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ABSTRACT Fertilization in mammals is accompanied by Ca2* oscillations in the egg cytoplasm,
leading to exit from meiosis and entry into the first embryonic cell cycle. The signal transduction
pathway linking these Ca?* changes to cell-cycle related kinases has not yet been fully elucidated,
but involves activation of calmodulin-dependent kinase Il (CaMKIl). Here, we develop a computa-
tional model to investigate the mechanism by which cell cycle resumption can be sensitive to the
temporal pattern of Ca2* increases. Using a model for CaMKIl activation that reproduces the
frequency sensitivity of this kinase, simulations confirm that Ca2* spikes are accompanied by in
phase variations in the level of CaMKII activity and suggest that in most mammalian species, Ca?*
spikes are well suited to maximize CaMKIl activation. The full model assumes that CaMKIl brings
about a decrease in the level of cyclinB-cdk1 by two pathways, only one of which is CSF-
dependent. Parameters are selected to account for the experimental observations where mouse
eggs were artificially activated by different Ca2* stimulatory protocols. The model is then used in
the context of ‘assisted oocyte activation (AOA)’ to investigate why the best rates of successful

activation are obtained when eggs are submitted to two applications of CaZ* ionophores.
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Introduction

Fertilization is one of the most fundamental and fascinating
phenomena in cell biology. In mammals, egg activation is gov-
erned by the interplay between two major cellular oscillators: Ca2*
oscillations and the cell cycle (Runft et al., 2002; Jones, 2005). In
these species indeed, sperm-egg fusion is associated with the
delivery into the egg of a sperm specific phospholipase C, PLC{
which catalyses the synthesis of inositol-1,4,5-trisphosphate
(InsP,), a direct mediator of Ca?* release from the endoplasmic
reticulum (ER) (Saunders et al., 2002). Thus, gamete fusion is
rapidly followed by a massive Ca?* rise in the cytoplasm, which
propagates from the point of sperm attachment throughout the
entire egg. This ‘fertilization wave’' is necessary to prevent
polyspermy. It is followed by repetitive Ca%* waves of lower
amplitude and duration, which are required for completion of the
meiotic cell cycle and for embryo development (Ozil, 1998). The
period of these oscillations ranges from a few minutes to about
half an hour, depending mainly on the species considered. They
last 3-4 hours and cease around the time of pronuclear formation

(Stricker, 1999).

As in somatic cells, Ca?* oscillations in fertilized eggs rely on
the dynamical properties of the InsP, receptor. This receptor/Ca%*
channel located in the membrane of the ER is regulated by Ca2*
in a biphasic manner: low concentrations of Ca?* in the cytosol
activate Ca?* release (a process known as CICR for ‘Ca?*-
induced Ca?* release’), while higher levels of this ion inhibit further
liberation from the ER. Such type of regulation is well-known to
give rise to sustained oscillations. The detailed mechanism of
regulation of this receptor has been extensively characterized,
both from an experimental and modelling point of view (Sneyd et
al., 1995; Berridge, 2008; Dupont et al., 2007). However, Ca?*-
dependent InsP, production also plays a role at fertilization as
PLC{ is Ca?*-sensitive (Saunders et al., 2002; Swann and Yu,
2008), a phenomenon that may be responsible for the specific
shape of the fertilization Ca?* wave (Fall et al., 2004; Dupont and
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Dumollard, 2004).

The cell cycle machinery has also been widely investigated. It
is since long known that the periodicity of the cell cycle relies on
a biochemical oscillator in which a complex made of cyclin B1 and
cdc2kinase (also known as cdk1) plays a central role. The activity
of this complex, called MPF for ‘maturation promoting factor’,
peaks at each cell division. However, all transitions between the
various phases of the cell cycle (G1-S-G2-M) are governed by
cyclin-cdk complexes, which are themselves submitted to exten-
sive regulation by an intricate network of signalling molecules
(Nurse, 2002). A unique and particularly interesting case of
control is that of meiosis in mammals. In these species indeed,
ovulation occurs when oocytes are fully grown and put in an
arrested state corresponding to the metaphase of the second
meiotic division. This arrest is characterized by a high and
constant level of MPF and by the presence of a metaphase
spindle. It is relieved by the transient Ca?* increase occurring at
fertilization. The activity responsible for this arrest is still in the
process of being elucidated and is referred to as cytostatic factor
(CSF; Masui and Market, 1971). CSF activity results in the
inhibition of the anaphase-promoting complex cyclosome (APC),
an E3 ubiquitin ligase complex that molecularly earmarks securin
—a protein that maintains sister chromatin cohesion— and cyclin
B1 for destruction. Thus, as cyclin B1 cannot be degraded
anymore, MPF accumulates and no cyclic variation of this com-
pound corresponding to the progressionin the cell cycle can occur
(see Madgwick and Jones, 2007 for review).

The mechanism of CSF arrest has been best characterized in
the frog, whereitincludes a pathway involving the proto-oncogene
Mos and a mitogen-activated protein kinase (MAPK; Sagata et al.,
1989), but the primary role of this pathway in mammals is less
clear (Jones, 2005). Moreover, another specific APC inhibitor, the
early mitotic inhibitor Emi2, has been shown to be involved in both
the establishment and maintenance of metaphase Il arrestin frog
and mice (Schmidt et al., 2005). At fertilization, Ca?*-activated
CaMKII phosphorylates Emi-2, creating a docking site for the
Polo-like kinase PIx1, which, in turn generates a second phospho-
rylation in Emi-2. This second site earmarks Emi2 for degradation,
thus relieving APC inhibition (Rauh et al., 2005; Hansen et al.,
2006; Madgwick et al., 2006). Interestingly, it has been proposed
recently that CSF could imply both the Emi2 and the c-Mos/MAPK
pathway (Madgwick et al., 2007).

