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Abstract: In many vertebrates, mature ovulated eggs arrest at metaphase II prior to fertilization. The
eggs exit meiotic arrest after fertilization-induced or parthenogenetic activation, followed by embryo
development or egg degradation, respectively. Calcium-dependent activation of meiotically-arrested
eggs has been thoroughly investigated in various species. In addition, several recent studies have
detailed the excessive activation of ovulated frog eggs, so called overactivation. This overview
highlights the major events of overactivation observed in mature ovulated eggs of the African clawed
frog Xenopus laevis with a focus on similarities and differences between spontaneous, oxidative stress-
induced, and mechanical stress-induced overactivation. The paper also underscores the dramatically
different cell death scenarios that unfold in activated and overactivated eggs.
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1. Introduction

Ovulated fertilization-competent eggs from many vertebrate species arrest at the metaphase of
the second meiotic division prior to fertilization. The meiotic metaphase arrest prevents cell cycle
progression and parthenogenesis. Meiotically arrested eggs that remain unfertilized for an extended
period grow older and sustain various injuries, resulting in the loss of their quality. Infertility in
various animals, including mammals, can be attributed to poor-quality oocytes and eggs [1,2].
Reduced rates of fertilization, polyspermy, parthenogenesis, and aberrant embryonic development
are caused by age- and stress-induced damage. As a result of this damage, unfertilized mature eggs
gradually deteriorate over time and eventually die. Notably, in many cases, eggs from different
species have been found to die by apoptosis in the absence of fertilization [3]. Fragmentation of
ovulated murine oocytes [4], calcium-triggered degradation of rat eggs [5], aging of unfertilized sea
urchin eggs [6,7], and spontaneous deterioration of mature unfertilized frog eggs [8-10] are the well-
described examples of caspase-mediated apoptotic cell-death. Although apoptosis may represent a
major and by far the predominant mechanism of cell death in mature unfertilized eggs, it seems that
non-apoptotic scenario(s) can also be executed in these cells. It was demonstrated recently that the
excessive activation of ovulated frog eggs, so called overactivation, triggers necrotic cell death [11].
Notably, although overactivation followed by the necrotic cell death can be artificially induced by a
strong activation stimulus, such as oxidative or mechanical stress, it also occurs spontaneously, albeit
with a low frequency usually not exceeding 2%, in natural populations of frog eggs [11]. The
intracellular events of egg overactivation and following cell death unfold progressively in a
sequential manner, suggesting an ordered physiological process. In this review, we describe the
major events of spontaneous and stress-induced overactivation and following necrotic cell death
observed in mature unfertilized eggs of the African clawed frog Xenopus laevis. The two notably
different cell death scenarios that unfold in activated and overactivated eggs are also highlighted in
the paper.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Egg Maturation and Metaphase II Arrest

In all sexually reproducing animals, including the established developmental model, African
clawed frog, Xenopus laevis, oocytes undergo meiotic reduction divisions in order to produce eggs
with a haploid chromosomal content. Immature fully-grown and fertilization-incompetent Xenopus
oocytes reside in the frog ovaries while arrested at the diplotene stage of the first meiotic prophase.
The immature oocytes exhibit minimal activity of the key meiotic regulators, the maturation
promoting factor (MPF, a complex of cyclin B and Cdkl kinase) and cytostatic factor (CSF, a
multicomponent signaling system involving the meiotic protein kinase Mos and the MAPK pathway)
(Figure 1). MPF was originally defined as the cytoplasmic activity from eggs that causes complete
maturation upon injection into immature oocytes and CSF as a factor that causes metaphase arrest in
frog eggs [12,13]. Of note, the essential component of CSF, Mos protein, is only present during meiosis
and vanishes following fertilization [14]. A portion of Cdkl is stored in an inactive complex known
as pre-MPF, while the majority of Cdk1 in immature oocytes is present in a free, inactive monomeric
state. The catalytic activity of Cdk1 in the oocytes is inhibited by phosphorylation on Thr 14 and Tyr
15 by the inhibitory kinase Mytl [15]. Weel, another identified Cdk1-inhibitory kinase, begins to
accumulate near the meiotic I exit and is not expressed in immature Xenopus oocytes [16,17]. In
addition, direct phosphorylation on Ser 287 inhibits the MPF-activating phosphatase Cdc25C [18].
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Figure 1. Meiotic metaphase arrest in Xenopus eggs is maintained by active MPF and CSF. Molecular components
of MPF and CSF are colored green and pink, respectively. MPF and CSF are embedded in a loop of positive

feedback (red arrows).

