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I . l . Oscil lations and waves of cytosolic Câ *̂  : a prototypic example of self-organized System in 
cell biology. 

The f irst observat ion of sustained oscillations of cytosolic Ca""^ in non-exci table cel ls has been 
performed about 20 yeas ago (Cuthbertson and Cobbold, 1985). Given the many rôles of Ca** as an 
universal second messenger, this discovery has influenced a great number of concepts in the fîeld of 
cellular physiology. Not only are thèse oscillations observed in nearly ail cell types, but they of ten 
play a key rôle in vital phenomena such as, for example, fertilization or gene expression. Moreover , 
thèse répétitive Ca"* spikes also possesses a well-defmed spatial organization. 

Cytosolic Cer* oscil lations in fact provide one example of rhythmic phenomenon occurr ing in 
living Systems. The latter 's are présent at ail levels of biological organization and play a fundamenta l 
rôle in the maintenance of life (Goldbeter, 1996 ; Goldbeter, 2002). Many of them are very familiar to 
ail of us, as for example the cardiac rhythm, the cell cycle, the circadian rhythms or the reproduction 
cycle. Although very widespread, rhythmic phenomena have long been observed without being really 
understood f rom a molecular point of view. A définit ive step towards their understanding has been 
made with the discovery of dissipative structures, when Prigogine and Balescu (1956) showed that 
sustained oscillations can occur far f rom thermodynamic equil ibrium in open Systems govemed by 
laws charac ter ized by wel l -def ined non- l inear relations. A l though not spec i f ica l ly a imed at 
understanding biological Systems - rhy thmic phenomena are indeed far f rom being restricted to living 
Systems-, this discovery has shed a new light on many biological phenomena (Prigogine et al., 1969) 
and, many years later, has certainly played a key rôle in the uncovering of the mechanism underlying 
Ca^* oscillations. 

Many b io logica l osc i l la tors rely on a spéc i f ie type of non- l inea r régula t ion k n o w n as 
' autocatalysis ' : in this case, the stationary state is destabilized by a positive feedback exerted by one 
compound on its own production. Thus, glycoiytic oscillations, observed in yeast and muscle cells fo r 
a given range of substrate injection rates, can be ascribed to a peculiarity of the phosphofructokinase 
(PFK) . This allosteric enzyme, which catalyses the transformation of f ructose monophosphate and 
A T P into f ruc tose bisphosphate and ADP, is indeed activated by its own product (Goldbeter and 
Lefever, 1972 ; Goldbeter and Nicolis ; 1976). In the same manner, the positive feedback exerted by 
c A M P on its own production is at the origin of the periodic génération of c A M P signais that control 
the aggregation of Dictyostelium discoideum amoebae after starvation (Goldbeter and Segel, 1977 ; 
Mart iel and Goldbe te r , 1987). In this latter case, as for Ca"* dynamics , temporal and spatial 
organization are closely linked. When amoebae are placed on an solid support such as agar, they 
periodically move towards aggregation centres emitting cAMP puises, thus creating a phenomenon of 
wave propagat ion. Cytosol ic Ca"* oscillations are also based on a posi t ive feedback , namely the 
amplif icat ion of Ca"* release f rom the internai Ca'"' stores (sarco- or endoplasmic re t iculum) by 
cytosolic Ca"* itself. This régulation is well known under the acronym ' C I C R ' for 'Ca~*-induced Ca"* 
release ' . Interestingly, the existence of such a régulation was first predicted theoretically (Dupont and 
Goldbeter, 1989 ; Goldbeter et ah, 1990) before being confirmed experimentally (Bezprozvanny et al., 
1991 ; Finch et al., 1991). As expected theoretically (Nicolis and Prigogine, 1977), Ca~* waves can be 
ascribed to the same regulatory mechanisms as oscillations (Dupont and Goldbeter, 1992a). 

Although it is now well established that CICR lies at the core of Ca"* oscillations and waves, many 
other factors need to be taken into account to apprehend more detailed and cell-specific aspects of Ca^* 
signalling. There is thus a real need for the élaboration of more sophisticated models. The latter 's are 
however still adequately studied in the f ramework of dynamical Systems (Goldbeter , 1996 ; Keener 
and Sneyd, 1998; Dupont et al, 1999; 2003b; Schuster et al, 2002). 



12 

1.2. Hierarchical organization of Ca signais 

The concentrat ion of f ree Car* in the cytosol is actively kept much lower (100-200 nM) than 
extracellular (1-2 m M ) and intrareticular (0.5 mM) Ca"* concentrations (Berridge, 1997). The cytosol, 
with its very low concentrat ion of f ree calcium, is thus located at the interface be tween thèse 2 
calcium-rich environments. This results in the cytosol being a site of major , rapid variations in Ca'* 
concentration in response to the transfer of small quantities of Ca"* f rom the extracellular médium or 
intracellular storage compartments. As we shall see hère below, the detailed study of Ca"* dynamics 
will lead us to consider dynamical events ranging f rom the sub-micron scale (elementary events) to 
centimètres (organ). It is interesting to remind here however that an organism like a human being 
possesses about 1300 g of Ca"* , which are mainly localized in bones. Only a f ew grams of f ree Ca'* 
are distributed in the extra- and intracellular média. Their régulation, which is the focus of so many 
studies, is however crucial for the proper functioning of ail living organisms. 

In non-excitable cells, cytosolic Ca^* oscillations in response to hormonal stimuli were the first 
type of Ca"* signal to be reported (Cuthbertson and Cobbold, 1985; Woods et al., 1987). Thèse 
oscil lations resuit f rom a periodic exchange of Ca"* between the cytosol and the internai stores 
(endoplasmic reticulum, ER or sarcoplasmic reticulum, SR). Their period ranges f r o m less than one 
second to tens of minutes , depending on the cell type and on the dose of external agonist . The 
frequency of Ca'* oscillations indeed always increases with the level of stimulation. This phenomenon, 
known as ' f requency-encoding of Ca"* oscillations' , plays a key rôle in many physiological processes 
(Berridge, 1997; Berr idge et al., 2000). Vital phenomena such as sécrét ion, gene express ion or 
neuronal differentiat ion (Berridge et al., 1998) are thus regulated by the frequency rather than by the 
amplitude of Ca"* oscillations. The link between Ca"* oscillations and their physiological implications 
is also much investigated, both experimentally and with models. Although Ca"* oscillations generally 
take the form of regular spikes, complex Ca"* oscil lations have also been observed (Dixon et al., 
1993; 1995). Such complex oscillations are reminiscent of the bursting-type behaviour displayed by 
electrically excitable cells. 

Intracellular waves of Ca^* often accompany Ca"* oscillations (Berridge, 1993); in most cases, the 
Ca"* concentration indeed first increases locally, and the increase then propagates in the whole cell as 
a wave, travelling at a speed of 10-50 jims"' (Berridge and Dupont, 1995). The appearance of the Ca"* 
waves much varies f rom one cell type to another. The front can be planar as in cardiac or smooth 
muscle cells, elliptical as in hepatocytes or in eggs, or even adopt a spiral shape as in immature 
Xenopus oocytes or in cardiac cells after overloading of the Ca"* stores (see Jaffe, 1993 and Berridge 
and Dupont, 1995 for reviews). Moreover, in some cells, the front is very narrow as compared to the 
cell dimension, in which case several fronts can even be observed simultaneously. In other cells, the 
Ca-* front is so large that it invades the whole cell before a homogeneous return to the basai level: 
such waves, observed for example in hepatocytes or in eggs at fertilization, are of ten referred to as 
'Ca"*tides' (see Dupont and Goldbeter, 1992a and McDougall and Sardet, 1995 for reviews). 