CaMKIl plays a key role at fertilization, as in many other vital
physiological processes (Braun et al., 1995). Expression of a
constitutively active form of CaMKII indeed promotes destruction
of cyclin B1 and securin, and results in the completion of meiosis
(Madgwick et al., 2005; Knott et al., 2006). In physiological
situations, CaMKII activity has been shown to oscillate in syn-
chrony with fertilization-induced Ca?* oscillations (Markoulaki et
al., 2004). The possible implications of an oscillatory Ca2* signall
on cell cycle resumption in mammals have been extensively
investigated. These studies have demonstrated that the temporal
pattern of Ca2* changes (amplitude, duration and frequency) has
specific effects not only on the immediate events of egg activation,
but also on long-range events in the pre-implantation period (for
reviews, see Ducibella et al., 2006; Malcuit et al., 2006; Ducibella
and Fissore, 2008). In contrast to other Ca2*-activated processes
where the cellular response is specifically related to the frequency
or waveform of Ca?* oscillations (Larsen et al., 2004; De Pitta et

al., 2008; see Dupont et al., 2007 for review), egg activation
seems to be regulated by the summation of Ca2* increases. Thus,
very distinct Ca?* signals can lead to cell cycle resumption and an
optimization of these stimulatory protocols may have important
implications in veterinary, medical and cloning contexts.

In the present study, we use a computational model to inves-
tigate in a systematic way the link between Ca?* increases and
egg activation in mammals. CaMKII activation is described by a
set of equations that have been shown to quantitatively reproduce
the frequency sensitivity of this kinase (Dupont et al., 2003). We
thus analyse how fertilization-induced Ca?* changes modulate
CaMKIlI activity and find that the characteristics of these oscilla-
tions are well suited to maximize CaMKI|I activation. To describe
the interaction between CaMKII and the signalling molecules
driving the early embryonic cell cycle, we have adapted and
updated a model published 10 years ago (Dupont, 1998). A set of
3 ordinary differential equations describes the evolution of cyclin
B1 concentration, MPF activity and activity of the APC complex
(Goldbeter, 1991). This core model for the cell cycle can switch
from an oscillatory behaviour to an arrested state when APC
activation is prevented, corresponding to the CSF-induced
metaphase Il arrest. In the model, CaMKIll is assumed to have a
dual effect on egg activation: on one hand, it activates a signalling
pathway leading to CSF degradation, and, on the other hand, it
activates APC in afastand transient manner. The existence of the
latter pathway is required to account for the possibility of a
metaphase Il (MIll) arrest, a pathological state of the egg that
results from aninsufficient activation by Ca2* (Kubiak etal., 1992).
The model can also account for the experimental results of Toth
et al. (2006), where mouse eggs were artificially activated by
different Ca2* stimulatory protocols of different frequencies, dura-
tions and amplitudes. We then used the model in the context of
‘assisted oocyte activation (AOA)' and discuss the molecular
mechanism underlying the observation that the best rates of
successful activation are obtained when eggs are submitted to
two applications of Ca?*ionophores (Heytens et al., 2008a).

Model description

Model for CaMKII activation

CaMKIl is composed of 10-12 subunits, arranged in a ‘hub-
and-spoke’ structure (Morris and Torok, 2001). Each subunit
possesses a regulatory and a catalytic site. In low Ca?*, the
catalytic site is covered by an inhibitory segment. Upon Ca?*-CaM
binding, a conformational change relieves the kinase subunitfrom
the auto-inhibition mechanism. This subunit then becomes active
and can thus phosphorylate exogenous substrates as well as
Ca?*-CaM bound neighboring subunits of the same holoenzyme
(Mukherji & Soderling, 1994). This inter-subunit phosphorylation
disrupts the interaction between the auto-inhibitory domain and
the catalytic site. Thus, an autophosphorylated subunit remains
active, even after dissociation of Ca?*-CaM. Autophosphorylation
also increases the affinity of CaM to the subunit, leading to the
concept of CaM trapping.

Based on this regulatory pathway, we have previously devel-
oped a simple computational model accounting for the frequency
sensitivity of CaMKIl observed in vitroby De Koninck and Schulman
(1998). The model (Fig. 1) is based on the description of the time
evolution of the subunits in the different states, regardless of their
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The model was initially built to simulate the in
vitro experiments performed by De Koninck and
Schulman (1998), where CaMKIl was immobi-
lized in a PVC tubing and subjected to pulses of
Ca?*-CaM of variable duration, amplitude and
frequency and in which no phosphatase was

present. To represent a realistic egg cytoplasm,
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Fig. 1. Schematic representation of the model used to simulate the dynamics of
CaMKIl activation by Ca?*-CaM. The W,’s represent the specific states of the kinase
subunits. Except for W, that is inactive, all these states are characterized by some specific
level of activity. This model is similar to that of Dupontet al. (2003), except that it considers

WA as well as to account for the observed decrease
of CaMKII activity after each fertilization-induced
Ca?* spike (Markoulaki et al., 2004), phos-
phatases were taken into account in the model
(dashed lines in Fig. 1). Parameters characteriz-
ing phosphatases activity are listed in Table 1,
together with those characterizing the CaMKIlI
subunitkinetics which are the same as in (Dupont
et al., 2003) but are listed for convenience. For
simplicity, Ca2* increases are modelled as square
wave pulses, allowing for a direct control of their
amplitude, duration and frequency.

the presence of phosphatases in the egg cytoplasm, which are represented by the dashed

arrows. The arrow linking W to Wy through dephosphorylation also includes Ca?* binding

on the subunit-bound CaM.

association to a specific holoenzyme. The variables of the models
are thus the fractions of subunits in the inactive (W,), Ca?*-CaM
bound (W), autophosphorylated (W), trapped (W) and autono-
mous (W,) states. Each state of the subunits is characterized by
an ‘activity coefficient’ (c,) that measures its phosphorylation
activity compared to the maximum Ca?*-CaM-stimulated activity,
which occurs for the subunits in the bound, phosphorylated state
(W;). The complex that binds W, is made of one CaM molecule
and 4 Ca?* ions. A quasi-equilibrium assumption is made on the
reaction of Ca?* binding to CaM. The transitions between the
various possible states of the kinase are described by classical
kinetic terms (see Dupont et al., 2003 for a full description of the
equations). Thus, for example, the evolution equation for the
fraction of subunits in the Ca2*-CaM-bound unphosphorylated
state (Wp) is given by

% = k[B [C(12+ - CaM W] - kB]WB - VA (1)

where V, stands for the autophosphorylation rate.