In frogs, the steroid hormone progesterone, which is produced by the follicle cells surrounding
oocytes, triggers the meiotic maturation of oocytes while they are still in the ovaries. During
maturation and meiotic resumption, oocytes go through the meiotic cell cycle and pause again after
ovulation. In many species, including mammals, frogs, and fishes, mature eggs pause at the
metaphase of the second meiotic division prior to fertilization. In frogs, the term “egg” refers to the
ovulated mature oocytes arrested in metaphase II. The eggs are halted in metaphase II because of the
high activity of MPF and CSF. Cyclin B, accumulated during maturation, directly binds and activates
Cdkl kinase, meanwhile, the high activity of the MAPK cascade is supported by the newly
synthesized Mos protein. The meiotic arrest prevents progression of parthenogenetic mitotic cell
cycles after meiosis, allowing eggs to wait for fertilization. Importantly, CSF and MPF are crucially
involved in a positive feedback loop (Figure 1). Active Cdk1/cyclin B enhances stability of the Mos
protein by its direct phosphorylation on Ser 3 [19]. Furthermore, de novo Mos synthesis is boosted by
cytoplasmic polyadenylation of maternal mos mRNA mediated by the MAPK signaling cascade [20].
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In turn, Mos activates MAPK, which phosphorylates and activates the downstream target protein
kinase Rsk. Rsk then phosphorylates and downregulates Mytl, the Cdk1-inhibitory kinase [15,21].
Weel, another Cdkl-inactivating kinase, is likewise suppressed in metaphase-arrested eggs through
a phosphorylation-dependent mechanism [22]. Moreover, active Rsk phosphorylates and activates
the inhibitors of the APC/C ubiquitin ligase, Emi2/Erpl and Bubl proteins, thereby suppressing
cyclin B degradation [23-25]. Emi2/Erpl protein is not expressed in prophase oocytes, but it
accumulates in mature metaphase-arrested eggs, due to cytoplasmic polyadenylation and
translational unmasking of its mRNA [26]. This protein was recognized as a pivotal component of
CSF required to maintain meiotic metaphase arrest [27,28]. The phosphorylated inhibitor proteins
sequester the ligase’s activator component Cdc20, hence downregulating APC/C [29]. In addition,
Cdc20 is sequestered by the spindle assembly checkpoint (SAC) proteins, such as MAD2, BUB3 and
BUBR1. SAC controls kinetochore-microtubule occupancy in metaphase I and is activated through a
response to unoccupied kinetochores, preventing APC/C activation and anaphase onset [30]. Aurora
kinase B was found to activate SAC by triggering depolymerization of unbound microtubules [31,32].
Furthermore, Xenopus polo-like kinase kinase xPlkk1 and polo-like kinase PIx1 are two components
of the polo-like protein kinase pathway that are activated by both Cdkl and MAPK [33,34]. The
upregulation of the MPF-activating phosphatase Cdc25C is associated with this pathway [35,36].
High MPF activity in eukaryotic meiotic eggs and mitotic somatic cells was found to be associated
with the inhibition of the prime anti-Cdkl phosphatase PP2A-B55, which is responsible for
dephosphorylating Cdk1-phosphorylated substrates [37].

