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Abstract: Excessive activation of frog eggs (overactivation) is a pathological process that renders
eggs unfertilizable. Its physiological inducers are unknown. Previously, oxidative stress was shown
to cause time- and dose-dependent overactivation of Xenopus laevis frog eggs [1]. Here, we
demonstrate that the oxidative stress-induced egg overactivation is a calcium-dependent phenom-
enon which can be attenuated in the presence of the selective calcium chelator BAPTA. Degradation
of cyclin B2, which is known to be initiated by calcium transient in fertilized or parthenogenetically
activated eggs, can also be observed in the overactivated eggs. Decline in mitochondrial membrane
potential, ATP depletion and termination of protein synthesis manifest in the eggs within one hour
of triggering overactivation. These intracellular events occur in the absence of caspase activation.
Furthermore, plasma membrane integrity is compromised in the overactivated eggs, as evidenced
by ATP leakage and egg swelling. In sum, our data demonstrate that oxidative stress-induced
overactivation of frog eggs causes fast and dramatic disruption of cellular homeostasis, resulting in
robust and expedited cell death by a calcium-dependent non-apoptotic mechanism.
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1. Introduction

Oocytes and eggs of the African clawed frog Xenopus laevis are widely used in cell
cycle and reproductive studies due to their high biochemical and cytological tractability.
The fully grown oocyte and eggs are large cells, exceeding 1 mm in diameter. They can be
obtained in abundance from living female frogs and easily maintained in vitro as a pri-
mary cell culture. Notably, oocytes and eggs are functionally different cells. The fully
grown immature frog oocytes are not competent for fertilization. They are arrested at the
diplotene stage of the first meiotic prophase, which is characterized by a low activity of
the main meiotic regulators, the cytostatic factor (CSF) and maturation-promoting factor
(MPF) [2,3]. MPF was originally defined by Masui and Markert as a cytoplasmic activity
from mature oocytes that causes complete maturation upon injection into immature oo-
cytes, and CSF, as a cytoplasmic activity from unfertilized eggs that promotes metaphase
arrest upon transfer to early dividing embryos. It was later found that MPF represents a
complex of cyclin B and Cdk1 kinase [4], and CSF was identified as a multicomponent
system comprising the meiotic protein kinase Mos and the MAPK pathway [5-7]. Notably,
the key meiotic determinant, Mos protein, is only transiently present during meiosis and
it completely vanishes soon after fertilization [8,9]. Hormonal stimuli trigger meiotic oo-
cyte maturation (i.e., meiosis) and ovulation, resulting in release of fertilization-competent
mature oocytes from the ovaries and ovarian follicles. After the completion of maturation,
ovulated oocytes are arrested at the metaphase of the second meiotic division due to high
activity of CSF and MPF. In frogs, the term “eggs” is conventionally used for mature met-
aphase Il-arrested oocytes. The meiotic metaphase arrest in eggs prevents cell cycle pro-
gression and parthenogenesis before fertilization.
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A dramatic difference exists between oocytes and eggs in regard to their durability.
The immature fully grown Xenopus oocytes can reside in the ovaries and maintain their
functional activity (i.e., responsiveness to ovulation hormones) for many months. On the
other hand, ovulated frog and mammalian eggs can be successfully fertilized only within
several hours to days following ovulation. In the absence of fertilization, ovulated mam-
malian eggs gradually deteriorate in the process of postovulatory aging, undergo frag-
mentation and eventually degrade by apoptosis [10-12]. Similarly, unfertilized Xenopus
eggs spontaneously exit the metaphase II arrest and degrade by a well-ordered apoptotic
process, both in external aquatic environments and in the genital tract, within 48 hours
after ovulation [13,14]. In contrast, the prophase arrested fully grown immature frog oo-
cytes are markedly resistant to apoptosis [13]. It is widely recognized that spontaneous
activation of eggs from different species renders them unfertilizable [15-17]. At present,
physiological inducers of the spontaneous activation remain unidentified.

It was reported that the oxidative stress induced by various reactive oxygen species
(ROS), such as hydrogen peroxide, superoxide anion, hydroxyl radical and others, can
impede quality of metaphase Il-arrested mouse oocytes [18,19]. In mammalian oocytes,
oxidative stress causes alterations in the structure of the metaphase spindle, interferes
with the meiotic cell cycle and induces morphological features of apoptosis [12,20,21]. It
was demonstrated that increased levels of ROS can bring about aging-dependent sponta-
neous activation of in vitro-cultured postovulatory rat eggs [22]. Also, it was reported that
hydrogen peroxide elevates intracellular calcium in Xenopus frog eggs, resulting in Src
kinase-dependent egg activation [23]. It was further shown that excessive treatment with
hydrogen peroxide triggers egg overactivation, a phenomenon which gives rise to a very
distinct egg phenotype [1,23]. Fast and irreversible cortical contraction, lipofuscin accu-
mulation, depletion of intracellular ATP, decrease in the content of soluble cytoplasmic
protein were found to occur in the frog eggs overactivated by strong oxidative stress. Still,
at present, the intracellular processes that take place in overactivated eggs have not been
investigated in detail. It was suggested that overactivated eggs die by a distinct, sequential
and ordered, non-apoptotic mechanism [1].