Spatial propagation of the répétitive Ca'* rises f rom cell to cell has also been observed as, for 
example, in the liver, in epithelia or in insect salivary glands (Sanderson et al., 1994). The signif icance 
of such intercellular Ca^* waves may be to optimize the physiological response at the organ level. In 
the brain, Ca"* waves are even seen to propagate from one cell type to another, namely f rom glial cells 
to neurons (Nedergaard, 1994; Braet et al., 2004). 

Oscillations, intra- and intercellular waves ail tightly dépend on the subcellular propert ies of the 
Ca"* releasing entities, namely the InsP^-sensitive Ca"* channels (see below). The arrangement of thèse 
channels on the surface of the ER appears to considerably affect the resulting Ca"* signal. Advances in 
the Ca'* imaging techniques have allowed the visualization of the Ca'* increase caused by a single Ca"* 
channel (a Ca^* event known as a 'Ca"* blip ') or by a small group of channels (a Ca"* event known as a 
'Ca-*puf f ' ) . Thèse elementary Ca^* signais (Parker et al., 1996) of course involve much smaller t ime-
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and space-scales than oscil lat ions and waves. Moreover , given the small number of Ca~*-releasing 
channels involved in their génération, their description requires a stochastic approach. 

1.3. Regulatory mechanisms of cytoplasmic Ca^* increases and related theoretical models 

The mechanism of Ca"'^ oscillations relies on the feedback processes that regulate Ca"* levels within 
the cell . Upon binding to a spéc i f ie membrane receptor, the external s t imulus (hormone or 
neurotransmitter) triggers the synthesis of inositol 1,4,5-trisphosphate (InsP,), which binds to the InsP, 
receptor (InsP^R). This receptor, located on the membrane of the intracellular Ca'* stores (endoplasmic 
or sarcoplasmic reticulum), behaves as a Ca"* channel. Upon InsP, binding, Ca'* is released f rom the 
s tores into the cytosol (Fig. 1.1). Moreove r , as Ca"* s t imulâ tes the ac t iv i ty of the InsP , 
receptor/channel, this release is progressively enhanced in a process known as InsPj-sensit ive Ca"*-
induced Ca^* release (CICR). This self-activation process represents a key élément in the instability 
mechanism that générâtes répétitive Ca"^ spiking. 

V T f T T T Agonists • t v t t t T W T t r r 
T T T T V T T T T T T T T T T T T T f W f W W T 

Fig. 1.1. Schematic représentation of the spatio-temporal organization of calcium signais in a group of connected cells: from 

Ca"* blips to intercellular waves. The différent levels of organization are discussed in section 1.2. ER, endoplasmic reticulum; 

GJ, gap junctions; InsPjR, InsP, receptor-Ca"* channel; N, nucleus, SERCA, spécifie Ca'* ATPases. 

However , Ca""̂  oscillations are regulated by a variety of other processes that could play an active 
rôle in the oscillatory mechanism itself or in the shaping of Ca'* spikes. A non-exhaust ive list of such 
Ca"*-regulatory processes is given in Table 1.1. On the basis of thèse regulatory processes, a variety of 
theoretical models have been developed to account for Ca"* oscillations. 

1.3.1. Ca'*-induced Cd* release 

; This régulation, known as CICR, plays a primary rôle in the origin of Ca"* oscillations (see above). 
( Activation by cytosolic Ca"* of the release of Ca"* from the intracellular stores into the cytosol has first 

been proposed for the ryanodine receptor (RyR). This receptor, which shares many structural and 
functional similarities with the InsPjR (Berridge, 1993), is responsible for Ca"* release in muscle and 
cardiac cells, as well as in neurons (Endo et ai., 1970; Fabiato and Fabiato, 1975; Kuba and Takeshita, 
1981). Fol lowing its incorpora t ion into theoretical models fo r InsP j - induced Ca'* osci l la t ions 
(Goldbeter et al., 1990; Dupont and Goldbeter, 1993), InsPrsensi t ive CICR has been experimentally 
demonstrated (Wakui et al., 1990). A minimal model based on CICR (Goldbeter et al., 1990; Dupont 
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and Goldbeter, 1993) qualitatively reproduces Csr* oscillations. The équations goveming the minimal 
model are given in Table 1.2. As shown in Fig. 1.2, this model accounts for ( 1 ) the existence of a range 
of stimulation levels producing Ca"* oscillations, (2) the rise in f requency with both the level of 
stimulation and the concentration of extracellular Ca^*, and (3) the progressive rise in cytosolic Ca"* 
preceding the onset of the Ca"^ spike (see, e.g. Jacob, 1990). 

Ca^* signalling: 
multiple regulatory mechanisnis 

1. Ca"*-induced Ca'* release 

2. PLC activation by Ca""̂  

3. Biphasic régulation of InsP,R by Ca"* 

4. Capacitative Ca""̂  entry 

5. InsPj 3-kinase activation by Ca"* 

6. Mitochondrial control of Ca^* 

7. G-protein régulation 

8. Phosphorylation of the InsP,R 

Table 1.1 : Main regulatory processes thaï bear on the origin and properties of Ca"* oscillations (see text). 

The CICR régulat ion, f irst established for type I InsP,Rs (Bezprozvanny and Ehrl ich, 1994), 
extends to the other sub-types, although in différent Ca"* ranges. It is by now clear that this variety in 
CICR régulation contributes to the diversity of temporal patterns of Ca"* signais observed in di f férent 
cell types (Taylor et ai, 1999; Miyakawa et ah, 1999; Haberichter et al., 2002; Hattori et al., 2004). 
Nearly ail models for Ca"* oscillations rely on InsP^-sensitive CICR. Thèse models mainly d i f fer by 
the degree of détail in the description of lnsP,R kinetics and by the incorporation of one or the other 
regulatory process considered below (for review, see Sneyd et al., 1995; Tang et al., 1996; Dupont , 
1999; Schuster et a/. , 2002). 

1.3.2. PLC activation by Ca^* 

The first mathematical model for InsPj-induced Ca"* oscillations assumed that this phenomenon relies 
on an oscillating level of InsP,. The periodic variation of the InsP, level was based on a posi t ive 
feedback loop ar is ing f r o m the assumed activation by Ca"* of InsP , synthesis ca ta lyzed by 
phospholipase C (PLC) (Meyer and Stryer, 1988 and 1991; De Young and Keizer, 1992). That such 
positive feedback occurs for Ca"* concentrations in the physiological range of 0.1-1 / /M has been 
demonstrated for isoforms of the enzyme that have been detected only in a few cell types. 