The Greatwall kinase (Gwl), which is activated downstream of Cdkl/cyclin B, mediates this
event [38—40]. Gwl phosphorylates two small proteins, ARPP-19 and/or a-endosulfine, which are
around 20 kDa in size. These proteins then bind with and suppress PP2A-B55 phosphatase [41,42].
The Gwl/ARPP19/PP2A-B55 module was shown to play a significant role in the MPF auto-
amplification loop, contributing to the activation of MPF during the maturation of Xenopus oocytes
[43,44]. High MPF activity is also maintained by other mechanisms, such as the Mos pathway-
stimulated polyadenylation of cyclin mRNA [45].

2. Egg Activation and Exit from the Meiotic Metaphase Arrest

Therefore, several interlocking feedback loops contribute to the stability of metaphase II arrest
in mature eggs before fertilization, and the active MPF and CSF are responsible for maintaining the
arrest (Figure 1). Fertilization causes the disruption of the positive feedback between MPF and CSF
and their inactivation via calcium-dependent mechanisms. Markedly, the sperm-triggered calcium
transient universally activates eggs and releases them from the meiotic arrest, even though eggs from
different species may be arrested at different stages of the meiotic cell cycle prior to fertilization
[reviewed in [46,47]]. In every sexually reproducing animal that has been investigated, calcium acts
as a universal messenger to mediate egg activation at fertilization. However, there are significant
species-to-species differences in the mechanisms of calcium-induced exit from meiotic arrest and the
pathways that generate the intracellular calcium signal. An increase in intracellular calcium is
necessary and sufficient for egg activation; calcium ionophores can induce egg activation in the
absence of fertilization. Various parthenogenetic factors, such as mechanical stress, oxidative stress,
electric shock, etc., can activate eggs through the elevation of intracellular calcium. Also, spontaneous
egg activation, which has been implicated as a major factor of fertilization incapacity, was found to
involve calcium-dependent mechanisms in mammalian eggs [48,49]. The release of calcium from
intracellular calcium stores, such as the endoplasmic reticulum, is primarily responsible for the initial
rise in cytosolic calcium in activated eggs, and the following self-propagation of the calcium signal
involves calcium-induced calcium release [50-52]. Notably, calcium-independent mechanisms can
also be involved in spontaneous activation of aging eggs. A gradual inactivation of the MAPK
pathway and/or MPF in aging eggs has been suggested to trigger this process [53-55].

Thus, generally, the intracellular calcium signal represents a key early event of both fertilization-
induced and parthenogenetic egg activation, triggering a variety of calcium-dependent processes
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(Figure 2). In frog eggs, the calcium signal independently activates the calcium/calmodulin-
dependent protein kinase, CaMKII, and the calcium/calmodulin-dependent serine/threonine protein
phosphatase calcineurin, PP2B (Figure 2). CaMKII directly phosphorylates the inhibitor of the APC/C
ubiquitin ligase, Emi2/XErpl, fostering the formation of a phosphorylation-dependent degradation
signal. This signal is then recognized by the SCF1 (SKP2-cullinl-F-box protein)-E3 ubiquitin ligase
complex, which targets Emi2 for 26S proteasome-mediated destruction [56,57]. The destruction of
Emi2/XErp1 leads to the activation of the APC/C ubiquitin ligase, resulting in the ubiquitination of
cyclin B and its subsequent degradation by the 26S proteasome [reviewed in [58,59]]. In parallel,
calcineurin dephosphorylates Apc3, the core APC/C component, and the APC/C activator Cdc20,
supporting APC/C activation [60]. As a result of the proteasome-dependent degradation of cyclin B
by the two independent mechanisms, Cdkl activity is inhibited and MPF becomes inactive in
fertilized frog eggs. Consequently, Cdk1 inactivation disrupts the positive feedback loop between
MPF and CSF [61] (Figure 2). The Mos protein gets dephosphorylated at the Serine 3 site of direct
phosphorylation by Cdkl and then degraded by the N-terminal proline-dependent ubiquitin
pathway [62]. The breakdown of Mos results in the shutdown of the MAPK cascade, CSF inactivation,
and exit from meiosis. The response of additional factors that regulate meiotic metaphase II arrest,
such as Mytl and Weel kinases, Cdc25C phosphatase, polo-like protein kinases, Greatwall kinase,
etc., has been discussed more extensively elsewhere [63]. Markedly, the participation of CaMKII and
calcineurin in egg activation is not conserved throughout evolution. The eggs of many invertebrate
species employ the “phosphatase-only” mechanism of meiotic exit because their genomes do not
encode the CaMKII target protein Erpl [64]. On the contrary, the exit from meiotic metaphase arrest
and cell cycle resumption in mammalian eggs were found to depend entirely on CaMKII activity
[65,66].
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Figure 2. Egg activation downregulates MPF and CSF, resulting in meiotic exit. A calcium-mediated activation