In the present study, oxidative stress-induced overactivation of Xenopus eggs was
further investigated. Here, we demonstrate that it is a calcium-dependent process, which
can be attenuated in the presence of calcium chelators. Egg overactivation causes fast and
dramatic disruption of cellular homeostasis, as witnessed by decline in mitochondrial
membrane potential (MMP), depletion of intracellular ATP, termination of protein
synthesis and breach of plasma membrane integrity. These events unfold in the absence
of caspase activation, and they occur much faster than the hallmark events of the classical
apoptotic process described previously in Xenopus eggs [13,14]. Thus, we conclude that
egg overactivation triggers robust and expedited cell death by a calcium-dependent non-
apoptotic mechanism.

2. Materials and Methods
2.1. Reagents

Water-soluble progesterone (PG), anesthetic MS-222 and ATP Bioluminescence As-
say Kit CLS II were purchased from Sigma (St. Louis, MO, USA). hCG was from Teikoku
Zoki (Tokyo, Japan) and collagenase (280 U/mg) was obtained from Wako (Osaka, Japan).
The Hydrogen peroxide colorimetric/fluorometric assay kit was from BioVision (Milpitas,
CA). Fluorogenic caspase-3 substrate IV was purchased from Calbiochem (La Jolla, CA,
USA). Polyclonal anti-cyclin B2 antibody was ordered from Santa Cruz (Santa Cruz Bio-
technology, Dallas, TX), biotinylated anti-rabbit IgG was from Vector Laboratories
(Burlingame, CA, USA). The Streptavidin Biotin Complex Peroxidase Kit, protein assay
CBB and hydrogen peroxide were from Nacalai Tesque (Kyoto, Japan). MitoTracker Deep
Red FM was from ThermoFisher (Waltham, MA, USA). Luciferase control RNA and lu-
ciferase assay system were from Promega (Madison, WI, USA). Other chemicals were
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obtained from Wako and Nacalai Tesque. Slide glasses and cover slips for microscopy
were purchased from Matsunami Glass (Osaka, Japan).

2.2. Animals and cells

Adult wild-type female frogs Xenopus laevis were purchased from Shimizu (Kyoto,
Japan) and maintained in dechlorinated water at the ambient temperature of 21-23°C. The
experiments with the animals were conducted according to the Kyoto Sangyo University
Animal Experimentation Regulations under the permission N 2018-20. The experiments
with oocytes and eggs were carried out at the ambient temperature of 21-23°C. To isolate
oocytes, the frogs were anesthetized in 2 mg/ml solution of MS-222, then the ovaries were
surgically removed and placed into OR-2 solution containing 82.5 mM NaCl, 2.5 mM KCl,
1 mM CaCl2, 1 mM MgCl2, 1 mM Na2HPO4, 5 mM HEPES, pH 7.6. The ovaries were
manually dissected into clumps of 50-100 oocytes and extensively washed with OR-2 so-
lution. Oocytes were treated with 5 mg/ml collagenase in OR-2 at 21°C for 3 hours by
shaking at 60 rpm, extensively washed in OR-2 solution and left for stabilization over 4
hours. Undamaged defolliculated oocytes of stage VI, ranged in size from 1.2 to 1.3 mm,
were manually selected and used in experiments. In vitro oocyte maturation was induced
by addition of 5 mM PG and monitored by the appearance of a white spot on the animal
hemisphere of oocytes. To obtain crude cytosolic fractions, eggs were homogenized by
pipetting in tenfold volume of cold OR-2 buffer containing protease inhibitors APMSF
and leupeptin and then centrifuged at 10,000 rpm, 4°C, for 10 min. Supernatant fractions
were collected and stored on ice until following biochemical analysis.

2.3. Microscopic observations

Observation and imaging of Xenopus eggs were carried out using SZX16 stereo zoom
microscope (Olympus, Japan) equipped with high-frame digital microscope CCD camera
DP73, CCD interface U-TV0.5XC-3, wide-angle objective SDF PLAPO 1xPF. The CellSens
Standard software (Olympus) was used for image acquisition. Acquired images were
further processed with the Image] software of the National Institute of Health [24] freely
available at https://imagej.nih.gov/ij/.

2.4. Treatment of Eggs with Hydrogen Peroxide and Calcium Chelators

Hydrogen peroxide was added at a final concentration of 10 mM to the oocytes
matured in vitro for 10-12 hours in the presence of progesterone. The cells were washed
with OR-2 buffer before peroxide administration to remove the hormone. The precise
concentration of hydrogen peroxide was determined by titration using the hydrogen
peroxide colorimetric/fluorometric assay kit from BioVision, according to the
manufacturer’s manual. The selective calcium chelators, BAPTA and/or BAPTA-AM,
were added to eggs 30 min before hydrogen peroxide administration at a final concentra-
tion of 100 uM. CaCl2 was excluded from the egg incubation media, OR-2, in the experi-
ments with calcium chelators.

2.5. Microinjections

Quantitative injections of luciferase mRNA into eggs and oocytes were made under
microscopic observation with a pulse-directed injector system (Drummond, Nanoject).
About 50 ng of the nucleic acid were injected in the oocyte cytoplasm. Control and
microinjected eggs and oocytes were maintained in OR-2 media at 20°C during the
expression time of one hour. The individual gamete cells were analyzed immediately or
frozen in liquid nitrogen and stored at -80°C until luciferase detection.