Although many early expérimental studies indicated that Ca"* oscil lations can be observed in the 
présence of a constant level of InsP, (Wakui et al., 1990; Hajnoczky and Thomas, 1997), some récent 
experiments suggest that Ca"* oscillations are accompanied by InsP, variations (Hirose et al., 1999; 
Nash et al., 2001a and 2001b). However, as will be emphasized below, InsP, oscillations could resuit 
f rom the well-characterized stimulation of InsP, dégradation by Ca"* (Takazawa et al., 1990a; S ims 
and Allbritton, 1998), in which case they do not really participate in the core oscillatory mechanism. 
Moreover, the above-ment ioned suppression of Ca"* oscillations in DT40 cells expressing InsP,Rs 
with a decreased sensitivity to cytosolic Ca"* (Miyakawa et al., 2001) also argue against a primary rôle 
of the stimulation of PLC activity by Ca"* in the génération of Ca"* oscillations. 
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Minimal model based on CICR 
Z : cytosolic Ca^* 

Y : Ca"* in the endoplasmic reticulum 

dZ 
VQ + viP-V2 + V3+kfY-kZ 

dt •' 
dY 

with VQ: basai Ca"* influx from the extracellular médium 
P : level of extemal stimulation 
v i P : agonist-stimulated Ca"* entry 

Z2 
V2 = V^2 —9 2 '• pumping from the cytosol into the ER 

V3 = fi^MT, —2 T 4 4 • ^^"^ release from the ER into the cytosol, 
K,i + Y^ + Z 

activated by cytosolic Ca""̂  (CICR) 

kf Y : passive efflux of Ca"* from the stores into the cytosol 
k Z : passive efflux of Ca"* from the cytosol into the extracellular médium 

(1.1) 

(1.2) 

(1.3) 

(1.4) 

Table 1.2 : One-pool model for Ca"* oscillations based on CICR (Dupont and Goldbeter, 1993). Formally similar kinetic 

équations are obtained in the two-pool model based on CICR (Dupont and Goldbeter, 1989; Goldbeter et al., 1990). 
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Fig. 1.2. Différent pattems of cytosolic Ca"'" oscillations generated by the model ba.sed on CICR (Table 1.2) as a function of 

the increasing level of extemal stimulation. The level of InsP, is measured by parameter p that gives the saturation function 

of the InsPjR. A low (high) steady state of cytosolic Ca"* concentration is obtained for lower (higher) values of p. 
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1.3.3. Biphasic régulation of the InsPj receptor by Cc^* 

The steady-state open probability of the InsPjR/Ca"* channel présents a bel l -shaped dependence on 
cytosolic Ca^* concentration (Bezprozvanny and Ehrlich, 1995). Thus , besides CICR, slower, Ca"^-
induced inhibition of Ca~* release does also take place. From a theoretical point of view, fast activation 
and slower inhibition are well known to be sufficient to generate an oscillatory behavior (Goldbeter , 
1996). Comprehensive overviews of models based on a detailed description of the transitions between 
the différent states of the InsPjR are given in many reviews (see, for example, Sneyd et al., 1995; Tang 
et al., 1996; Schuster et al., 2002). Thèse models reproduce both the oscillations and the equil ibrium 
bell-shaped Car* dependence of the InsP,R. One of thèse models, that will be largely used in the 
following chapters of this thesis, is given in Table 1.3. A récent variant of this type of models is based 
on the intriguing possibili t ies that Ca"* binds to the différent states of the receptor with nonl inear 
kinetics and that Ca"* binding to the receptor both decreases the rate of InsP, binding and increases the 
sensitivity of the receptor to InsPj (Sneyd and Dufour, 2002). Thèse assumptions greatly enhance the 
agreement between the observed dynamical behaviour of the channel and the prédictions of the model. 

Model based on the biphasic régulation of the InsPjR by Ca 

Rdes'- fraction of Ca"*-desensitized InsPj receptor 
Ccyto'. cytosolic Ca"* 

dR. 'des 
dt 

1 — R 
-k r"i des I D 

1 + 

-'^des 

dC. cyto 

dt 
= ki{b + IRa )(Ca,^, - C^,^{a +1 )) - V^^ — - ^cvto 

p ^ '^cyto 

(1.5) 

(1.6) 

with IR^ : fraction of active channels = IR^hie' 

1 + 
C 

\ ^cyto j 

IRabte- fraction of 'act ivable ' channels = (l - Rjes) 
K,p + IP^ 

k\b: small basai leak of Ca"* through the InsPjR 

Cajgf : total cell Ca"* concentration ( = a C ^ / j + C^y,„) 

a : ratio between the ER volume and the cytosolic volume 

(1.7) 

(1.8) 

Table 1.3. Model for Ca"* oscillalions based on ihe biphasic (aciivalion-inhibition) régulation of the InsP,R by Ca-* (Swillens 

étal, 1994; Dupont and Swillens, 1996). 
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The main dif férence between the model based on a detailed description of the transitions between 
the différent states of the InsPjR and those simply based on InsPj-sensi t ive CICR pertains to the 
mechanism responsible for the tenmination of the Ca"* spike. In the models incorporating the inhibition 
of the InsP3R by Ca^^, the latter régulation shuts the channel. In contrast, in models based on simple 
CICR, the decrease of the Ca"* content of the ER leads to a decrease in cytosolic Ca"* as soon as the 
rate of release from the ER becomes smaller than the rate of pumping into the ER. 

1.3.4. Capacitative C(^* entry 

During Ca"* oscillations, entry of extemal Ca"* is somehow controUed by the state of filling of the ER. 
Indeed, Ca"* entry is prevented when Ca""̂  stores are charged up, but store deplet ion immediate ly 
promotes Ca^* entry into the cytosol. The mechanism of Ca^* entry into the cytosol is still not totally 
understood and probably differs f rom one cell type to the other (Berridge, 1995; Lewis, 2001; Putney 
et al., 2001). By regulat ing the level of Ca"* inside the cells, capacitat ive Ca"* entry (CCE) has a 
profound effect on the overall intracellular Ca"* dynamics. Incorporated into theoretical models , this 
régulation has been shown to mitigate the depletion of intracellular stores and favor a stable, high 
steady-state level of cytosolic Ca"* (Wiesner et al., 1996). 

1.3.5. InsPj 3-kinase activation by Ca^* 

The metabolism of InsP j by Ins-1,4,5-P3 3-kinase and 5-phosphatase has been well characterized. It 
has been shown that the Ca'* /calmodulin complex stimulâtes 3-kinase activity (Takazawa et al., 
1990a; Sims and Allbri t ton, 1998). Thus, each Ca"* spike provokes a temporary increase in InsP, 
dégradation, a phenomenon that leads to InsP, oscillations (Borghans et al., 1997; Houart et al., 1999). 
Thus , it is not necessary to invoke the st imulation of InsPs synthes is by Ca"* to explain the 
experimentally observed oscillations in InsP, (Hirose et al., 1999; Nash et al., 2001a and 2001b). If 
PLC activation was the driving force of InsP, and Ca"* oscillations, the peak in InsP, should précède 
the peak of Ca"*. The opposi te should be true if InsP, oscillations were passively fol lowing Ca"* 
oscillations through stimulation of InsP, 3-kinase activity by Ca'*. Current expérimental techniques do 
not allow to discriminate between the two situations. The observation that Ca"* oscil lations can be 
induced by large amounts of InsP, analogs (Wakui et al., 1990; Dumollard et al., 2002) favors the 
view that InsP, oscillations originate from the régulation of InsP, dégradation by Ca"*. 

1.3.6. Mitochondrial control of C(^* 

Mitochondr ia play an important rôle in control l ing intracellular Ca"* dynamics . Mitochondria l 
membranes contain many Ca"* transporters, such as the permeability transition pore (PTP), the Ca"'^ 

uniporter and the NaV Ca'* and HV Ca"* exchangers. Through thèse channels, mitochondria behave as 
high capacity, low affmi ty Ca"* buffers (Jouaville et al., 1995) and could also play a more active rôle 
in releasing their Ca"* content when overloaded, in a process called mitochondrial Ca^*-induced Ca"* 
release (Ichas et al., 1997). Also, as a conséquence of cytosolic Ca"* oscillations, the level of Ca~* 
inside mitochondria varies, allowing for the frequency-encoding of intramitochondrial reactions such 
as those based on pyruvate dehydrogenase activity (Robb-Gaspers et al., 1998). 