Autophosphorylation is the only step that cannot be modelled
by a simple, mass action kinetic expression. W can indeed only
be phosphorylated by an adjacent, active subunit. As we do not
consider the spatial arrangement of the subunits in the holoen-
zyme, we incorporate in this rate expression a function that takes
into account the probability of an active subunit to be adjacent to
another active subunit. Thus,

v, =KA((CBWB)2 +(cpWg)(cpWp)+

(2
(cgWp)erWr)+ (CBWB)(CAWA))
with K4 = Ky{aT+bT% + T} where T=Wy+Wp+Wr +W 4 .
The parameters defining this empirical function, which is a
cubic function of the total fraction of active subunits, have been
fitted to get quantitative agreement with experimental data.

Minimal model for the early embryonic cell
cycle

The set of biochemical reactions associated
with cell cycle progression and control is a very active topic of
investigation (Nurse, 2002). Many of these processes have been
modelled in detail (Csikasz-Nagy et al., 2006). Here, we focus on
the early embryonic cell cycle, and more specifically on the events
leading to the decrease in MPF after meiosis Il arrest. Thus, we
use avery simple, 3 variable model thatincorporates the essential
features of the cell cycle dynamics (Goldbeter, 1991). This model
has already been used to investigate the link between cell cycle
resumption and Ca%* dynamics (Dupont, 1998). In the present
work, we take into account new experimental findings. Thus, on

TABLE 1

PARAMETERS OF THE MODEL FOR CAMKII ACTIVATION
SCHEMATIZED IN FIG. 1

kig Rate of association of Ca®*-CaM to a non-phosphorylated subunit 0.60 nM'min'
ke Rate of dissociation of Ca*-CaM from a non-phosphorylated subunit 48 min”'
ker Rate of dissociation of Ca®* from CaM bound to a phosphorylated subunit 60 uM™* min™

krp  Rate of association of Ca** to CaM bound to a phosphorylated subunit 60 min”'
kta Rate of dissociation of CaM from a phosphorylated subunit kg/1000
Kat Rate of association of CaM to a phosphorylated subunit kis
K'a Phenomenological rate constant for autophosphorylation 17.4 min™

a Factor in the empirical function for autophosphorylation, equ. (2) -0.220

b Factor in the empirical function for autophosphorylation, equ. (2) 1.826

c Factor in the empirical function for autophosphorylation, equ. (2) -0.800
Ve Normalized maximal rate of dephosphorylation 510° min™
Kp Normalized Michaelis-Menten constant for phosphatases 0.3

(o] Kinase activity of the W, state 0

Cg Kinase activity of the Wy state 0.75
[ Kinase activity of the W5 state 1

cr Kinase activity of the Wy state 0.8

Ca Kinase activity of the W, state 0.8

CaMr Total calmodulin concentration 1uM

These parameters have been shown to reproduce the frequency sensitivity of CaMKIl demon-
strated by De Koninck and Schulman (1998). Here, phosphatases are also taken into account.
Concentrations of CaMKII subunits are normalized with respect to the total concentration of
enzyme subunits, which must not be considered explicitly. Parameter values correspond to the
o isoform of CaMKII, which has been shown to be active in the egg cytoplasm (Madgwick et al.,
2005).
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one hand we introduce a realistic model for CaMKII activation
(see section 1 just above) and, on the other hand, we incorporate
adequate regulatory elements between Ca?* increases and cell
cycle progression.

Fig. 2 schematizes the model simulated in the present study.
The components that are strictly associated with the cell cycle are
indicated in grey. In this part, three variables are considered: the
concentration of cyclin B, the fraction of active MPF (denoted by
MPF*) and the fraction of active proteolytic complex, APC (de-
noted by APC*). The concentration of cyclin B varies because of
synthesis and degradation. Cyclin B activates a phosphatase,
called cdc25, which brings an inactive cdc2 kinase into an active,
dephosphorylated state. For simplicity, the step accounting for
the formation of this heterodimer is not explicitly considered in the
model, and thus, the active MPF (M*) is represented in the model
as a fraction of the active form of cdc2 kinase. Phosphorylation
(deactivation) of cdc2 is mediated by the weel kinase.
Unphosphorylated cdc2 (M*) triggers the activation of APC,
which labels cyclins for degradation through the ubiquitin path-
way. Inactivation of APC occurs through dephosphorylation by a
phosphatase. The negative feedback exerted by APC on the level
of cyclinis at the core of the oscillatory mechanism. The temporal
evolution of the three variables of the model is thus given by the
following differential equations (see Goldbeter, 1991 for a de-
tailed presentation of the model):

dc C
ey, VX — |k ,C
Vi e ©)
amt C 1- Mt Ly Mt
dt M1K0+CK1+]—M+ 2K2+M+ (4)
daxt 1-x* Xt

=V3M -Vy (5)
dt Ky+1-X* K4+ X+

where C denotes the concentration of cyclin, while X* and M*
stand for the fractions of active APC and MPF, respectively. A
description of the parameters, together with their values used in
the simulations, is given in Table 2.