2.6. Detection of Luciferase

The OR-2 incubation buffer was completely removed from the samples of individual
oocytes and eggs, and a tenfold excess of the luciferase assay reagent from the luciferase
assay system (Promega) was immediately added. The cells were disrupted by intense
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pipetting. Samples were clarified by pulse centrifugation, and their luminescence was
measured for 10 sec at room temperature, using a GeneLight GL-220 compact
luminometer (Microtec, Funabashi, Japan).

2.7. Measurements of Intracellular ATP

To measure intracellular ATP contents, the ATP Bioluminescence Assay Kit CLS II
was used according to manufacturer’s manual. Egg crude cytosolic fractions were ob-
tained as described in Section 2.2. One-ul fraction aliquots were taken into 100-ul biolumi-
nescence assays. Intensity of luminescence was quantified using the GeneLight GL-220
luminometer within one minute after initiation of luciferase reaction by sample addition.

2.8. Immunoblotting

To monitor cyclin B2 contents, crude cytosolic fractions of oocytes and eggs were
heated at 95°C for 5 min in the presence of SDS-sample buffer (62.5mM Tris-HCI, pH 6.8,
2% SDS, 10% sucrose, 0.01% BPB, 100mM DTT). Protein samples were separated by SDS
PAGE using 10% polyacrylamide gels and transferred to PVDF membranes using a
semidry blotting device from BioRad. Membranes were blocked with T-TBS buffer
(20mM Tris-HCl, pH 7.5, 150mM NaCl, 0.05% Tween 20) containing 3 mg/ml bovine
serum albumin and incubated at room temperature for 2 hrs with a 200-fold diluted anti-
cyclin B2 antibody. After washing with T-TBS buffer, the membranes were treated with
the 1000-fold diluted biotinylated anti-rabbit IgG, then with the peroxidase-conjugated
streptavidin, according to the manufacturer's manual for the Streptavidin Biotin Complex
Peroxidase Kit. The immune complexes were detected by color development catalyzed by
peroxidase in the presence of hydrogen peroxide and diaminobenzidine
tetrahydrochloride.

2.9. Other Methods

Protein content in egg cytosolic fractions was determined with the CBB protein assay.
Sample absorbance was measured using a NanoDrop 1000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Bovine serum albumin was utilized as a calibration
standard. Caspase activity assay was performed as described previously [13].
Mitochondrial staining with the red fluorescent dye MitoTracker Deep Red FM were
carried out as described previously [1]. Quantified data in figures are presented as means
+ SD values of four to six measurements taken in single-batch experiments. The
experiments were repeated with the separate batches of eggs obtained from at least three
different animals. From 50 to 100 eggs were observed in the experiments that concerned
counting overactivated egg phenotype.

3. Results
3.1. Oxidative stress-induced overactivation of frog eggs involves calcium-dependent mechanisms

Oxidative-stress induced overactivation of Xenopus eggs leads to irreversible cortical
contraction and complete egg whitening within 1 hour (Figure 1A), in accordance with a
previous report [1]. It is well established that multiple intracellular events, including
cortical contraction, are triggered by an elevation of intracellular calcium in fertilized or
parthenogenetically activated frog eggs. Moreover, the calcium signal represents an early
indispensable event of fertilization-induced egg activation observed in all species studied
[17]. Therefore, the involvement of intracellular calcium in egg overactivation was
investigated. For this purpose, the selective calcium chelators BAPTA and BAPTA-AM
were employed. The cell-permeable chelator BAPTA-AM greatly suppressed oxidative
stress-induced cortical contraction at all observation times (1, 4, and 12 hours), however
the suppression was not complete. At all times, it affected only about 50% of eggs in the
analyzed egg populations (Figure 1B, C). Unexpectedly, the cell-impermeable calcium
chelator BAPTA exerted the same inhibitory effect on the oxidative stress-induced egg
overactivation (Figure 1C), and the combined administration of both chelators did not
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increase the inhibition (data not shown), suggesting the same mechanism of action for the
two drugs. In more detail, the similar response of peroxide-treated eggs to BAPTA and
BAPTA-AM is debated in the “Discussion” section. In sum, our results indicate that
intracellular calcium is involved in the oxidative-stress induced overactivation of
Xenopus eggs. The data also disclose the existence of additional calcium-independent
mechanisms of overactivation.
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Figure 1. Involvement of calcium in the oxidative stress-induced overactivation of frog eggs. The progression of morphological
changes in the overactivated eggs is presented in panel A. At time “0”, a population of Xenopus eggs was treated with 10 mM
hydrogen peroxide, and a responsive (i.e. overactivated) egg was monitored over one hour following drug administration (panel
A). Phenotypes of overactivated eggs treated with hydrogen peroxide for 4 and 12 hours in the presence or absence of the selective
cell-permeable calcium chelator BAPTA-AM (100 uM) are shown in panel B. The rates of overactivation in the presence or absence
of BAPTA or BAPTA-AM at different times are shown in panel C. The experiment was repeated with three separate batches of eggs
obtained from different animals and the result of a single-batch experiment is presented.