signal (1) stimulates APC/C, leading to the degradation of cyclin B (2), inactivation of MPF (3), destabilization of

Mos protein (4), loss of CSF activity (5), and exit from meiotic metaphase II arrest.

3. Egg Overactivation, Its Inducers and Hallmarks

The processes of egg activation and meiotic exit described above have been extensively
investigated in various species. In addition, several recent studies have provided detailed
information about the overactivation of mature ovulated frog eggs, which is referred to as excessive
activation. Then, what are the major features of overactivation that distinguish it from normal
activation? Of note, egg overactivation can occur spontaneously or it can be triggered by strong
extracellular stimuli, such as oxidative or mechanical stress [Table 1]. The main events of spontaneous
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and stress-initiated overactivation are essentially the same, however, there exist minor differences
between these processes, as discussed further.

Table 1. Main features of egg overactivation.

Stimulus Oxidative Mechanical Spontaneous
Features stress stress overactivation
Irreversible cortical + + +
contraction
Non-compensted rise + ? ?

of intracellular calcium

Cyclin degradation + + +
MAPK dephosphorylation ? - +
ATP depletion + + +
Increase in ADP/ATP ratio ? + +
Leakage of ATP and ADP ? + +
Termination of + ? ?

protein synthesis

Lipofuscin accumulation + ? ?
Decline of MMP + ? ?
Endosomal acidification + ? ?
Decrease in soluble + ? ?

protein content

Increase in egg size + + +

Caspase activation - - -

One of the most prominent visually observed events of overactivation is the irreversible
contraction of egg cortical layer that gives rise to a very distinctive and easily recognizable egg
phenotype. In contrast to the reversible calcium/protein kinase C-mediated and actin/myosin-based
cortical contraction observed in fertilized or parthenogenetically activated Xenopus frog eggs, the
cortical contraction in overactivated eggs is irreversible, resulting in progressive egg whitening. The
cortical contraction proceeds very quickly in the overactivated eggs, and these cells nearly turn white
within an hour [11,67,68]. The phenomenon of irreversible cortical contraction can be explained by
the uncompensated increase in intracellular calcium that takes place in overactivated eggs. It was
discovered that intracellular calcium levels remain consistently high during Xenopus egg
overactivation, unlike in normal activation, where the calcium transient only lasts for a few minutes
[69].

The degradation of cyclin B is another crucial universal characteristic seen in overactivated frog
eggs. Overactivation was found to promote robust degradation of M phase-specific cyclin B which
maintains high MPF activity in the metaphase of the second meiotic division [11,68]. Cyclin B is
rapidly degraded both in the eggs overactivated by mechanical stress and in spontaneously
overactivated eggs (Table 1). Similar to fertilized or parthenogenetically activated eggs, cyclin B


https://doi.org/10.20944/preprints202502.2317.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2025 d0i:10.20944/preprints202502.2317.v1

6 of 14

degradation can be detected in eggs as soon as 30 min after triggering overactivation by oxidative
stress [68]. As previously mentioned, cyclin degradation in activated frog eggs is caused by the
elevation of intracellular calcium and is mediated by CaMKII and calcineurin.