Unfertilized mammalian eggs are arrested in the metaphase of
the second meiosis, in a state characterized by a high level of
cyclinand active MPF. Thisis due to the presence of a substance,

Fig. 2. Schematic representation of the model linking CaMKIl activa-
tion and cell cycle resumption. The superscript * always refers to an
activated state. Indicated in grey is the part of the model corresponding
to the minimal model for the cell cycle (Goldbeter, 1991). Before fertiliza-
tion, the cell cycle is in an arrested state because of the inhibitory effect
of CSF on APC activation. Erp1/Emi2 appears as a major component of
this arresting factor (Schmidt et al., 2006). CaMKII activation (resulting
from a Ca®* increase) triggers a signalling pathway that leads to CSF
degradation. To take into account the existence of some time delay
between CaMKIl activation and CSF degradation, this pathway involves
3 hypothetical mediator proteins S,, S, and S, We also assume that
CaMKII* can directly activate APC, through a faster, but still unidentified,
mechanism.

known as cytostatic factor (CSF) in the egg cytoplasm. Erp1/Emi2
appears as a major component of this arresting factor (Schmidt et
al., 2006). It acts by preventing the activation of APC. CSF is
known to be degraded following CaMKII activation, which allows
for resumption of the cell cycle. As the molecular mechanism by
which CaMKII governs CSF degradation still remains to be fully
elucidated, we assume here that this process is brought about by
a cascade of post-translational modifications, allowing for the
existence of some delay between CaMKIl activation and CSF
degradation. Such delay is formalized in the model by the sequen-
tial activation of three unknown molecular effectors (S, S, and S,
as shown in Fig. 2). In principle, this model with CaMKIllI-activation
of CSF degradation could account on its own for the fact that a
sufficient increase in cytosolic Ca2* can resume the cell cycle.
However, the existence of a CSF-independent pathway for MPF

TABLE 2

PARAMETERS OF THE MODEL FOR CELL CYCLE RESUMPTION
SCHEMATIZED IN FIG. 2 AND DEFINED BY EQS. (3)-(8)

v, Rate of cyclin synthesis 5.7 10" uMmin™
Vy Maximal rate of cyclin degradation 0.0343 uMmin”'
Ka Michaelis-Menten constant for cyclin degradation 0.005 uM
kg Rate constant for non-regulated cyclin degradation 2.29 10* min™
Vg Normalized maximal rate of MPF activation 0.0686 min™
Ki Normalized Michaelis-Menten constant for MPF activation 5107
Ke Half-saturation constant for cdc25 activation by cyclin 0.5uM
Vo Normalized maximal rate of MPF inactivation 0.0353 min™'
Kz Normalized Michaelis-Menten constant for MPF inactivation 510°
Vua Normalized maximal rate of APC activation 0.0178 min™
Ks Normalized Michaelis-Menten constant for APC activation 510°
V, Normalized maximal rate of APC inactivation 0.00914 min™'
Ks Normalized Michaelis-Menten constant for APC inactivation 510°
Vami Normalized maximal rate of S, activation 0.098 min™'
Vb1 Normalized maximal rate of S; inactivation 310° min”
Vamz Normalized maximal rate of S, activation 13.3 min'
Vb2 Normalized maximal rate of S, inactivation 0.93 min™
Vams Normalized maximal rate of S; activation 1.33 min”
Vbs Normalized maximal rate of Sz inactivation 0.93 min™
Ka1 Normalized Michaelis-Menten constant for S, activation 0.05
Kb1 Normalized Michaelis-Menten constant for S, inactivation 0.05
Kaz, Kas Normalized Michaelis-Menten constant for S,, S; activation 0.01
Kpz, Kps  Normalized Michaelis-Menten constant for S,, S; inactivation 0.01
Ve Maximal rate for CSF degradation 0.10 pMmin’1
Ko Michaelis-Menten constant for CSF degradation 0.5 uM
ko Rate constant for non-regulated CSF degradation 6.7 10° min™'
K; Half-saturation constant for inhibition of APC activation by CSF 0.5 uM
CSFy Initial concentration of CSF 1 uM

See text for the discussion about the choice of parameter values. Concentrations of active MPF,
APC, S, S, and S, are expressed as fractions of the total concentrations of these proteins,
respectively.
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inactivation has been proposed earlier (Watanabe et al., 1991). A
Such a pathway is indeed necessary to account for some experi- 0.7 : : 0.7
mental observations, as the possible arrest of mammalian eggsin
metaphase Ill, a pathological state resulting from an incomplete 06 1€
activation of the egg (Kubiak et al., 2008) or the fact that the 05 1% &
decrease in MPF activity following one Ca?* spike is only transient s los4 2
(Collas etal., 1995). As there is no synthesis of CSF in metaphase- +3: 0% i A
arrested eggs, a transient activation of APC can only be ex- “‘8 03 -1
plained by the existence of another pathway. Thus, in the model, 102 £
we assume a direct activation of APC by active CaMKII. The real 0.2 do1 =
pathway responsible for this activation remains to be identified, o4 | o
and may involve the mos/MAPK pathway. The only important
assumption relevant to the behaviour of the model is that this 0 5 1'0 2|0 3‘0 4‘0 swo 60-0.1
pathway is much faster than the CamKIll-induced stimulation of ) .
CSF degradation. The detailed form of the directactivationof APC B Tifme (i o
by CaMKII has been modified with respect to the previous model T S T T ’
(Dupont, 1998). In this version of the model indeed, the cell cycle 1
could not resume as long as Ca?* is still spiking, which does not 2 W,
happen in vivo (Ozil et al., 2005). To get a full description of the _§ el & o
model schematized in Fig. 2, one needs to consider the following Z 06 | Do
equations: 5 =

o 04 | =
S
as; _ Vi -8 Vi Si fori=1,2,3 (6) 3 %27 w
dt KAi+1_Si KDi+ i e 0L i
with L 1 A B RS B A L 0
8 9 10 1 12 13 14

Var =Vam(caWp+e3Wp +ca Wy) 5 Vyp = VAMz(l - 314)

and V3=V 4373(1- 53)

dCSF CSF
——— =0l =83)———— - kg.CSF
” vo{1-53) Ko+ CSE 9 @)

In each case, S; stands for the fraction of effector i in the
inactive state. Thus, S = 1-5; stands for the fraction of effector i in
the active state. To account for the inhibition of APC activation by
CSF and of its direct activation by CaMKIl, V, appearing in equ.
(5) is given by:

x4
V=V (M ———r-
3=V K+ csF*

1
Except for cyclin B (C) and CSF, all variables are defined as
fractions of molecules in the active or inactive states. Meanings
and values of the parameters appearing in these equations are
given in Table 2.