3.2. Degradation of cyclin B proceeds in the absence of caspase activation in the overactivated
eggs

One of the hallmark biochemical events initiated by egg fertilization or
parthenogenetic activation is calcium signal-mediated degradation of the M phase cyclin,
cyclin B2, and the exit from meiotic metaphase II arrest. Considering that intracellular
calcium is involved in oxidative stress-induced egg overactivation (Figure 1), it could be
expected that cyclin degradation might occur in the overactivated eggs too. Indeed, it was
found that cyclin B2 is rapidly degraded in the hydrogen peroxide-treated eggs, and the
protein almost completely vanishes from the eggs within 60 minutes of the treatment
(Figure 2A,B). Likewise, cyclin B was found to be completely degraded in the apoptotic
frog eggs, and the reduced amount of the M phase cyclin was present in the immature
prophase-arrested oocytes (Figure 2C,D). It has been reported previously that caspase-
mediated apoptosis unfolds in unfertilized frog eggs following cyclin degradation and
meijotic exit [13,14]. Activation of the main executive caspase, caspase 3, in apoptotic frog
eggs was also confirmed in the present study (Figure 3C,D). However, in contrast to
apoptotic eggs, no statistically significant elevation of caspase activity was observed in
peroxide-treated overactivated eggs during one hour (Figure 3). Later on, caspase activity
declined significantly in the overactivated eggs (Figure 3A,B) due to, presumably, all-out
protein degradation that advances in these eggs after one-hour treatment [1]. Our findings
highlight similarities and differences between overactivation-initiated cell death and
apoptosis, as further discussed in the “Discussion” section.
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Figure 2. Cyclin B degradation in overactivated frog eggs. Cyclin B contents in the overactivated Xenopus eggs incubated with
hydrogen peroxide for different times is presented in panels A and B. Cyclin B contents in metaphase II-arrested (E), overactivated
(OA), apoptotic (Apo) eggs and oocytes (O) are presented in panels C and D. Panels B and D show quantification of the blots
displayed in panels A and C. In panels C and D, overactivated eggs were collected after 1-hr peroxide treatment, and apoptotic
eggs were analyzed within 24-30 hours of ovulation. The experiment was repeated with three separate batches of eggs obtained
from different animals and the result of a single-batch experiment is shown. Bars in panels B and D represent SD values of the
mean obtained in four measurements of the same experiment.

3.3. Mitochondrial function is suppressed in overactivated eggs

Oxidative stress is known to induce mitochondrial stress that affects integrity and
functional activity of mitochondria. Monitoring the mitochondrial membrane potential
(MMP) is a common method to evaluate the functional state of mitochondria. In the pre-
sent study, the mitochondrial potential-dependent red fluorescent dye MitoTracker Deep
Red FM was employed to estimate the effect of egg overactivation on the functional activ-
ity of Xenopus egg mitochondria.
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Figure 3. Caspase activity in overactivated frog eggs. Caspase 3/7 activity in the overactivated Xenopus eggs incubated with
hydrogen peroxide for different times is presented in panels A and B. Caspase activity in metaphase II-arrested (E), overactivated
(OA), apoptotic (Apo) eggs, and oocytes (O) is presented in panels C and D. Spot assays of caspase activity are shown in panels A

and C and their quantification is presented in panels B and D. In panels C and D, overactivated eggs were collected after 1-hr
peroxide treatment, whereas apoptotic eggs were analyzed within 24-30 hours of ovulation. The experiment was repeated with
three separate batches of eggs obtained from different animals and the result of a single-batch experiment is shown. Bars in panels
B and D represent SD values of the mean obtained in four measurements of the same experiment. Asterisks in the panels indicate
statistical difference from untreated control eggs (E) (p<0.05).

Mitochondria from peroxide-treated eggs were compared to those from oocytes and
untreated eggs. As a reference for mitochondrial disfunction, mitochondria from apop-
totic eggs were analyzed too. The four different types of the cells can be readily distin-
guished by their characteristic morphology (Figure 4A). It was found that the fluorescent
signal was significantly decreased in the overactivated peroxide-treated and apoptotic
eggs, as compared to oocytes and untreated eggs (Figure 4B,C). This finding suggests that
oxidative stress-induced overactivation of Xenopus eggs diminishes MMP and damages
mitochondrial function. Notably, although the similar decrease in MMP was observed
both in apoptotic and overactivated eggs, this phenomenon progressed much faster in
overactivated eggs. It manifested just within one hour of triggering overactivation, how-
ever, it could be detected in apoptotic eggs only in about 24-30 hours after ovulation [13],
(Figure 4B,C),

3.4. Depletion of ATP and termination of protein synthesis in overactivated eggs

We have demonstrated previously that strong oxidative stress affects dramatically
energy homeostasis in Xenopus eggs; nearly complete depletion of intracellular ATP was
observed in the peroxide-treated eggs within 30 min of overactivation [1]. This finding
was confirmed in the present study. A decrease in the intracellular ATP content of about
two orders of magnitude was registered in the overactivated eggs after 1 hour of hydrogen
peroxide treatment (Figure 5A). It was also reported earlier that the content of soluble
cytoplasmic protein gradually declines in the overactivated Xenopus eggs [1]. Notably,
protein synthesis is one of the most energy consuming intracellular processes that requires
both ATP and GTP for its execution. Therefore, the effect of overactivation on egg capacity
to synthesize proteins was investigated.
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Figure 4. Decrease of the mitochondrial membrane potential in overactivated and apoptotic eggs. Morphological types of
metaphase II-arrested (E), overactivated (OA), apoptotic (Apo) eggs and oocytes (O) are presented in panel A. Corresponding
fluorescent images of intracellular compartments, stained with the MitoTracker, are shown in panel B. Panel C shows

quantification of the data presented in panel B. Fluorescent signals from more than ten individual mitochondria were evaluated in
each cell type. Asterisks in panel C denote statistical difference from the control eggs (E) (p<0.05).
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Figure 5. ATP content and protein synthesis in the frog eggs overactivated by oxidative stress. Xenopus oocytes were matured in
vitro in the presence of progesterone and incubated in the presence or absence of hydrogen peroxide. Panel A shows the content of
intracellular ATP in the overactivated eggs treated with 10 mM hydrogen peroxide for one hour and peroxide-untreated frog
oocytes (PG-) and eggs (PG+), as evaluated by a chemiluminescent assay (see “Materials and Methods” for details). Panel B
presents the intensity of a luminescent signal generated by the luciferase protein synthesized in the oocytes and eggs after injection
of luciferase mRNA. The luciferase reporter mRNA was microinjected into the cells immediately before hydrogen peroxide
administration. Four to six oocytes or eggs were analyzed under each condition of treatment.