The rapid depletion of intracellular ATP is a prominent characteristic of overactivation. It has
been observed in eggs overactivated either spontaneously or by mechanical, or by oxidative stress
[Table 1]. Even though parthenogenetic egg activation also causes a notable and significantly delayed
decrease in intracellular ATP [8], the change observed in the overactivated eggs is extremely rapid
and drastic. The ATP decline becomes evident already in 30 min after inducing egg overactivation,
and almost complete depletion of intracellular ATP occurs in the eggs within 1 hour [11,67]. The
dynamics of intracellular ATP reflect very different cell death scenarios unfolding in activated and
overactivated eggs (see next section for details). Large quantities of leaked ATP have been detected
outside overactivated eggs, suggesting that plasma membrane permeability is substantially elevated
in overactivated egg, permitting the release of intracellular ATP [11]. Given the remarkably robust
ATP discharge, it is reasonable to suggest that plasma membrane integrity is likely compromised in
these cells. Moreover, the ADP/ATP ratio is significantly elevated in overactivated Xenopus eggs
[Table 1] and in their extracellular compartment [11]. These findings indicate that overactivated eggs
lose their ATP not only through leakage, but also through the intracellular conversion of ATP to ADP,
which is also discharged from the eggs. Decline in MMP was witnessed in the eggs overactivated by
oxidative stress [68], suggesting that ATP synthesis might be inhibited in these cells. It should be
noted, however, that overactivation was induced by unphysiologically high concentrations of
hydrogen peroxide in these studies. The rapid depletion of intracellular ATP can explain termination
of protein synthesis and the lack of caspase activation in overactivated eggs [Table 1; [11,68]].

Indeed, protein synthesis is one of the most energy consuming intracellular processes that
requires both ATP and GTP for its execution. Inhibition of protein synthesis leads to a gradual
decrease of soluble cytoplasmic protein content and progressive disruption of protein homeostasis in
the eggs overactivated by oxidative stress [[67], Table 1]. As with protein synthesis, caspase-
dependent apoptosis requires high levels of ATP for its execution [70,71]. Specifically, apoptosome
assembly, which represents the major step in caspase activation, depends on the presence of
cytochrome C and ATP/dATP binding. A reduction in intracellular ATP occurs quite late in apoptosis
because high ATP levels are required to sustain this process Specifically, apoptosome assembly,
which is responsible for caspase activation, depends on the presence of cytochrome C and ATP/dATP
binding.

Yet another universal and visually recognizable event of overactivation is egg swelling that can
be detected within 20 minutes of triggering overactivation [11,68]. The rapid and significant increase
in the cell size, suggests that membrane permeability is greatly increased and osmotic homeostasis is
critically damaged in overactivated eggs. The leakage of large amounts of ATP and ADP from the
overactivated eggs, as described above, indicates that plasma membrane integrity is compromised in
these cells. Apparently, the uptake of extracellular liquid caused by the plasma membrane damage
can explain the swelling of overactivated eggs. Still, the physical damage of the plasma membrane
does not lead to the immediate massive release of intracellular content; overactivated eggs retain their
shape and size for some time. Notably, plasma membrane rupture conventionally identifies necrotic
cell death, as defined by the Nomenclature Committee on Cell Death [72]. The following section
describes the cell death scenarios unfolding in overactivated and activated eggs.