Mitochondria have been taken into account in several models for Ca"* dynamics (Marhl et al., 
2000; Falcke et al., 1999). Thèse models predict that mitochondria can regulate the amplitude and the 
f requency of cytosol ic Ca"* spikes, and inf luence the transition f r o m s imple to complex Ca"* 
oscillations. 
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1.3.7. G-protein régulation 

G-proteins are involved in the transduction signal cascade between the extemal hormonal receptor and 
InsP, synthesis through the PLC isoform, PLC6. Possible régulations of G-protein by InsPs, Ca"* or 
diacyl-glycerol (DAG) have been incorporated into varions theoretical models (Cuthbertson and Chay, 
1991; Kummer et al., 2000; Lâer et al., 2001). In thèse models, which often display complex Ca"* 
oscillations, the level of InsP, oscillâtes together with Ca"*. However, solid expérimental évidence for 
the régulation of G-protein by Ca""^ or InsPj is still lacking. 

1.3.8. Phosphorylation of the InsPj receptor 

Phosphorylation of the InsP, receptor by protein kinases A, C and calmodulin-dependent kinase II has 
been demonstrated (see Bezprozvanny and Ehrlich, 1995 for review). Type III InsPiR, most abundant 
in pancreatic acinar cells, has been shown to be largely phosphorylated in response to stimulation by 
cholecystokinin (Hagar and Ehrlich, 2000). Phosphorylation is not observed in response to other 
agonists such as acetylcholine. If it is assumed that the phosphorylated receptor does not pass Ca"'' 
carrent , the rate of InsPjR recovery f rom inactivation crucially dépends on the nature of the agonist. 
This mechanism might explain the long-period Ca"* spiking observed in thèse cells af ter stimulation 
by cholecystokinin (LeBeau et al., 1999). 

1.4. Aim of the thesis 

In the fol lowing, we focus on the spatio-temporal organization of calcium signais in non-exci table 
cells, f rom the subcellular to the multicellular level. The gênerai idea of our research work is to use the 
synergy provided by a combined theoretical and expérimental approach to apprehend complex 
phenomena, such as oscillations, waves and gradients f rom a clear and robust point of view. Thus, the 
subjects related to Ca"* dynamics that we have investigated, have been selected on the basis of both 
their physiological relevance and the possible gain provided by a theoretical approach. This procédure, 
clearly coming under the field nowadays referred to as 'Computat ional Biology ' (Fall and Keizer, 
2002; Goldbeter , 2002; 2004) , has of ten al lowed us and many others to g rasp the molecu la r 
m e c h a n i s m s and func t ions of Ca"* osc i l la t ions and waves . Bes ides the c lass ica l f ie ld of 
neurophysiology, it can be positively stated that Ca"* dynamics is one of the field of biology for which 
the interplay between theory and experiments has been the most fruitful. 

C h a p t e r s II a n d III are devoted to a detailed study of Ca'* oscillations. W e first extend the models 
initially developed to account for Ca"* oscillations - a n d presented in Tables 1.2 and 1.3- to take into 
account the metabol ism of InsP,. As InsP, is responsible for the release of Ca"* f rom the internai 
stores, its synthesis and dégradation clearly affect Ca"* dynamics. In particular, as the activity of one 
of the enzymes responsible for InsP, dégradation is stimulated by Ca"* itself, there is a mechanism of 
signal self-modulation which is expected to lead to complex behaviours. Moreover , this model allows 
us to provide some simple explanation to expérimental results related to the overexpress ion of the 
InsPj-cataboIizing enzymes. It also provides a f ramework allowing us to test the hypothesis that Ca'* 
oscillations could be accompanied by InsP, oscillations. In a second step, we extend the simple model 
based on the biphasic régulat ion of the InsP, receptor by Ca"* to consider the exis tence of three 
isoforms of the InsP, receptor. It is known from electrophysiological experiments that the lat ter 's are 
different ly regulated by Ca"* and InsP,. Taking thèse data into account, we analyse the e f fec t s of 
changing the respective amounts of the 3 isoforms in a model for the Ca"^ dynamics . The level of 
expression of the 3 types of InsPjR indeed dépends on the cell type and on the developmental stage of 
the cell. 

Oscillations of cytosolic Ca"^ are assumed to resuit from the periodic, coordinated opening of the 
whole population of InsP^Rs présent in a cell. However, for weak levels of stimulation (InsP,), one can 
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observe some other types of Ca"^ increases, of short durations and small amplitudes, that seem to occur 
randomly throughout the cell. Thèse elementary Car* signais are supposed to resuit f rom the opening 
of one or a few Ca'* channels. They are modelled in Chapter IV, by means of stochastic simulations. 
The aim of this study is to make the link between the characteristics of the InsPjR/Ca"* channels which 
have been reported in in vitro studies, and thèse small increases in Ca"* observed in the cytosol. 

If elementary Ca"* events are considered as the smallest phenomena in the hierarchy of Ca"* events, 
intercellular Ca"* waves lie at the opposite side. In some tissues, Ca"* oscillations between adjacent 
cells are indeed coordinated. In Chapter V, we focus on the case of hepatocytes. The mechanism 
responsible for the propagation of Ca"* waves through the whole liver can indeed be apprehended on a 
much simpler system, consisting of a few hepatocytes connected by gap junct ions. In a combined 
theoretical and expér imenta l approach, we have investigated the mechan i sm of this intercel lular 
propagation of Car* waves, and more specifically the nature of the key messenger f lowing through gap 
junctions. 

The periodic propagation of Ca'* waves is also observed in many eggs after fertilization. As thèse 
waves play a fundamental rôle in the development of the egg into an embryo, it is crucial to grasp with 
many détails the mechanisms responsible for this early spatio-temporal organization. Focussing again 
on one model sys tem, namely the ascidian egg, we start in C h a p t e r VI by model l ing some 
expérimental results that have been obtained by artificially st imulating thèse eggs in wel l -def ined 
conditions. Thèse experiments indeed allow us to validate our model, which can then in a second step 
be used to provide some plausible explanations and prédictions about phenomena responsible for egg 
activation at fertilization. 