+02.WP+C3.WT +C4.WA) ®)

Results

CaMKIl responses to fertilization-induced Ca?* changes
Fertilization is associated with a large Ca?* increase that
triggers the events of egg activation. CaMKII mediates most of
these events as recruitment of maternal mMRNAs and cell cycle
resumption and participates to cortical granule exocytosis and
block to polyspermy. In vitro, this enzyme has been shown to be
sensitive to the temporal pattern of Ca?* oscillations, and particu-
larly to their frequency in the Hertz range (De Koninck and
Schulman, 1998). We investigate, by means of a computational
model that quantitatively reproduces this frequency sensitivity

Time (min)

Fig. 3. Simulations of the variations of CaMKIl activity in response to
Ca?* peaks reproducing fertilization-induced Ca?* oscillations. (A)
Ca?* spikes (in black) correspond to the square-wave pulses of Ca®*
increases from a basal level equal to 50 nM up to 600 nM, and lasting 40s.
The period is fixed at 10 min. The kinetics of CaMKII activation (in red)
closely follows the kinetics of the Ca?* peaks. (B) Detailed evolution of
the fractions of subunits in the various possible states of the kinase
during one Ca?* peak. Results have been obtained by numerical integra-
tion of the model schematized in Fig. 1 with mass-action kinetics, except
for autophosphorylation that is given by equ. (2). Parameter values are
listed in Table 1. CamKll activity is defined as cg. Wy + cp.Wp + ¢7. Wy +
Cye Wiy

(see section 2.1), the pattern of CaMKII activation resulting from
fertilization-induced Ca?* spikes. Fig. 3A shows that, in the model,
a single Ca?* spike, mimicked by a square-shaped Ca?* increase
from 50 to 600 nM during 40s, leads to a significant activation of
the kinase. As such a spike roughly corresponds to physiological
conditions in most mammalian species, except for the first activa-
tion wave that is anyway much larger, the model suggests that the
frequency sensitivity of the kinase cannot be operative at fertiliza-
tion. Frequency sensitivity is indeed associated with a progres-
sive accumulation of the active subunits of the kinase. This result
is in agreement with experimental results of Markoulaki et al.
(2004, 2007) showing that each Ca?* peak induces a similar
increase in the level of CaMKII activity. Moreover, due to the
presence of phosphatases in the egg cytoplasm, this activity
drops as Ca?* goes back to the resting level between successive
spikes, thus leading to oscillations of CaMKII activity that are in
phase with Ca?* oscillations (Markoulaki et al., 2004). Incorpora-
tion of phosphatases in the model leads to the same temporal
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pattern of CaMKII activation (Fig. 3A). In the absence of data
about phosphatase activities in eggs, parameter values for phos-
phatases were chosen in order to get a decrease in activity to
basal levels in 1-2 min, as observed in experiments.

During each Ca?* spike, there is a considerable adjustment of
the various states of the subunits of the kinase, as shown in Fig.
3B. This Figure shows the temporal evolution of the fraction of
subunits of the kinase in their different states during the course of
one Ca?* spike, indicated in grey. At the resting level of Ca?* (50
nM), all subunits are in the inactive state (red). Upon an increase
in Ca?*, about half of these bind the Ca?*-CaM complex very
rapidly. This corresponds to the increase in the fraction of sub-
units in the Wy state (see Fig. 1 and black curve in Fig. 3B). After
about ten seconds, autophosphorylation occurs (increase in W,
see green curve). However, once a subunithas become phospho-
rylated, it rapidly shifts into a state where the Ca?*-CaM complex
becomes trapped (blue curve corresponding to the dissociation of
Ca?* from the W, state). Thus, W, does not accumulate because
itis very rapidly transformed into W.. The abrupt decrease in Ca?*
then slightly displaces the W /W, ratio towards lower values
(small ‘bump’ in the blue curve). Finally, as total CaM remains

A

0.07 .
0.06 | - o .|
0.05| P R
0.04| /
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Fig. 4. Effect of the characteristics of the Ca?* peaks on CaMKII
activation. (A) Total CaMKIl activation (measured as the area of the peak
of CaMKIl activity) as a function of the amplitude of the Ca’* peak. (B)
Total CaMKiIl activation as a function of the duration of the square-wave
Ca?* increase. Results have been obtained with the same equations and
parameter values as in Fig. 3.

constantly high, CaM does not dissociate and there is almost no
transition to the autonomous state. Thus, the fraction of active
subunits (the vast majority of which are inthe W/, state) decreases
because of dephosphorylation by phosphatases. States Wy, W,
W, and W, all contribute with slightly different weights to the total
CaMKIlI activity, shown in red in Fig. 3A.

The question has been raised by afew authors if measuring the
autonomous CaMKIl activity after freezing the egg once the
desired Ca?* level had been reached was reliable to detect the
total CaMKII activity, or if the kinase activity was underestimated
in this type of assay (Markoulaki et al., 2007; Ducibella & Fissore,
2008). Such an underestimation would be caused by the pres-
ence in the egg of subunits that have bound the Ca?*/CaM
complex and are thus active but are not yet phosphorylated (W
state in the model). When transferred in a Ca?* and CaM free
medium, these subunits indeed rapidly switch into the inactive
state (W, in the model). In contrast, all phosphorylated subunits
(Wp and W,) would switch to the autonomous state as the medium
for the assay does not contain phosphatases. Simulations shown
in Fig. 3B indicate that some underestimation might indeed occur
in these experiments when the egg s frozen during the Ca?* peak.
In particular, at the beginning of the Ca2* spike, this underestima-
tion can be of the order of the measurement itself (see the black
curve as compared to the sum ofthe green, blue and yellow ones).

The influence of the amplitudes and widths of the Ca?* spikes
occurring at fertilization on the level of CaMKII activation can
easily be analyzed with the model. In Fig. 4, we have computed
the total CaMKII activity, as defined by the integral of one peak of
CaMKIl activity, for different amplitudes and widths of Ca?*
increases. It is clear from Fig. 4A that there is some threshold in
the amplitudes of the Ca?* spikes leading to CaMKII activation.
Thus, if the Ca?* spikes do not reach ~ 500 nM, the level of
activation of CaMKII is not significant. At about 600 nM Ca?*,
CaMKlIl activation is nearly maximal and after this value, a further
increase in the Ca?* spike amplitude only slightly increases the
CaMKlIlIresponse. Spike duration also affects the extent of kinase
activation. As shown in Fig. 4B, activation increases roughly
linearly with the duration of the Ca?* peak up to ~30s and then
rapidly reaches the plateau. All together, the results shown in Fig.
4 suggest that in most mammalian species, the amplitude and
duration of the sperm-induced Ca?* spikes are well suited to
maximize CaMKII activation.