It appears, that there are still distinctions between stress-induced and spontaneous
overactivation. For example, the amount of leaked ATP is greater, and the ADP/ATP ratio in both
extracellular and intracellular components is lower in eggs overactivated by mechanical stress, as
compared to spontaneously overactivated eggs [11]. The greater damage to the plasma membrane
from mechanical stress can account for these observations, causing ATP to leak more quickly before
it can be converted to ADP by intracellular enzymes. Moreover, while cyclin B is degraded both in
eggs overactivated by mechanical stress and spontaneously overactivated eggs, MAPK is exclusively
dephosphorylated in the latter scenario [Table 1, 11]. This difference can also be explained by the
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variation in the levels of plasma membrane damage. Cyclin degradation is known to happen prior to
downregulation of the MAPK pathway in activated Xenopus eggs [63,73]. The plasma membrane is
breached modestly in spontaneously overactivated eggs, maintaining the positive feedback loop
between MPF and CSF [74] for a long enough time to initiate CSF inactivation and MAPK
dephosphorylation. The membrane undergoes more severe damage in stress-overactivated eggs,
which quickly disrupts this feedback and prevents MAPK dephosphorylation. Thus, the observed
minor differences between spontaneous and stress-induced overactivation can be attributed to
varying degrees of damage to the plasma membrane. Besides, some of the overactivation features can
be only observed in the eggs overactivated by a specific stressor. For instance, lipofuscin
accumulation and intracellular acidification take place in the eggs overactivated by hydrogen
peroxide (Table 1), however, these phenomena can hardly be expected to occur in the eggs activated
spontaneously or by mechanical stress. As hydrogen peroxide is known to induce oxidation of
proteins and lipids, it is conceivable that the content of lipofuscin, a nondegradable aggregate of
oxidized lipids, proteins, and metals, increases in peroxide-treated eggs [67]. In addition, a weak
acidity of hydrogen peroxide and its high permeability may be related to intracellular acidification
of the eggs overactivated by this drug (Table 1).

5. Different Fates of Activated and Overactivated Eggs

Although many features of egg overactivation and activation, such as the elevation of
intracellular calcium, cortical contraction, the degradation of M phase-specific cyclin B, etc., are
similar, the cell death scenarios that unfold in these cells are dramatically different. A detailed
comparison of the intracellular molecular events of egg activation and overactivation is beyond the
scope of this paper; this will be discussed elsewhere. Here, we would like to make a clear distinction
between the two different modes of cell death following egg overactivation and activation and
highlight the features that establish egg overactivation as a unique and largely overlooked
phenomenon of gamete physiology (Figure 3).

Activated egg
apoptotic cell death

cyclin B degradation,

caspase activation,

apoptotic nuclear morphology,
increase in the egg size

Activation
calcium transient,

reversible cortical
Mature contraction

metaphase II-
arrested egg

24 hr

5 min / .
15 min

— 1hr

high intracellular ATP, @

robust mitochondria, L
low intracellular calcium ~ Overactivation Overactivated egg
non-compensated

- - necrotic cell death
elevation of calcium,

irreversible cortical cydin B degradation,

contraction ATP depletion,
breach of the plasma
membrane,

drastic increase in the size

Figure 3. Different cell death scenarios in activated and overactivated eggs.
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The process that develops in the aging Xenopus eggs after their parthenogenetic activation has
been identified and classified as apoptosis by several studies. This assignment is based on the
appearance of the hallmark features of the classical apoptotic process, such as the involvement of
proapoptotic Bcl-2 family proteins, the release of cytochrome C from mitochondria, activation of
caspases, apoptotic nuclear morphology, decline in intracellular ATP, etc. [8-10]. These features are
accompanied by the clearly visible changes in egg morphology, such as gradual decoloring and
swelling of the eggs. Apoptosis in activated frog eggs unfolds quite slowly; it completes within 48
hours of activation. A great majority of unfertilized eggs degrade by apoptosis; thus, it should be
considered as a default cell death scenario for unfertilized frog eggs.

On the other hand, overactivation and following cell death affect only a small minority of
unfertilized eggs, normally not exceeding 1-2%. Overactivation cannot be observed at all in some
populations of highly stable eggs laid by young healthy animals. The process that unfolds in Xenopus
eggs after spontaneous or stress-induced overactivation is extremely robust; its main intracellular
events develop within a single hour (Figure 3). Also, the morphology of overactivated eggs changes
very rapidly and within just one hour, these cells turn nearly completely white (see previous section
for details). As detailed in the previous section, the irreversible cortical contraction is caused by an
uncompensated rise in intracellular calcium levels in overactivated eggs. The cell death scenario in
overactivated eggs has recently been categorized as necrosis [11,68]. This type of cell death is
characterized by the virtually instantaneous physical disassembly of the plasma membrane. The
finding that ATP and ADP are released extensively from overactivated frog eggs [11] indicates that
plasma membrane is damaged in these cells. The phenomenon of ATP depletion was consistently
observed in the eggs overactivated by oxidative stress [18], or mechanical stress, or in the eggs
overactivated spontaneously [Table 1; 11, 68]. After triggering overactivation, it takes about one hour
to deplete intracellular ATP to a trace level. Furthermore, rapid termination of protein synthesis in
the overactivated eggs is caused by the depletion of intracellular ATP, as detailed in the previous
section.