Final ly , the rôle of Ca"* as second messenger is most emphas ized in C h a p t e r VII . M o r e 
specifically, we focus on three situations where the oscillatory nature of the Ca"* signal seems to play a 
p rédominant rôle in its physiological implicat ions. W e thus f irst envisage the p rob lem of the 
st imulation by Ca"* of g lycogenolys is in the liver, to try to theoret ical ly uncover the poss ib le 
advantage of an oscillatory Ca"^ signal with respect to a constant one. Second, we focus on the only 
enzyme that has been shown, in isolation, to be sensitive to the frequency of Ca"* oscillations, namely 
the Ca"^-calmoduline sensitive kinase II. We propose a simple model for this very peculiar enzyme. 
This model could serve as a 'p lug-in ' élément in elaborated models of cell signalling in the various 
Systems in which this kinase is involved. Finally, in a rather spéculative manner , we make the link 
between the Ca"* oscil lat ions observed at fert i l ization and the early deve lopment of the egg, by 
considering the effect of periodic Ca'* increases on a previously proposed model for the cell cycle. 
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PART 1 : OSCILLATIONS 
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CHAPTER II 

Effect of InsP3 metabolism on cellular Csl oscillations 
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I L l . Introduction 

As InsP, is directly responsible for the release of Ca"* f r o m the ER into the cytoplasm, InsP , 
metabol i sm appears as a key process that may reshape Ca'* osci l lat ions. InsP, is produced by 
activation of phosphoinosi t ide-specif ic phospholipase C (PLC), which catalyzes the hydrolysis of 
phosphatidyl-inositol 4 ,5-bisphosphate ( P I P 2 ) to générale InsP, and 1,2-diacylglycerol (DAG). T o 
date, five classes of PLC have been identified : |3, y, à, eand t, (Rhee, 2001 ; Kouchi et al.; 2004). The 
dependence of PLC activity on Ca'* has been recognized for quite a long time. However , in most 
cases, this stimulation of P L C activity by Ca'* occurs for non-physiological Ca"* levels. That such 
positive feedback may occur for Ca"* concentration in the range of 0.1-1 [xM has been shown for the y 
(Renard et ai, 1987), ô (Allen et al., 1997) and t, isoforms (Kouchi et al., 2004). 

Stimulation of InsP, synthesis by Ca"* represents a cross-catalytic mechanism that could provide an 
alternative to CICR to generate Ca'* oscillations. In fact, the f irst mathemat ica l model for InsP,-
induced Ca"* oscillations was based on this régulation (Meyer and Stryer, 1988; 1991). In this case, 
InsP, oscillations accompany Ca"* oscillations. This hypothesis was rather rapidly put aside as many 
experiments indicated that Ca"* oscillations can be observed in the présence of a constant level of InsP, 
(Wakui et al., 1990; Hajnoczky and Thomas, 1997; Dumollard and Sardet, 2001). Some other, récent 
experiments however suggest that periodic InsP, variations can be observed during the course of Ca"* 
oscillations (Hirose et al., 1999; Nash et al., 2001a and 2002b). Thèse observations have reawakened 
enthous iasm for models based on an oscillatory production of In sP j (Taylor and Thorn, 2001) . 
However , as will be emphasized below, InsP, oscillations could resuit f r o m the well-characterized 
stimulation of InsP, dégradation by Ca"* (Takazawa et al., 1990; Sims and Allbritton, 1998), in which 
case they do not really part icipate in the core oscillatory mechanism. Moreover , the suppression of 
Ca"* oscillations in DT40 cells expressing InsP,Rs with a decreased sensitivity to cytosolic Ca^* 
(Miyakawa et al., 2001) also argue against a primary rôle of the stimulation of PLC activity by Ca"* in 
the génération of Ca^* oscillations. 

In this chapter, we focus on the process of InsP, dégradation and on its possible ef fect on the 
existence, f requency and shape of Ca"* oscillations. W e thus extend our model for Ca"* oscillations 
presented in Table 1.3 to consider the évolution of InsP, concentration (section II.2). W e then use this 
model to investigate the respective importance of the two Ins( l ,4 ,5)P, dégradation pathways (section 
II.3; Dupont and Erneux, 1997); this allows us to propose an explanat ion to the counter- intui t ive 
expérimental observations per formed in C H O cells overexpressing one or the other InsP3-degrading 
enzyme (De Smedt et al., 1997). Then, using a combined theoretical and expérimental approach, we 
examine the possible physiological relevance of InsP, oscillations due to Ca"*-stimulation of InsP, 
dégradation (section II.4; Dupont et al., 2003c). Finally, we use a somewhat simplified version of the 
model for Ca"* oscillations taking InsP, dégradation into account to theoretically explore the properties 
of the complex Ca'* oscillations that may occur when two oscillatory loops (CICR and self-modulation 
of the InsP, signal) are concomitantly active (section II.5; Borghans et al., 1997; Houart et al., 1999). 

II.2. Model for Ca^* oscillations involving Ca^*-activated InsPj dégradation 

II.2.1. Expérimental data concerning the catabolism of Insl,4,5-Pj 

Ins l ,4 ,5-P, can be inactivated in two distinct ways; it can be either dephosphorylated by the Ins l ,4 ,5-
P, 5-phosphatase to produce inositol 1,4-bisphosphate or phosphorylated by the Insl,4,5-P3 3-kinase to 
yield inositol 1 ,3,4,5- tetrakisphosphate (Erneux and Takazawa, 1991; Shears , 1992). The lat ter 
Insl,3,4,5-P4 might regulate Ca""^ concentration either by potentiating Ins l ,4 ,5-P, -evoked Ca""̂  release 
by act ivat ing Ca~* entry ( for rev iew, see Hughes and Putney, 1990; Irvine, 1992; Wilcox and 
Nahorski , 1994) or by inhibiting Insl ,4 ,5-P,- induced Ca"* release (Bird and Putney, 1996). c D N A s 
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encod ing var ious i so fo rms of Ins l ,4 ,5-P3 5 -phospha tase and Ins l ,4 ,5-P3 3 -k inase have been c loned 
(see e.g. Choi et al., 1990; Takazawa et al, 1990a; Takazawa et al, 1991a; T a k a z a w a et al, 1991b). 
T y p e I I n s l , 4 , 5 - P , 5 -phospha tase (also des ignated as 43kDa 5 -phospha tase ) is the m o s t widespread 
inosi tol phospha te 5 -phospha ta se ; it can use both Ins l ,4 ,5-P3 and Ins l ,3 ,4 ,5 -P4 as subs t ra tes . T h e 
apparent K m values of this enzyme , as reported in bovine brain, are equal to 10//M fo r Ins l ,4 ,5 -P3 
and 1/iM for Insl ,3,4,5-P4; the Vmax is about 10 t imes larger for Ins l ,4 ,5-P3 as substrate as compared 
to Ins l ,3 ,4 ,5-P4 (Ver j ans et al., 1994). T h e V m a x of bovine bra in Ins l , 4 ,5 -P3 5 -phospha t a se w a s 
es t imated to be about 500 / imol /mg/min (Erneux et al., 1989). High V m a x va lues fo r Ins l ,4 ,5 -P3 5-
phospha tase have also been reported in human placenta or in porc ine skeletal musc l e (Ver jans et al., 
1992; L a x m i n a r a y a n et al., 1993). T h e two m a j o r i soforms of Ins l ,4 ,5 -P3 3 -k inases , k n o w n as 3-
kinases A and B, are t issue-specif ic (Takazawa et al., 1990a; 1990b; T a k a z a w a et al., 1991a; Poster et 
al., 1994). Both i soenzymes have a higher aff ini ty fo r Insl ,4 ,5-P3 than 5 -phospha ta se , but a lower 
V m a x . T h e V m a x of the bov ine and rat brain 3-k inases are about 5-10 / / m o l / m g / m i n (Poster et al., 
1994; Vanweynbe rg et ai, 1995). A ma jo r quali tat ive dif férence be tween 3-kinase and 5-phospha tase 
is that most , if not ail, Ins l ,4 ,5 -P3 3-kinase activities of mammal ian cells could be s t imulated in vitro 
by the Ca"Vcalmodul in ( C a M ) complex . T h e act ivat ion factor r anges f o r m 2 (Pos te r et al., 1994; 
Takazawa et al., 1990b; T a k a z a w a et al, 1989) to 17 (Takazawa et al, 1988; C o m m u n i et al, 1994). 
Moreover , Ins l ,4 ,5-P3 3-kinase A can be phosphoryla ted by CaM-k inase II, resul t ing in a 8-10 fo ld 
s t imulat ion of e n z y m e activity (Li et al, 1989). Thus , upon combina t ion of the t w o latter s t imulat ion 
pa thways , the e f fec t ive degree of st imulation of Ins l ,4 ,5-P3 3-kinase by Ca"* is p robably very h igh in 
many cell types. 