CaMKIl-mediated cell cycle resumption

As the amplitudes and durations of the fertilization-induced
Ca?* spikes do not result into a progressive activation of CaMKIl,
the requirement for long-lasting activation by Ca2* for cell cycle
resumption must originate from the interplay between CaMKII
and the cell cycle-associated proteins. The model proposed for
thisinterplay is schematized in Fig. 2 and explained in section 2.2.
Fig. 5 shows the behaviour of this full model when the egg is
submitted to 13 Ca?* spikes with a period of 15 min, an amplitude
of 800 nM and a duration of 40 s. Lasting thus for 3 hours
(indicated by the grey region in Fig. 5), this protocol approximates
Ca?* oscillations seen at fertilization in mouse eggs. The inset
shows the evolution of cytosolic Ca?* and cyclin B concentrations
in the course of time for the first 200 min after fertilization. Even
at high levels of CSF, cyclin B decreases in response to Ca?*
spikes, due to the fast APC activation by CaMKII. This decrease
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Fig. 5. Resumption of the cell cycle in response to fertilization-like
Ca?* oscillations. The grey-shaded region corresponds to 19 Ca®* spikes
lasting 40s, with a 800 nM amplitude and a 15 min period. The inset
shows the evolution of Ca?* and cyclin B1 concentrations during the first
200 min. In the inset, the left scale (ranging from O to 1 uM) indicates Ca®*
concentration while the right scale (ranging from 0 to 2.5 uM) indicates
cyclin B1 concentration. After a sufficient number of spikes, CSF de-
creases, which provokes a massive decrease of MPF activity and subse-
qguent resumption of the cell cycle as shown by the regular oscillations in
MPF. Results have been obtained by numerical integration of the full
model for cell cycle resumption defined by egs (3)-(8) with parameter
values listed in Tables 1 and 2.

speeds up when the level of CSF falls down. That cyclin B starts
to decrease with the first fertilization-induced Ca?* spikes in Mll-
arrested eggs has recently been demonstrated (Adjuk et al.,
2008). The long time delay between the first Ca?* spike and CSF
decrease is caused by the cascade of slow events between

CaMKIl activation and CSF destruction, formalized in the model
by the sequential activation of hypothetical mediators S,, S, and
S,. As this pathway is assumed to be cooperative, the CSF
decrease is steep. Itin turn induces a massive drop in the level of
cyclin B, and therefore in MPF (Fig. 5, black curve). This would
correspond to the extrusion of the second polar body and relief
from metaphase Il arrest. As CSF is now absent, cell cycle
resumes normally, as indicated by the regular oscillations in MPF,
each peak corresponding to a cellular division.

The model used to simulate the behaviour shown in Fig. 5 and
defined by eqs(1)-(7) contains a large number of parameters. To
ascribe values to these parameters, a number of facts were taken
into account in the modelling approach. Parameters for CaMKI|
activation, listed in Table 1 are directly taken from another study
where they were shown to account for the behaviour of this kinase
observed in vitro (Dupont et al., 2003). Parameters appearing in
the minimal model for the cell cycle (egs (3)-(5)), listed in Table 2,
were chosen to get oscillations with a period of ~15 h in the
absence of CSF and Ca?*, which roughly corresponds to the time
delay between successive cell divisions in mice (Kubiak et al.,
2008). The others, characterizing the effect of CaMKIl on APC
activation, were fixed (1) by the assumption that the pathway
implying direct APC activation is much faster than the one leading
to CSF degradation, and (2) by constraining the model to repro-
duce the results obtained by Toth et al. (2006) on the rate of
activation of mouse eggs submitted to various artificial patterns of
Ca?* stimulation. Thus, the parameter values involved in the
pathway between CaMKIl activation and CSF degradation (Vs
and Vp's in equ. (6)) must be sufficiently low to prevent egg
activation in response to a single, long lasting Ca2* spike (Fig. 6A).
In this case, although MPF activity decreases by ~20%, CaMKII
activation is not sufficient to induce CSF decrease, and thus, cell
cycle does not resume. In contrast, these same parameter values

Fig. 6. Simulations of the artificial patternsof A 1.2 1+ 1% B " ——+ 25
Ca?* stimulation of mouse eggs described in 1 L CSF A 1 hcsF
2 T T T A2 42

Toth et al. (2006). All panels show the evolu- Ca
tions of Ca?* concentration, CSF activity, MPF 08 o8 15
activity (indicated on the left scale) and cyclin B1 0.6 0.6 1
concentration (indicated on the right scale) simu- 1
lated by the model. In panels (B-D), the grey- 04 04
shaded region corresponds to the period during 0.2 0.2 0.5
which the egg has been submitted to Ca?* in- e ————F 0 o
creases (of distinct characteristics depending on 0 200 400 600 800 1000 0 500 1000 1500 2000 2500
the panels). (A) A single Ca?* peak of 600 nM Time (min) Time (min)
amplitude and 8 min duration, corresponding to 12 o5
the 4HA-2min treatment of Toth et al. (2006), c" TTTTTRE T D 25
does not lead to cell cycle resumption in the 1 J2 1 S— 15
model (6% of activation in the experiments). (B) 08 _\'m e - | T ]
5HA-19P-8min treatment, i.e. 19 Ca®* peaks given H{15 T = N ] 415
at 8 min interval. Amplitude and duration equal 0.6 | 06 ?al
800nM and 1min, respectively. In the model, 04 L 1! 04 MPF 1
with this protocol, CSF is degraded and cell cycle o ' CSF

. 02 L ERE 0.5
resumes, which corresponds to the fact that egg 02 | Cyclin B
activation is observedin the experiments in 99.6 % 0 ket 1 PP BRI o o AT T I
of the cases. (c,D) An intermediate situation 0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
(6LA-30min treatment). 6 Ca?* peaks with 30 min Time (min) Time (min)

interval do not allow CSF degradation if their

amplitude and duration equal 800 nM and 1 min, respectively (C) but lead to cell cycle resumption if their amplitude and duration equal TuM and 1.5
min (D). This can be related to the 48% rate of egg activation seen in the experiments, if it is assumed that the eggs differ by their Ca?* sensitivity
to the induced Ca?* changes. Results have been obtained with the same equations and parameter values as in Fig. 5.
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must be large enough to allow cell cycle resumption when the egg
is submitted to 19 Ca?* spikes spaced out 8 min apart (Fig. 6B).