The rapid loss of intracellular ATP is a hallmark of classical necrosis that distinguishes it from
other types of cell death [70], such as apoptosis and autophagy, because these processes require ATP
for their execution. It was proposed that intracellular levels of ATP dictate a particular mode of cell
death through necrosis or apoptosis [75], and it was subsequently shown that ATP depletion can alter
the mode of cell death [76,77]. Notably, overactivated frog eggs experience ATP loss, not only from
leakage, but also from intracellular conversion of ATP to ADP [11]. In the past, the rapid metabolic
depletion of ATP has been seen in different types of somatic cells undergoing necrotic cell death [78].
It was reported that necrosis causes mitochondrial dysfunction due to inner membrane
depolarization, leading to a decrease in ATP production [79]. In our studies too, the decrease in MMP
was observed in the eggs overactivated by oxidative stress [Table 1; 68], suggesting that ATP
synthesis is inhibited in these cells.

A significant increase in cell size, was evident in frog eggs within just 20 minutes of triggering
overactivation [11,68]. Apparently, it is the loss of plasma membrane integrity that accounts for this
phenomenon. The increase in membrane permeability and disruption of osmotic homeostasis in
overactivated eggs should be the outcome of membrane damage. Of note, an increase in cell size was
also evident during late apoptosis in 24-36 hours after egg activation. However, the change was not
as prominent as that observed in overactivated eggs [8]. It is currently unknown whether the plasma
membrane of apoptotic frog eggs sustains damage towards the end of apoptosis.

Thus, in a nutshell, irreversible cortical contraction, non-compensated elevation of intracellular
calcium, infringement of the plasma membrane, robust depletion of intracellular ATP, inhibition of
protein synthesis, and the rapid and dramatic increase in the cell size are the major features that
characterize the necrotic process in overactivated frog eggs and distinguish it from other types of cell
death.
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6. Physiological Relevance of Egg Overactivation

Thus, the vast majority of mature unfertilized frog eggs undergo apoptosis while a small
minority of eggs die through necrosis (Figure 3). Apparently, the pattern of cell death, either
apoptotic or necrotic, is of little significance in the case of eggs deposited outside the frog’s body.
However, it was found that quite a few eggs are retained in the genital tract of Xenopus frogs several
days following hormone-induced ovulation. Although the majority of Xenopus eggs are normally laid
out within 10 to 18 hours after hCG injection, up to 5% of eggs still remain in the frog’s body for much
longer time [9]. Some factors, like frog aging, falling temperatures, etc., were reported to cause
retention of mature eggs in the uterus [9,80]. The retained eggs were found to degrade in the genital
tract mainly by a caspase-dependent apoptotic process [9]. All of the apoptotic features observed in
unfertilized spawned eggs were also observed in the eggs retained in the genital tract, suggesting
that the same apoptotic program unfolds in water-deposited and body-retained eggs. Considering
that apoptosis evolved as a mechanism to diminish the damaging effects of individual cell death on
the whole organism, this process may be very important for elimination of the mature, overripe eggs
retained in the frog body after ovulation. It was hypothesized that egg apoptosis accompanies
ovulation in species with external fertilization as a normal process to eliminate unfertilized eggs
retained in the genital tract after ovulation [3].