11.2.2. Model for InsPj metabolism 

Here , w e will start f r o m the model for Ca"^ d y n a m i c s that has been p resen ted in T a b l e 1.3, and 
de f ined by eqs . (I .5)-(I .8). In this model , the concentra t ion of InsP , was cons ide red as a cons tan t 
parameter (IP3). In order to consider the various ef fec ts of Insl ,4,5-P3 metabol i sm on Ca"* oscil lations, 
we n o w assume that the t ime course of Insl ,4 ,5-P3 concentration {IP3) obeys the fo l lowing dif ferent ia l 
équat ion: 

dIPl> 

dt 
=Yypic-yk 

IP3 Ccyto 

Kk+IP3 K"/+Ccyto"d 

IP3 
(II. 1) 

K 1 + 
IP4 

K p2 
+ IP3 

w h e r e y r epresen t s the level of ex t ema l s t imulat ion and Vplc the m a x i m a l veloci ty of Ins l ,4 ,5 -P3 
synthesis by PLC. Por the sake of simplicity, the poss ible stimulation of P L C activi ty by Ca'* is not 
taken into account in eq. (II. 1) al though it can affect the temporal pattern of Ins l ,4 ,5-P3 accumula t ion ; 
it has been checked , however , that the results presented below with respect to the respect ive e f fec t s of 
3 -k inase and 5 -phospha tase on Ca"* oscil lations, remain qualitatively unchanged if such a f eedback is 
incorpora ted in the mode l . Dégrada t ion of Ins l ,4 ,5 -P3 by 5 - p h o s p h a t a s e o c c u r s wi th a m a x i m a l 
velocity V^, and a Michae l i s constant denoted by K^, . character izes the compét i t ive inhibit ion of 
Ins l ,4 ,5-P3 5 - p h o s p h a t a s e by Ins l ,3 ,4 ,5 -P4 . T h e max ima l ve loc i ty of I n s l , 4 , 5 - P 3 3 - k i n a s e is 
represen ted by whi le s tands for the Michae l i s constant of the s ame e n z y m e f o r Ins l ,4 ,5-P3. 
Act iva t ion of Ins l ,4 ,5 -P3 3 -k inase by Ca'* is character ized by a th reshold cons t an t and a Hill 
coeff ic ient n^. Ca lmodul in is not explicitely considered as it can be assumed to be in large excess and 
because Ca"* binding to calmodul in is not a kinetically limiting step. 

In the same manner , the évolut ion of the concentrat ion of Insl,3,4,5-P4 (IP4) is g iven by: 
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' ' ' ' . = V , - ^ ^ V , , UP4 (II.2) 
dt Kk+lP3 K"/ +Ccyto"^ 

^p2 
, IP3 
1 + + IP4 

in which V^j 'S tlie maximal velocity of Insl,4,5-P3 5-phosphatase with Insl,3,4,5-P4 as substrate. The 
last term refers to a small, linear dégradation of Insl,3,4,5-P4; for most parameter values, the latter 
does not play any significant rôle, but it ensures the existence of a steady-state level of Insl,4,5-P3 and 
Insl,3,4,5-P4 when the velocity of Insl ,4,5-P3 production (yVplc) becomes very large. This small 
dégradation term could correspond to other 5-phosphatase activities as, e.g. the 75kDa 5-phosphatase 
(Mitchell et al., 1989) or to S H I P (SH2-containing inositol phosphatase) (Damen et al., 1996; 
Kavanaugh et al., 1996). 

Parameter values 
For Ca"^ oscillations, we have considered parameter values previously used in the model def ined by 
eqs. (I.5)-(I.8) (Dupont and Swillens, 1996). The latters do not affect the results of the présent study, 
as long as the temporal relationship between Ca~* spiking and Insl,4,5-P3 metabolism is not drastically 
changed. Thus, to keep internai consistency, we have considered parameter values leading to period of 
Ca'* oscillations of a few seconds together with parameter values for Insl ,4,5-P3 metabol ism issued 
f rom studies performed in brain tissues. A standard set of values for the parameters characterizing the 
Insl,4,5-P3 synthesis and metabolism is given in Table II. 1. Michaelis constants of 3-kinase and 5-
phosphatase are directly issued f rom the littérature; the latter reports also provide values for the 
maximal velocities of the purified enzymes. However, we need to consider , in the model , apparent 
values for the Vmax that take into account the enzymatic concentrat ions. Thèse apparent maximal 
velocities of Insl,4,5-P3 3-kinase and 5-phosphatase have thus been evaluated on the basis of total 
activities of crude extracts of bovine brain. The values reported in (Verjans et al., 1994a) were used 
for Insl ,4 ,5-P3 5-phosphatase , keeping in mind that, in the brain, soluble 5-phosphatase activity 
represents about 20% of total 5-phosphatase activity; fo r 3-kinase, we used the values reported in 
(Takazawa et al., 1990b). Thus, assuming a tissular density equal to 1, the apparent V m a x for total 5-
phosphatase can be estimated to be about 15 /<Ms"', while that of 3-kinase is of the order of 0.17 //Ms" 

In the simulations, we used 5/iMs"' and 0.5 /iMs"' for 5-phosphatase and 3-kinase, respectively, such 
as to get a ratio of 10 between the two maximal velocities; this value would represent a minimal value 
in brain t issues and equals that measured in Chinese hamster ovary cells in which overexpress ion 
experiments have been carried out. The detailed effect of varying this ratio will be fur ther investigated 
in the présent study. 

Insl,4,5-P3 3-kinase stimulation by the Ca"*-calmodulin complex is a coopérative process; thus the 
Hill coeff icient is larger than 1. The précise value of this coefficient , as well as the threshold 
characterizing the stimulation (eqs (II. 1) and (II.2)), have been chosen, in an empirical manner, such as 
to get appropriate stimulation levels of the Insl ,4,5-P3 3-kinase by Ca"*. In the model , indeed, the 
stimulation factor is given by the ratio of the third factor of the second term of the right hand side of 
equ. (II. 1), evaluated, respect ively, at the maximal and minimal levels of Ca"* reached dur ing 
oscillations. In that respect, it should be noted also that the value of (maximal velocity of Ins 1,4,5-
P3 3-kinase) that has to be incorporated in the model must be evaluated f rom expér imenta l data 
obtained at high Ca"* concentration. Finally, the maximal velocity of PLC has been chosen such as to 
get a physiolocial value for the resting level of Insl ,4,5-P3 (about 0.1 / /M). 
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Insl,4,5-P3 metabolism 

i3 y iiiuiii 

Vn/r Maximal velocity of IP3 synthesis 1.3 ; /Ms- l 

Vk Maximal velocity of IP3 3-kinase 0.5 /<Ms-l [ 1 , 2 , 3 , 4 ] 

Kk Michaelis constant of IP3 3-kinase 1 mM 
r 

[ 1 , 2 , 3 , 4 ] 