In Toth et al. (2006), 6 Ca?* spikes, each separated by a 30
min interval were shown to activate the egg in about half the
cases. The notion of ‘rate of successful activation’ cannot be
immediately transposed in our simulations. The model indeed
simulates the regulatory pathways in a single cell, and, as the
model is deterministic, activation will occur, or not occur, for a
given set of parameter values. A protocol leading to activation
in 50% of the cases can however be interpreted as a threshold
situation leading to activation in the eggs that are slightly more
susceptible to process the induced Ca?* changes. Thus, Fig.
6C shows that for the present choice of parameter values, 6
peaks of 0.8 uM amplitude and 1 min duration do notinduce egg
activation when applied every 30 min. However, with the same
temporal pattern, slightly larger Ca?* spikes (1 uM amplitude
and 1.5 min duration) lead to cell cycle resumption in the model
(Fig. 6D). This is in agreement with the fact that the 6 spikes-
30 min protocol is at the border between success and failure in
activation and experimentally leads to egg activation in about
half the cases. In fact, with these parameter values, the model
can successfully reproduce all the protocols tested by Toth et
al. (2006). The model can thus be viewed as a satisfactory
phenomenological description of the Ca?*-related activatory
events occurring at fertilization in mice, although the set of
parameter values leading to this agreement is certainly not
unique.

Computational modelling allows us to dissect signalling
pathways in a manner that would not be feasible experimen-
tally. In the model, CSF acts as the main controller as oscilla-
tions in MPF cannot resume in the presence of a high level of
CSF. By contrast, a temporary decrease in MPF can be ob-
served in the presence of CSF. Fig. 7 shows a simulation of a
situation where an egg has been submitted to a single, long-
lasting (8 min) Ca?* spike; this leads to a significant decrease
in the level of cyclin B, and thus of active MPF. However, the 8
min Ca?* rise is not sufficient to induce a significant decrease
in CSF activity. Thus, when Ca?* is back to its basal level, APC

1.2 25

400
Time (min)

600 800 1000

Fig. 7. Simulation of Mlll arrest following an insufficient activation by
Ca?*, The egg is here assumed to be stimulated by a single Ca?* increase
of650nM amplitude and lasting for 8 min. Results have been obtained with
the same equations and parameter values as in Figs. 5 and 6.
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Fig. 8. Simulation of cell cycle resumption after application of two
pulses of ionophores corresponding to the protocol of ‘assisted
oocyte activation’ used by Heytens et al. in case of globozoospermic
human patients. Ca®* increases have been fitted on Ca?* data coming
from this study, using two instantaneous Ca?* increases followed by a bi-
exponential Ca* decrease. Results have been obtained with the same
equations and parameter values as in Figs. 5, 6 and 7.

returns to an inactive state and cyclin B and MPF then reaccu-
mulate. This behaviour, known as MIIl arrest, is reminiscent of
experimental observations of a transient decrease of MPF after
partial activation of mouse eggs (Kubiak et al., 1992; Verlhac et
al., 1994; Collas et al., 1995).

Application of the model to in vitro fertilization

It is well established that the pattern of Ca2* oscillations at
fertilization has adirectimpact on egg activation (Ozil et al., 2005).
This concept has long been exploited in assisted reproductive
medicine in case of male infertility (Tesarik et al., 1994). In
particular, in couples in which intracytoplasmic sperm injection
(ICSl)did not lead to successful results, fertilization rates could be
improved by artificially inducing Ca2* changes by treatment with
Ca?*ionophores, a protocol known as ‘assisted oocyte activation’
(AOA; Eldar-Geva et al., 2003). The oocyte activating capacity is
severely diminished in case of globozoospermia, a rare disorder
characterized by round-headed, acrosomeless sperm cells
(Schirren etal., 1971; Heindryckx et al., 2005). It has been shown
very recently that this defect can be ascribed to anomalies in
PLCC: sperm from globozoospermic patients either displays re-
duced amounts of this enzyme, or contains abnormal low molecu-
lar forms of PLCC (Yoon et al.,, 2008; Heytens et al., 2009). In
agreement with this observation, human globozoospermic sperm
cells are not capable of inducing long-term Ca?* oscillations when
injected into mouse oocytes. This kind of infertility can be over-
come by combined ICSI/AOA treatment. In particular, the best
rates of successful activation are obtained when eggs were
submitted to two sequential Ca2* pulses, as compared to only one
peak.

We have used our model schematized in Fig. 2 to understand
the possible physiological advantage of a two Ca?* pulses proto-
col. Fig. 8 shows simulation results where the egg is submitted to
two Ca?* peaks replicating the protocol of two ionophore applica-
tions. The Ca?* peak induced by the first ionophore exposure



Smulations of the effect of Ca?* on cell cycle resumption 663

induces a decrease in the level of cyclin B1 but does not suffice
to trigger the degradation of CSF. Thus, it will not on its own allow
cell cycle resumption. However, a second Ca?* peak applied 30
min later (as in the ionophore treatment of Heytens et al., 2008;
Heindryckx et al., 2005) brings about CSF degradation and cell
cycle resumption. In fact, a close examination of the different
variables of the model suggests that the eggs take advantage of
the two peaks protocol because the pathway leading to CSF
degradation (S, -> S, -> S,) inactivates slowly. Once S, has been
activated by the first CaMKII pulse, it remains active for some time
and still activates S, and S,. Thus, the time interval between the
two Ca?* pulses favours cell cycle resumption because the cell
cycle machinery takes advantage of the on-going activation of the
pathway leading to CSF degradation. For too large time intervals
however, the same pathway starts to work in the opposite direc-
tion (S, -> S, -> S,) and egg activation is not favoured anymore.

