/GSH ratio did not
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differ among treatment groups (p = 0.40; 1.77% ± 0.83%
in unpenetrated eggs, 1.99% ± 0.78% in DSH eggs and
0.68% ± 0.30% in PN eggs).

As shown in Fig. 2, there was no difference in the
content of reduced cysteinylglycine among experi-
mental groups (p = 0.24), but the content of oxidised
cysteinylglycine was higher (p < 0.025) in PN eggs (40.5
± 11.5 nmol/egg) than unpenetrated oocytes (6.9 ±
1.5 nmol/egg) and DSH eggs (10.1 ± 2.1 nmol/egg).
Low contents of cystine were detected in all groups
without a significant difference (p = 0.15; 34.4 ± 10.2
nmol/egg in unpenetrated eggs, 97.9 ± 12.6 nmol/egg
in DSH eggs, and 121.2 ± 44.8 nmol/egg in PN eggs),
although cysteine was not detected in any treatment
groups (Fig. 3). Neither reduced nor oxidised forms of
γ-glutamylcysteine were detected in any type of eggs
(data not shown).

Discussion

The tripeptide, glutathione, has many physiological
roles such as a storage and transport forms of cysteine,
and cellular protection from toxic oxidative stress
(Kosower, 1978; Chance et al., 1979; Meister & Ander-
son, 1983; Akerboom & Sies, 1990). Inhibition of glu-
tathione synthesis during oocyte maturation in vitro
did not affect the progress of meiosis but delayed the
appearance of sperm decondensation in hamsters and
pigs (Perreault et al., 1988; Yoshida, 1993). It is believed
that the oxidation of reduced glutathione (GSH) is
needed to disrupt disulphide bonds of the nuclear pro-
tamine of penetrated spermatozoa (Perreault, 1990;
Yanagimachi, 1994). In the present study using HPLC
with fluorescence detection, the level of GSH in rat
eggs was much higher than that of GSSH or other

Figure 1 Changes in intracellular content of reduced glu-
tathione (GSH) and glutathione disulphide (GSSG) among
unpenetrated oocytes (open columns), penetrated eggs with
a decondensed sperm head (DSH eggs) (hatched columns),
and zygotes at the pronuclear stage (PN eggs) (black
columns). Data from three replicate experiments (40–50 eggs
per treatment per experiment) are expressed as mean ± SEM.
Bars with different letters differ (p < 0.05).

Figure 2 Changes in intracellular content of reduced and
oxidised forms of cysteinylglycine among unpenetrated
oocytes (open columns), penetrated eggs with a decon-
densed sperm head (DSH eggs) (hatched columns) and
zygotes at the pronuclear stage (PN eggs) (black columns).
Data from three replicate experiments (40–50 eggs per treat-
ment per experiment) are expressed as mean ± SEM. Bars
with different letters differ (p < 0.05). ND, not detected.



thiols and a constant GSH/GSSG ratio was maintained
during sperm penetration and pronuclear formation.
The content of glutathione disulphide is kept at a low
level in mouse embryos (Gardiner & Reed, 1994) and in
any cellular system examined to date, because the
action of glutathione reductase reduces the oxidised
glutathione (Perreault, 1990). The activity of glu-
tathione reductase appears to be maintained at a very
high level in rat eggs, resulting in a constant
GSH/GSSG ratio during sperm penetration and
pronuclear formation even if GSH is oxidised to dis-
rupt disulphide bonds of sperm protamine.

In hamster and pig oocytes, intracellular levels of
glutathione containing GSH and GSSG increase during
maturation following germinal vesicle breakdown and
are lower in fertilised eggs at the pronuclear stage
when compared with mature oocytes (Perreault et al.,
1984; Yoshida et al., 1993; Funahashi et al., 1995). In
porcine eggs, total glutathione (GSH and GSSG) con-
tent decreased following sperm penetration and prior
to sperm decondensation (Funahashi et al., 1995). In the
present study, however, we demonstrated that glu-
tathione content decreased in rat oocytes between
sperm decondensation and pronuclear formation. Fur-
thermore, the content of oxidised cysteinylglycine in
rat eggs increased at the same time as the glutathione
content decreased, although reduced form was not sig-
nificantly different among treatment groups. Since
GGT catalyses the resolution of glutathione to cys-
teinylglycine in the γ-glutamyl cycle (Meister et al.,
1976; Tate & Meister, 1981), the activity of γ-glutatmyl
transpeptidase appears to change in oocytes between
sperm decondensation and pronuclear formation.
There are few studies investigating why oocyte glu-
tathione is decreased during fertilisation. Recently,
Funahashi et al. (1996) demonstrated that γ-glutamyl
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transpeptidase (GGT) was detected at the surface of
the acrosome, connecting piece and midpiece regions
of boar spermatozoa. Microinjection of GGT into
porcine oocytes matured in vitro induced decreases in
both the oocyte glutathione content and the incidence
of male pronuclear formation (Funahashi et al., 1996).
Since the plasma membrane of the acrosome region is
lost during the acrosome reaction, it is quite likely that
GGT in the midpiece region is introduced into oocytes
at sperm penetration, although, in general, the degra-
dation of GSH occurs extracellularly. In the present
study only a small part of the sperm tail was observed
inside of the zona-free DSH eggs, whereas almost all
the sperm tail had been incorporated in the PN eggs.
The decrease in gluthatione levels at a different phase
of fertilisation in pig and rat oocytes may be due to a
difference in the timing and degree to which the sperm
tail is incorporated into the cytoplasm of oocytes.

Cysteinylglycine is degraded into cysteine and
glycine by the activity of dipeptidases. In the present
study we detected relatively low levels of cysteinyl-
glycine and cystine. Those contents were much lower
than the decrease in glutathione content. These data
suggest that the activity of dipeptidases is relatively
high in rat eggs during fertilisation. It is likely that both
cystine and glycine produced from cysteinylglycine by
the activity of dipeptidases may be used for protein
synthesis in zygotes. Sperm penetration is known to
induce changes in the protein profile (Sun et al., 1992).
Furthermore, in the present study we could not detect
cysteine and γ-glutamylcysteine although cystine was
detected in equal amounts among treatment groups.
Glutathione is synthesised by the consecutive action of
γ-glutamylcysteine synthase and GSH synthetase. γ-
Glutamylcysteine synthase, which catalyses the syn-
thesis of γ-glutamylcysteine from cysteine and glu-
tamic acid, is feedback-inhibited by GSH and appears
to be the rate-limiting step in GSH synthesis (Meister,
1995). Glutathione synthesis may not be active in
mature rat oocytes and penetrated eggs. GSH content
of mouse eggs continues to decrease during fertilisa-
tion and early embryonic development (Gardiner &
Reed, 1994).

In conclusion, HPLC with fluorescence detection
demonstrates that glutathione content decreases in rat
eggs between sperm decondensation and pronuclear
formation. At the same time, the content of oxidised
cysteinylglycine in rat eggs increased, suggesting that
the activity of γ-glutamyl transpeptidase changes in
eggs between sperm decondensation and pronuclear
formation.
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