Kd Threshold for IP3 3-kinase activation by Ca"* 0 . 3 pM 

ri/i Hill coefficient for IP3 3-kinase activation by Ca"^ 2 

Vpl Maximal velocity of 5-phosphatase (IP3 substrate) 5 / < M S - 1 [ 2 , 5 , 6 , 7 ] 

Kp] Michaelis constant of 5-phosphatase (IP3 substrate) 10;<M [ 2 , 5 , 6 , 7 ] 

Vp2 Maximal velocity of 5-phosphatase (IP4 substrate) 0 . 2 ; iM [ 2 , 5 , 6 , 7 ] 

Kp2 Michaelis constant of 5-phosphatase (IP4 substrate) IfiM [ 2 , 5 , 6 , 7 ] 

^ns Rate constant of linear dégradation of IP4 0 . 0 1 s-1 

Table II. 1 Standard values of the parameters characterizing Insl,4,5-P3 synthesis and metabolism used in the model for Ca'* 

oscillations and Insl ,4,5-P, metabolism. For the références: 1 : Takazawa et al., 1991 b: 2: Emeux et al., 1989; 3: Takazawa et 

al., 1989; 4: Takazawa et al., 1988; 5: Verjans et al., 1992; 6: Verjans et al., 1994; 7: Laxminarayan et al., 1993. 

Typical behaviour ofthe model for Ca"* oscillations and Insl,4,5-P3 metabolism 
Equations (I.5)-(I.8), (II. 1) and (II.2) represent a System of four ordinary differential équations that can 
be numerically integrated. A typical behaviour exhibited by the model is shown in Fig. II. 1. It appears 
that cytosolic Ca"^ oscillations (Fig. II. 1.A) drive small ampli tude variations of the Insl ,4,5-P3 (Fig. 
I I . l .B) and Insl,3,4,5-P4 (Fig. I I . l .C) concentrations because each Ca"* spike activâtes Ins l ,4 ,5 -P , 3-
kinase, which provokes an increased transformation of Insl,4,5-P3 into Insl,3,4,5-P4. 

Osci l la t ions in the levels of Ins l ,4 ,5-P3 have been repor ted in some expér imenta l s tudies 
(Harootunian et al., 1991; Raha et al, 1993; Hirose et al., 1999; Nash et al., 2001a; 2001b) . The 
ampl i tude of the Ins l ,4 ,5-P3 and Insl ,3,4,5-P4 variat ions dépends on the st imulation level ( larger 
variat ions are obtained fo r smaller values of 7), as well as on the maximal velocity and threshold 
constant of the Insl ,4,5-P3 3-kinase. In the limit case where the maximal velocity of 3-kinase would be 
very low, as in some cell types where the activity of 5-phosphatase very much exceeds the activity of 
3-kinase, thèse oscil lat ions in the level of Insl ,4,5-P3 would d isappear . Importantly, the degree of 
Insl ,4,5-P3 3-kinase act ivation by Ca"* also plays a crucial rô le in that respect; for the s imulat ion 
presented in Fig. II. 1, parameters values (/f^ and n^ ) are such that when the level of cytosolic Ca"* 
rises f rom its minimal (91 n M ) to its maximal (510 nM) value, the stimulation factor is equal to about 
9. Cytosolic Ca"* oscillations are barely affected by thèse small Insl ,4 ,5-P3 variations. If Ins l ,4,5-P3 is 
assumed to be f ixed at the mean value corresponding to panel B, simulations of the model def ined by 
eqs(I.5)-(I.8) lead to a nearly unchanged pattern of Ca"* oscillations as compared to Fig. II. L A (not 
shown). When external st imulation is maximal ( y = 1), oscillations of cytosolic Ca'* d isappear and a 
high steady-state level of Ca"^ (0 .32 / /M) , Insl,4,5-P3 (18.01 pM) and Insl ,3,4,5-P4 ( 1 1 . 5 6 / / M ) is 
established. It is a lso interest ing to note that, in thèse non-osci l la tory condit ions, the increase in 
Insl,4,5-P3 concentration a f te r stimulation is biphasic; when the level of Insl ,4,5-P3 has become high 
enough to release Ca"* f r o m internai stores, Insl,3,4,5-P4 is produced, resulting in a decreased rate of 
net Insl ,4 ,5-P3 accumula t ion (not shown) . Finally, it should be ment ioned that for some set of 
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parameter values, the mode l can display complex , burst ing-l ike oscil lat ions in agreement with other 
theoretical results (Borghans et al., 1997; Houart et al., 1999; see section II.4). 
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B 
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Fig. II. 1. Typical oscillations obtained with the model for Ca"* oscillations and Ins 1,4,5-?, metabolism. Insl,4,5-P, and 

Insl,3,4,5-P4 oscillations are passively driven by oscillations in cytosolic Ca"*, occurring due to the feedback régulation of 

cytosolic Ca-* on the Insl,4,5-P, receptor. The successive panels show the évolution of cytosolic Ca"* (panel A), of Ins 1,4,5-

P3 (panel B) and of Insl,3,4,5-P4 (panel C). Results have been obtained by numerical intégration of équations (I.5)-(I.8), 

(II. 1), (II.2), with the parameters values listed in Table II. 1. for Insl,4,5-P3 metabolism and v = 0.2, a = 0.1, Catot = 80 IAM, 

= 4 ]AU% \ Kr = 0.35 /<M, iip = 2, K„,, = 0.56 //M, K,,,, = 0.15 liM, = 3, n, = 4,k-= 0.5 s ', /) = 7 10""s ', k, = 2.57 s ' and 

Kip = I ;<M. Initial conditions correspond to a point of the limit cycle. 

II.3. Theore t i ca l s tudy of the e f fect of Ins l ,4 ,5 -P3 3 -k inase and Ins l ,4 ,5 -P3 5 - p h o s p h a t a s e 
overexpression 

II.3.1. Simulations 

T o inves t iga t e the r e spec t i ve rôles of I n s l , 4 , 5 - P , 3 -k inase and 5 -phospha t a se in Ins 1 ,4 ,5 -? , 
me tabo l i sm, it is in teres t ing to s imulate si tuat ions that would cor respond to enzyma t i c over - o r 
underexpression. Dif férent cell types indeed display différent ratios of activities of the two Insl ,4 ,5-P3-
me tabo l i z ing e n z y m e s . F o r example , Ins l ,4 ,5-P3 3 -k inase ac t iv i ty is pa r t i cu la r ly low in ra t 
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pancrea toma cells AR42J or thèse cells may overexpress the 5-phosphatase which dégrades Ins 1,4,5-
P3 in to Ins l ,4 -P2 (Menni t i and Pu tney , 1990). On the other hand , the lat ter approach p rov ides 
theoret ical prédic t ions that can be tested exper imental ly . The rôle of 3 -k inase and 5 -phospha tase 
activities on the pa t t em of Ca"* responses has indeed been appreciated by under- or overexpress ing 
one or two of thèse enzymes in f ibroblasts (Balla et al., 1991), Xenopus oocytes (Verjans et al., 1994), 
rat kidney cells (Speed et al., 1996) and Chinese hamster ovary cells (De Smed t et al., 1997). It was 
shown that 3-kinase overexpresss ion has very little - i f n o - e f fec t on internai Ca"* mobi l iza t ion in 
r e sponse to external s t imula t ion (Ve r j ans et al., 1994a; D e Smed t et al., 1997). In cont ras t 5-
phosphatase underexpress ion significantly increases the level of rest ing Ca "̂̂  ( 1.9 fold) in rat k idney 
cells, an e f fec t which is t r iggered by an increase in the level of Insl ,4 ,5-P3 (Speed et al., 1996). In 
Ch inese hams te r ovary cel ls , overexpress ion of the native 5 -phospha t a se clear ly abo l i shes any 
oscillatory Ca"* activity in response to stimulation (De Smedt et al, 1997). 