For this purpose, luciferase reporter mRNA was microinjected into the eggs followed
immediately by hydrogen peroxide administration. Remarkably, synthesis of the lucifer-
ase protein was found to be effectively blocked in the peroxide-treated overactivated eggs;
only a background level of the luciferase-generated luminescent signal could be observed
in these eggs (Figure 5B). The detected level was about three to four orders of magnitude
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lower than that observed in control peroxide-untreated oocytes and eggs. The results ob-
tained agree well with the rapid drop in intracellular ATP registered in the overactivated
eggs, as presented in Figure 5A.

3.5. Overactivated eggs loose plasma membrane integrity

The extremely rapid and robust decline in intracellular ATP observed in overac-
tivated eggs (Figure 5A) raised the question about possible mechanisms of the ATP de-
pletion. It could be suggested that plasma membrane integrity was compromised in the
peroxide-treated overactivated eggs, thus allowing rapid ATP leakage from the cells. To
examine this possibility, the contents of intracellular and extracellular, i.e., leaked, ATP
were measured in the cases of untreated control eggs and overactivated eggs treated with
hydrogen peroxide for one hour. It was found that significant amount of ATP leaked from
the overactivated eggs during one hour of the treatment, while no or very little ATP was
detected in the extracellular media of the control eggs incubated in the absence of peroxide
during the same period (Figure 6A). As a result, overactivated eggs were almost com-
pletely depleted of intracellular ATP by the end of incubation. These data suggested that
ATP depletion in overactivated eggs is associated with the loss of plasma membrane in-
tegrity. Accordingly, a significant increase in the diameter of overactivated eggs was also
observed (Figure 6B), signifying the loss of cellular osmotic homeostasis regulated by
membrane permeability Altogether, these results indicate that plasma membrane integ-
rity is compromised in the overactivated eggs.
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Figure 6. Breach of plasma membrane integrity in overactivated eggs. In vitro matured Xenopus eggs were treated with 10 mM
hydrogen peroxide for one hour. Evaluations of intracellular (In) and extracellular (Ex) ATP in the cases of untreated (Control) and
treated (OA 1hr) eggs are presented in panel A. The progressive increase in the diameter of overactivated eggs is disclosed in panel
B. Panel A presents data of four to six ATP measurements in the same batch of eggs. More than ten eggs were analyzed in panel B

at each time point.

4. Discussion

The main findings of the present study are summarized in Figure 7. They reveal that
strong oxidative stress initiates expedited death of mature, meiotically arrested frog eggs
by a calcium-dependent non-apoptotic mechanism. These findings confirm our previous
assumption that peroxide-overactivated Xenopus eggs degrade by a distinct non-apoptotic
process [1]. Indeed, peroxide hydrogen-induced degradation of the overactivated eggs is
extremely fast and robust. Its morphological features, such as irreversible cortical
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contraction, complete egg whitening and increase in egg diameter (Figures 1,6), manifest
clearly in the eggs within just one hour of triggering overactivation. In addition, multiple
biochemical changes, such as cyclin degradation, decrease in MMP, depletion of intracel-
lular ATP, termination of protein synthesis and breach of plasma membrane integrity
(Figures 2-6), occur in the eggs within one hour of peroxide treatment. In comparison,
morphological features of apoptosis in aging unfertilized Xenopus eggs only become evi-
dent in about 18-24 hours after ovulation [13].

Mature Overactivated egg Deteriorating egg

metaphase II- calcium-dependent MMP decline, ATP depletion,

arrested egg and -independent termination of protein synthesis,
pathways breach of the plasma membrane

E—) )

oxidative non-apoptotic
stress cell death

Figure 7. Oxidative stress-induced overactivation and deterioration of frog eggs. Strong oxidative
stress triggers overactivation and cell death of mature metaphase II-arrested eggs of Xenopus laevis
by a calcium-dependent non-apoptotic mechanism (see details in text).

Our data demonstrate clearly that peroxide-induced overactivation of frog eggs, re-
sulting in their expedited death, is a calcium-dependent process. This conclusion is sup-
ported by several pieces of evidence. First, egg overactivation triggers cortical contraction
(Figure 1A), which was shown to be calcium- and protein kinase C-dependent in fertilized
or parthenogenetically activated Xenopus eggs [25-27]. Second, it was demonstrated pre-
viously that hydrogen peroxide elevates intracellular concentration of calcium and in-
duces activation of Xenopus eggs via a Src kinase-dependent mechanism [23]. Third, egg
overactivation can be potently inhibited by selective calcium chelators, as demonstrated
in the present study (Figure 1). Finally, a downstream calcium-mediated event, such as
degradation of the meiotic cyclin B2, was observed in peroxide-treated overactivated eggs
(Figure 2). Although it is tempting to interpret cyclin degradation as the meiotic exit in
overactivated eggs, additional studies, such as investigations of CSF activity and phos-
phorylation state of meiotically-phosphorylated proteins, are required to confirm this con-
clusion.