Then, what can be the physiological relevance of egg overactivation and following necrotic cell
death? Necrosis is recognized as a pathological and uncontrolled process that occurs due to a
catastrophic injury. It is almost always associated with highly damaging pathological conditions if
occurs in the body tissues. In our studies, it was found that a very small proportion of eggs retained
in the genital tract after hCG injection bear the distinctive morphological futures of the overactivated
eggs, such as the white coloring and increased cell diameter. These eggs can easily be distinguished
by their unique phenotype. In addition, ATP depletion, which represents a hallmark of egg
overactivation, was also observed in the retained overactivated eggs [11]. Thus, like spawned frog
eggs, the eggs retained in the frog’s genital tract may occasionally undergo spontaneous
overactivation and necrosis. Physiological inducers of spontaneous egg activation are currently
mostly unknown. However, it was found that mechanical or oxidative stress can greatly increase the
frequency of overactivation. Considering that physical constriction accompanies oviposition in
different species, it was suggested that mechanical stress may be a key factor promoting egg
overactivation during oviposition in frogs [11].

Therefore, in general, egg overactivation and necrosis in the genital tract should be regarded as
the undesirable, pathological, harmful, and uncontrollable outcome. However, how much damage
can necrotic eggs cause in the frog’s genital tract? Markedly, the breach of the plasma membrane in
overactivated eggs does not lead to the immediate and massive release of intracellular content, and
the eggs maintain their shape and size for some time. This can be explained by the presence of the
jelly layer acquired in the genital tract and the hardening of the plasma membrane during oocyte
maturation. Furthermore, overactivation can take place only in meiotically-arrested eggs that mature
in several hours after hormonal stimulation. By that time, the eggs leave the ovaries and advance to
a lower part of the reproductive system. In the lower genital tract, the ovisac or uterus stores the eggs
temporarily before their deposition outside the frog’s body. The ovisac opens into the cloaca and
forms the oviductal sinus [81] providing a common pathway for excretion and reproduction. It seems
that egg overactivation in the lower genital tract, i.e. in the ovisac and cloaca, cannot wreak much
damage to the animal because its content is expelled as excrements without an inflammatory reaction
from the body. Therefore, it can be concluded that while necrotic cell death is generally a very
undesirable scenario in a multicellular organism, egg overactivation and necrosis in the frog’s genital
tract should inflicts only little or no harm to the animal. It would be important to investigate whether
overactivation can occur in the upper parts, the pars recta and pars convoluta, of the oviduct.

Then, is overactivation completely uncontrollable? The findings that mechanical or oxidative
stress can greatly increase the frequency of overactivation, especially in aging eggs, indicate that
stress intensity and egg condition may significantly affect the proportion of overactivated eggs in
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natural egg populations. Therefore, minimizing different stresses and egg conditioning could be the
strategies to reduce overactivation. Furthermore, it seems that overactivation-triggered cell death
unfolds as a sequential and ordered process, and the initial step of the overactivation-triggered cell
death, such as the elevation of intracellular calcium, can be controlled. Indeed, egg overactivation
was shown to be, at least in part, a calcium-dependent process, which can be attenuated in the
presence of calcium chelators [68]. Evidently, some calcium-independent mechanisms also contribute
to this process because 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
[68]. Based on the above findings, the approaches that can prevent or attenuate overactivation should
be pursued with the aim of increasing egg quality and stability.

Finally, it is currently unknown if mammalian eggs can undergo overactivation. However, if so,
the findings in frogs could possibly be applied to mammalian eggs for use in assisted reproduction.
Previous studies have not distinguished between activation and overactivation, and morphological
markers of overactivation have not been identified in mammalian eggs. The major morphological
and cytological features of mammalian egg activation, such as cortical granule exocytosis, zona
pellucida hardening, pronucleus formation, and the extrusion of the second polar body [82] should
be investigated in these cells. Also, the intracellular molecular events of mammalian egg activation,
such as elevation of intracellular calcium, activation of CaMKII, cyclin degradation, ATP reduction,
etc., should be confirmed in overactivated mammalian egg. Distinguishing egg activation and
overactivation is very important because the two processes lead to completely distinct, apoptotic or
necrotic, cell death scenarios, that can differently affect body homeostasis.
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