Discussion

In the present study, we have used a computational approach
to look into the relationship between Ca?* oscillations and cell
cycle resumption at fertilization in mammals. The aim of the study
was two-fold. In a first step, we wished to use a modelling
approach to gain insight into the molecular mechanisms linking
Ca?*increases and egg activation. Although it is well established
that CaMKIlI plays a predominant role in this respect, the detailed
kinetics of CaMKIl activation has never been investigated in
detail. In particular, the need for repetitive Ca?* spikes to activate
mammalian eggs could be explained by a progressive activation
of this kinase, as it occurs in other systems (De Koninck and
Schulman, 1998; Swann and Yu, 2008). However, our simula-
tions clearly show that this is not the case as CaMKIl is nearly fully
activated at each Ca?* spike. A detailed investigation of the
dynamical evolution of the kinase subunits also suggests that
experimental measurements of the autonomous activity of CaMKI|
might be underestimated. As the summation effect of the Ca2*
spikes cannot be ascribed to the need for a progressive activation
of CaMKIl, it must rely on a pathway downstream of this kinase,
which remains to be fully elucidated. We propose that experimen-
tal observations are best explained by a model where CaMKIl has
two effects. First, it stimulates CSF degradation by a slow path-
way involving a succession of reversible steps. Second, CaMKII
activates APC via a fast, but less active pathway of cyclin B1
degradation. For an appropriate set of parameter values, the
model then allows to reproduce experimental observations re-
lated to egg activation in response to imposed Ca?* pulses. As a
consequence of this dual activation pathway, the decrease in
cyclin B concentration can either precede or follow the drop in
CSF in the model. The versatility in the precise timing of de-
creases of these two components is open to be further assessed
experimentally. Moreover, in the model, the rate of cyclin B
decrease due to the CSF-independent pathway is highly sensitive
to the frequency of Ca2* oscillations. In contrast, as CSF acts as
an all-or-none brake on the cell cycle, its decrease provokes a
sudden and rapid decrease in the level of cyclin B, which is then
independent of the frequency of the Ca2* spikes. The time needed
to decrease CSF depends on the Ca?* pattern, but not the slope
of the decrease in cyclin B once CSF has dropped. Thus, it may
be interesting to relate in experiments the rate of cyclin B de-

crease to the frequency of Ca?* oscillations to assess the exist-
ence of a CSF-independent pathway of egg activation.

Ina second step, we propose thatthe model can be used to test
the efficacy of artificial protocols of egg activation in human
assisted reproductive medicine. Although these model predic-
tions are related to data obtained in mice, it accounts for the
observation that two pulses of ionophore given at 30 min interval
maximises the rate of success of intracytoplasmic sperm injection
in case of male infertility due to globozoospermia in humans. In
fact, the model suggests that the time interval between the two
Ca?* peaks allows for the accumulation of the activity leading to
CSF degradation. The existence of an optimal time interval
between two peaks of stimulation is known to occur in hormonal
signalling systems, where the physiological response is often
optimized at intermediate frequencies of stimulation (Li and
Goldbeter, 1989).

The model presented in this study involves many unknowns,
both atthe level of the signalling pathway itself and concerning the
choice of parameter values. It must be viewed as a useful, but
empirical approach to the process of egg activation. The most
speculative part of the model is the direct activation of APC by
CaMKIl. As emphasized above, this regulation must be viewed as
any possible fast pathway of APC activation, independent from
CSF degradation that can occur as soon as Ca?* starts to spike
(Adjuk et al., 2008). It may be related to the c-Mos/MAPK pathway
as suggested in Madgwick and Jones (2007). This pathway
allows to account for the partial and reversible cyclin B1 degrada-
tion observed at each Ca?* spike. It could be argued that each
Ca?* spike instead provokes the degradation of a small amount of
CSF. However, the latter view does not hold with a possible
evolution to Mlll-arrested state as CSF destruction is irreversible.
The exact molecular targets involved in this pathway could be
particularly difficult to uncover, as it is by nature transient. How-
ever, these may be similar to those linking Ca?* increase and
metaphase to anaphase transition in the mitotic cell cycle (Ciapa
et al., 1994).

At the level of CaMKIl activation, the way in which phos-
phatases are included in the model is also somewhat arbitrary.
Data about this activity in the mature oocyte are indeed limited,
although one can expect them to have a significant impact on egg
activation. PP1, PP2A and PP2B may be involved in reversing
CaMKIl activation (Ducibella and Fissore, 2008). Calmodulin
concentration is another potentially important parameter that has
not been determined. Estimates for calmodulin concentrations in
cells fall in the range 1 to 5 uM (Persechini and Stemmer, 2002).
Here, we have taken 1 uM to take into account the possible spatial
localization of CaMKII activation, as well as the fact that there are
many other targets for CaM binding. Given that the K, of Ca?* for
CaM is 1 uM, it means that CaM could be limiting for CaMKII
activation when the increase of Ca?* is especially massive, as
during the fertilization wave in some protocols of artificial egg
activation. To assess this possibility, it would be interesting to
manipulate the level of CaM in the fertilized egg to see if it can
affect the rate of egg activation.

Ca?* oscillations at fertilization have other functions than
promoting exit from meiosis (Ducibella and Fissore, 2008; Kubiak
et al., 2008). In particular, CaMKII contributes to the membrane
block to polyspermy, via a pathway involving actin regulation
(Gardner et al., 2007). Ca?*-dependent recruitments of specific
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maternal mRNAs and translationally-regulated changes in pro-
tein expression have also beenreported. These phenomena most
probably involve other Ca2*-sensitive kinases and phosphatases.
Understanding how Ca?* can specifically activate this variety of
processes represents another challenge both for experimental-
ists and modellers.
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