It should be noted that although the involvement of calcium in egg overactivation is
quite evident, some other calcium-independent mechanisms also contribute to this pro-
cess. Indeed, the inhibition of egg overactivation by both cell-permeable (BAPTA-AM)
and impermeable (BAPTA) selective calcium chelators, as well as by their combination, is
only partial (Figure 1 and data not shown). It can be suggested that certain calcium-inde-
pendent events of overactivation can still take place in the frog eggs treated with hydrogen
peroxide in the presence of calcium chelators, whereas calcium-dependent events, such as
cortical contraction, are blocked in these eggs. Further studies are necessary to reveal bio-
chemical changes in these cells. The fact that both cell-permeable and -impermeable che-
lators are equally efficient in preventing peroxide-induced overactivation of frog eggs
(Figure 1) can be explained in the light of the finding that plasma membrane integrity is
compromised in overactivated eggs (Figure 6). This allows the cell-impermeable analog
to cross the damaged plasma membrane and inhibit intracellular calcium-dependent
events of egg overactivation followed by a cell death scenario.

Next, our study reveals that the eggs overactivated by strong oxidative stress deteri-
orate by a process that is different from the classical apoptotic process previously de-
scribed in meiotically arrested unfertilized frog eggs [13,14,28]. This conclusion is sup-
ported by several findings. First, morphological appearance of overactivated eggs is quite
different from that of apoptotic eggs (Figure 4A). Although both cell death scenarios are
preceded by intracellular calcium signal, the following calcium-dependent cortical
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contraction is reversible in the case of triggering apoptosis and irreversible in the case of
overactivation, thus resulting in quite different cellular phenotypes. Second, the dynamics
of overactivation-induced cell death is much faster than that of apoptosis. The dramatic
detrimental changes in overactivated eggs, such as decrease in MMP, depletion of intra-
cellular ATP, termination of protein synthesis and breach of plasma membrane integrity,
occur in overactivated eggs just within one hour of triggering overactivation (Figures 3-
6). However, the events of the classical apoptosis, such as cytochrome C release, caspase
activation, DNA fragmentation, decrease in the intracellular ATP content, etc. can only be
observed in apoptotic eggs within 18-36 hours after ovulation [13]. Third, in contrast to
apoptotic eggs, no statistically significant caspase activation was observed in peroxide-
treated overactivated eggs (Figure 3).

Oxidative damage was shown to disrupt mitochondrial function by lowering MMP,
inhibition of respiratory chain and ATP production, and release of mitochondrial proteins
into the cytoplasm [29]. Although it could be suggested that derangement of the mito-
chondrial membrane, as revealed by the decrease in MMP (Figure 4), might result in the
release of mitochondrial apoptotic factors, such as cytochrome C, in the egg cytoplasm,
caspase activation was found to be blocked in overactivated eggs (Figure 3). The reason
for this may be the fast depletion of ATP observed in overactivated eggs (Figure 5). It is
established that the decrease of intracellular ATP occurs quite late in the classical apop-
totic process because high levels of ATP are required to maintain this process [30]. Specif-
ically, apoptosome assembly, which is responsible for caspase activation, involves Apaf-
1 and requires cytochrome C and ATP/dATP binding. It can be suggested that early de-
pletion of ATP in overactivated eggs may prevent caspase activation by blocking apopto-
some assembly. This suggestion requires experimental confirmation.

In the present study, egg overactivation was induced by a high concentration of hy-
drogen peroxide. This treatment provided a convenient biochemically tractable model of
strong oxidative stress. However, the concentration of peroxide used in the study greatly
exceeded its physiological levels. It was reported that the average intracellular concentra-
tion of hydrogen peroxide is about 10 nM, and the blood plasma concentration is about
100-5000 times higher, reaching micromolar and sub-millimolar concentrations [31].
Thus, although it seems unlikely that hydrogen peroxide is the major factor that triggers
egg overactivation in vivo, it can contribute to this process and work cooperatively in con-
cert with other inducers of overactivation. In any case, the involvement of oxidative stress
in deterioration of oocyte and egg quality is well documented. Oxidative stress was
demonstrated to impair calcium homoeostasis, cause a decline in levels of critical meiotic
regulators, such as MPF, induce mitochondrial dysfunction, and damage various intracel-
lular macromolecules, such as DNA, proteins and lipids [32]. Notably, the physiological
inducers of egg overactivation are currently unknown and they require identification.

In the end, it is established that the quality of frog eggs varies greatly, depending on
the health and environmental conditions of the adult females producing the eggs [33].
Spontaneous activation has been implicated as a major factor responsible for the loss of
fertilization capacity of ovulated eggs in many species, such as starfish, sea urchin, fish,
frogs, etc. [17, 34-36]. Spontaneous overactivation was also observed in populations of
naturally ovulated frog eggs [1]. It occurs with a low frequency and is viewed as a patho-
logical and uncontrollable process that makes egg fertilization impossible. Overactivated
eggs can easily be recognized by their distinctive phenotype in aging populations of frog
eggs (Figures 1,4). Although the low frequency and spontaneous character of overactiva-
tion make difficult investigations of this process in the populations of naturally ovulated
eggs, these studies should be carried out in the future. Identification of the physiological
inducers of egg overactivation will help to attenuate this process, improve quality of eggs,
delay their aging and eventually increase fertilization success. Considering a high degree
of functional and physiological similarities between frog and mammalian eggs, the find-
ings of frog studies can possibly be extended to mammals with applications in assisted
reproduction. In addition, studies of overactivated eggs can broaden our understanding
of cell death by revealing unexplored physiological mechanisms.
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5. Conclusions

In the present study, strong oxidative stress was employed to induce overactivation
and cell death of mature metaphase II-arrested eggs of Xenopus laevis. Our study demon-
strates that (i) oxidative stress-induced overactivation of the eggs involves calcium-
dependent mechanisms, and calcium-independent mechanisms also contribute to egg
overactivation; (ii) cyclin B2 degradation, drop in MMP, ATP depletion and termination
of protein synthesis occur in the eggs within one hour of triggering overactivation; (iii)
plasma membrane integrity is compromised in the overactivated eggs; (iv) overactivated
eggs degrade by a process that is different from the classical apoptosis. Further studies
are necessary to identify physiological inducers of egg overactivation and reveal factors
that can attenuate this process and improve egg quality.

Author Contributions: A.A.T. and K.-L.S. conceived and designed the study, A.A.T., Y.M. and R.T.
performed the experiments and analyzed data. A.A.T. wrote the manuscript, A.A.T. and K.-L.S. re-
viewed and edited the manuscript. All authors have read and agreed to the final version of the
manuscript.

Funding: This research was supported by the Grant-in-Aid for Scientific Research 15K07083 from
the Ministry of Education, Culture, Sports, Science, and Technology of Japan and the Collaboration
Research Grant 281027 from the Kobe University, Japan. Publication cost was covered by the insti-
tutional fund of the KinDai University.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki according to the Kyoto Sangyo University Animal Experimentation Regu-
lations under the permission N 2018-20.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: We are grateful to Dr. Iwasaki T. from the Kobe University, Japan, for his in-
volvement in funding acquisition.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tokmakov, A.A.; Awamura, M.; Sato, K.I. Biochemical Hallmarks of Oxidative Stress-Induced Overactivation of Xenopus Eggs.
Biomed. Res. Int. 2019, 7180540.

2. Masui, Y.; Markert, C.L. Cytoplasmic control of nuclear behavior during meiotic maturation of frog oocytes. J. Exp. Zool. 1971,
177, 129-145.

3. Smith, L.D.; Ecker, R.E. The interaction of steroids with Rana pipiens oocytes in the induction of maturation. Dev. Biol. 1971, 25,
232-247.

4.  Hunt, T. Maturation promoting factor, cyclin and the control of M-phase. Curr. Opin. Cell Biol. 1989, 1, 268-274.

5. Tunquist, B.J.; Maller, J.L. Under arrest: cytostatic factor (CSF)-mediated metaphase arrest in vertebrate eggs. Genes Dev. 2003,
17, 683-691.

6. Schmidt, A., Rauh, N.R,, Nigg, E.A.,, Mayer, T.U. (2006). Cytostatic factor: an activity that puts the cell cycle on hold. J. Cell Sci.
2006, 119, 1213-1218.

7. Wu, J.Q., Kornbluth, S. Across the meiotic divide - CSF activity in the post Emi2/XErp1 era. Cell Sci. 2008, 121, 3509-3514.

8.  Watanabe, N.; Vande Woude, G.F.; Ikawa, Y.; Sagata, N. (1989). Specific proteolysis of the c-mos proto-oncogene product by
calpain on fertilization of Xenopus eggs. Nature 1989, 342(6249), 505-511.

9. Sagata, N.; Watanabe, N.; Vande Woude, G.F.; Ikawa, Y. (1989). The C-Mos proto-oncogene product is a cytostatic factor re-
sponsible for meiotic arrest in vertebrate eggs. Nature 1989, 342 (6249), 512-518.

10. Perez, G.I; Tao, X.-].; Tilly, J.L. Fragmentation and death (a.k.a. apoptosis) of ovulated oocytes. Mol. Hum. Reprod. 1999, 5, 414—
420.

11. Morita, Y,; Tilly, J.L. Oocyte apoptosis: Like sand through an hourglass. Dev. Biol. 1999, 213, 1-17.
12. Chaube, SK.; Prasad, P.V.; Thakur, S.C.; Shrivastav, T.G. Hydrogen peroxide modulates meiotic cell cycle and induces mor-
phological features of characteristic apoptosis in rat oocytes cultured in vitro. Apoptosis 2005, 10, 863-874.

13. Tokmakov, A.A.; Iguchi, S.; Iwasaki, T.; Fukami, Y. Unfertilized frog eggs die by apoptosis following meiotic exit. BMC Cell
Biol. 2011, 12, 56.


https://doi.org/10.20944/preprints202210.0145.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2022 d0i:10.20944/preprints202210.0145.v1

14. Iguchi, S.; Iwasaki, T.; Fukami, Y.; Tokmakov, A.A. Unlaid Xenopus eggs degrade by apoptosis in the genital tract. BMC Cell
Biol. 2013, 14, 11.

15. Chebotareva, T.; Taylor, J.; Mullins, J.J.; Wilmut, I. Rat eggs cannot wait: Spontaneous exit from meiotic metaphase-II arrest.
Mol. Reprod. Dev. 2011, 78, 795-807.

16. Prasad, S.; Tiwari, M.; Chaube, S.K. Abortive Spontaneous Egg Activation: An Emerging Biological Threat for the Existence of
Mammals. Cell. Reprogram. 2017, 19, 145-149.

17. Tokmakov, A.A.; Sato, K.I; Stefanov, V.E. (2018). Postovulatory cell death: why eggs die via apoptosis in biological species with
external fertilization. J. Reprod. Dev. 2018, 64(1), 1-6.

18. Shaeib, F.; Khan, S.N.; Thakur, M.; Kohan-Ghadr, H.R.; Drewlo, S.; Saed, G.M.; Pennathur, S.; Abu-Soud, H.M. The Impact of
Myeloperoxidase and Activated Macrophages on Metaphase II Mouse Oocyte Quality. PloS One 2016, 11(3), e0151160.

19. Jeelani, R.; Khan, S.N.; Shaeib, F.; Kohan-Ghadr, H.R.; Aldhaheri, S.R.; Najafi, T.; Thakur, M.; Morris, R.; Abu-Soud, H.M. Cy-
clophosphamide and acrolein induced oxidative stress leading to deterioration of metaphase Il mouse oocyte quality. Free Radic.
Biol. Med 2017, 110, 11-18.

20. Choi, W.J.; Banerjee, J.; Falcone, T.; Bena, J.; Agrawal, A.; Sharma, R.K. Oxidative stress and tumor necrosis factor-alpha-induced
alterations in metaphase II mouse oocyte spindle structure. Fertil. Steril. 2007, 88 (Suppl. 4), 1220-1231.

21. Tamura, H.; Takasaki, A.; Miwa, L; Taniguchi, K; Maekawa, R.; Asada, H.; Taketani, T.; Matsuoka, A.; Yamagata, Y.;
Shimamura, K.; et al. Oxidative stress impairs oocyte quality and melatonin protects oocytes from free radical damage and
improves fertilization rate. J. Pineal. Res. 2008, 44, 280-287.

22. Premkumar, K.V.; Chaube, S.K. Increased level of reactive oxygen species persuades postovulatory aging-mediated spontane-
ous egg activation in rat eggs cultured in vitro. In Vitro Cell Dev. Biol. Anim. 2016, 52, 576-588.

23. Sato, K; Ogawa, K.; Tokmakov, A.A.; Iwasaki, T.; Fukami, Y. Hydrogen peroxide induces Src family tyrosine kinase-dependent
activation of Xenopus eggs. Dev. Growth Differ. 2001, 43, 55-72.

24. Abramoff, M.D.; Magalhaes, P.J.; Ram S.J. Image Processing with Image]. Biophotonics International 2004, 11, 36-42.

25. Bement, W.M.; Capco, D.G. (1989). Activators of protein kinase C trigger cortical granule exocytosis, cortical contraction, and
cleavage furrow formation in Xenopus laevis oocytes and eggs. J. Cell Biol. 1989, 108(3), 885-892.

26. Larabell, C.A.; Rowning, B.A.; Moon, R.T. (2004). A PKC wave follows the calcium wave after activation of Xenopus eggs.
Differentiation 2004, 72(1), 41-47.

27. Tokmakov, A.A ; Stefanov, V.E.; Iwasaki, T.; Sato, K;; Fukami, Y. Calcium signaling and meiotic exit at fertilization in Xenopus
egg. Int. ]. Mol. Sci. 2014, 15(10), 18659-18676.

28. Pasquier, D.D.; Dupre, A.; Jessus, C. Unfertilized Xenopus eggs die by Bad-dependent apoptosis under the control of Cdk1 and
JNK. PLoS One 2011, 6(8):€23672.

29. Cui, H,; Kong, Y.; Zhang, H. Oxidative stress, mitochondrial dysfunction, and aging. J. Signal Transduct. 2012, 2012:646354

30. Nikoletopoulou, V.; Markaki, M.; Palikaras, K.; Tavernarakis, N. Crosstalk between apoptosis, necrosis and autophagy. Biochim.
Biophys. Acta 2013, 1833(12), 3448- 3459.

31. Forman, H.J,; Bernardo, A.; Davies, K.J.A. What is the concentration of hydrogen peroxide in blood and plasma? Arch. Biochem.
Biophys. 2016, 603, 48-53.

32. Lord, T.; Aitken, R.J. Oxidative stress and ageing of the post-ovulatory oocyte. Reproduction 2013, 146(6), R217-R227.

33. Sive, HLL,; Grainger, RM.; Harland, R M. Early Development of Xenopus Laevis, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, New York, NY, USA, 1997.

34. Sasaki, K.; Chiba, K. Induction of apoptosis in starfish eggs requires spontaneous inactivation of MAPK (extracellular signal-
regulated kinase) followed by activation of p38MAPK. Mol. Biol. Cell 2004, 15, 1387-1396.

35. Minin, A.A.; Ozerova, S.G. Spontaneous activation of fish eggs is abolished by protease inhibitors. Ontogenez 2008, 39, 362-366
(in Russian).

36. Philippe, L; Tosca, L.; Zhang, W.L.; Piquemal, M.; Ciapa, B. Different routes lead to apoptosis in unfertilized sea urchin eggs.
Apoptosis 2014, 19, 436—450.


https://doi.org/10.20944/preprints202210.0145.v1