Fig. II.2. Effect of a 10-fold overexpression of Insl,4,5-P, 3-kinase (panel A) and of a 3-fold overexpression of Insl,4,5-P3 5-
phosphatase (panel B) on Ca-* oscillations. Overexpression of 5-phosphatase has a much more drastic effect on Ca'* 
oscillations. Both panels have been obtained as in Fig. II. 1, except for Vj„, = 5 ;<Ms ' in panel A, and V̂ , = 15 ;<Ms ' and 
V^, = 0.6 ;<Ms ' in panel B. 

Overexpression is s imulated in the model by increasing the appropriate maximal velocity. The ef fec t 
of a 10-fold increase in the maximal velocity of Insl,4,5-P3 3-kinase is shown in Fig. II .2.A., in which 
ail parameters - e x c e p t the maximal velocity of 3 -k ina se - have been kept the same as in Fig. II. 1. 
Sustained cytosolic Ca'^ oscil lat ions still occur, with a decrease in both f requency and ampl i tude, due 
to a lower mean level of In s l , 4 ,5 -P , . In fact , fo r the situation cons idered in Fig. II. 1, susta ined 
oscillations disappear for a - 1 6 fold increase of Insl ,4,5-P3 3-kinase maximal velocity. In contrast , a 3 
fo ld increase in the m a x i m a l veloci ty of Ins l ,4 ,5 -P3 5 -phosphatase (with both Ins l ,4 ,5 -P3 a n d 
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Insl,3,4,5-P4 as substrates) already leads to the disappearance of Ca""^ oscillations (Fig. II .2.B). The 
occurrence of an oscillatory pat tem of Ca"* response is therefore very much depending on the maximal 
velocity of Insl ,4 ,5-P3 5-phosphatase . It also suggests that non compét i t ive inhibi tors of the 5-
phosphatase would have pronounced effect on the pattem of Ca"* oscillations. 

11.3.2. Explanation based on the modulation of enzymatic activities 

The reason why overexpressing Insl,4,5-P3 3-kinase or 5-phosphatase has d i f férent e f fec t s on Ca^* 
oscillations can be understood by looking at Fig. II.3., which shows the enzymatic activities of the 
non-overexpressed (A) and overexpressed (B) enzymes. In a situation assumed to correspond to an 
intact cell (Fig. II.3.A), the activity of 5-phosphatase always exceeds that of 3-kinase, as shown by 
measurements pe r fo rmed in total brain tissues (Erneux et al., 1989; Vanweyenberg et al., 1995; 
Takazawa et al., 1989) in which it has been shown that this ratio can vary f rom 10 to 100. Moreover , 
in the simulations, it clearly appears that 3-kinase only plays a significant rôle at the peak of a Ca"* 
spike. A 10-fold overexpression of 3-kinase has two conséquences (Fig. II.3.B). First, the activity of 
the latter enzyme is increased; due to the stimulation of enzymatic activity by Ca"^, this ef fect is ful ly 
pronounced only at the peak of the Ca^^ spike which means that, in average, the increase in activity is 
smaller than for a non-regulated enzyme. Secondly, 5-phosphatase activity is considerably decreased; 
this is due to the compét i t ive inhibition by Insl ,3,4,5-P4 - t h e mean level of which here equals 
6.56 piM- on Insl ,4,5-P3 dégradation by 5-phosphatase. Thus, interestingly, the overall e f fec t of an 
overexpression of 3-kinase on the global Insl,4,5-P3 metabolism remains relatively small. In contrast, 
the assumed overexpression of 5-phosphatase has a direct effect as to increase its enzymatic activity. 

10 15 
Time (s) 

10 15 
Time (s) 

Fig. II.3. Effect of the overexpression of Insl,4,5-P, 3-lcinase on enzymatic activities. Panel A represents the enzymatic 

activity of 3-kinase and of 5-phosphatase in standard conditions supposed to correspond to an intact cell (Table II. 1.; Fig. 

n.l .) . Panel B shows the same enzymatic activities when 3-kinase is overexpressed 10 limes (V, = 5 piMs ' : Fig. II.2.). The 

effect on the overall Insl,4,5-P, metabolism is twofold: first, 3-kinase activity is increased (note that this effect is more 
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pronounced at the peak of a Ca-* spike as well as the différence in scale as compared to panel A) and second the 5-

phosphatase activity (in Insl,4,5-P, dégradation) is much decreased due to compétitive inhibition by Insl,3,4,5-P4. 

A more exhaust ive view of this phenomenon can be obtained by looking at the dependence of the 
average levels of Ins 1,4,5-?, and Ca"* on the maximal velocity of both 3-kinase and 5-phospha tase 
(Fig. II.4.). The two curves of Fig. II.4.A represent the changes in average Ins 1 ,4 ,5-? , concentra t ions 
when vary ing one of the max ima l velocity whi le keeping the o ther o n e ident ical to the s tandard 
condi t ions (Table II.2.). In this view, the situation illustated in Fig. I I . l co r responds to the a r rows 
indicated (1) in Fig. II.4.A, while (2) corresponds to 3-kinase overexpression (Fig. II .2.A) and (3) to 5-
phosphatase overexpress ion (Fig. II.2.B). It clearly appears again that the I n s l , 4 , 5 - P , 5-phosphatase 
pr imari ly con t ro l s the mean level of Ins l ,4 ,5-P3 and thereby the ex i s t ence of Ca"* osci l la t ions , 
occurr ing fo r Ins l ,4 ,5-P3 levels comprised be tween both horizontal l ines of Fig. I I .3 .A (< Ins l , 4 , 5 -

= 0 .239 /<M and <Ins l ,4 ,5 -P3> = 4 . 3 2 / / M ) . It is interest ing to men t ion that the increase in 
Insl ,4,5-P3 associated with a decrease in 5-phosphatase maximal velocity - t h a t could be associated 
with 5-phosphatase underexpress ion- results in an increase in the cytosolic Ca"* level (Fig. II.4.B.), in 
agreement with expérimental results obtained in rat kidney cells transfected with the c D N A encoding 

Fig. II.4. Effects of varying the maximal velocity of Insl,4,5-P, 3-kinase (filled dots) and Ins 1,4,5-?, 5-phosphatase (open 

squares) on the mean Ins 1,4,5-?, (A) and Ca'* (B) levels. Results have been obtained by numerical intégration of eqs. (1.5)-

(1.8), (II.l) and (II.2) with the same parameter values as in Fig. II.l., except for the values of maximal velocities indicated on 

the horizontal axe. Each curve represents a situation where the maximal velocity of one of both enzymes is varied while the 

maximal velocity of the other enzyme is taken as in Fig. II.l. Sustained Ca'* oscillations exist for average lnsl,4,5-P3 

concentrations comprised between the two horizontal lines indicated on the graph A. Fig. II.l corresponds to the points 

marked (1), while Fig. II.2.A and II.2.B correspond to the points marked (2) and (3), respectively. The inset in panel B 

indicates the period of cytosolic Ca"* oscillations (in seconds) when varying the maximal velocity of lnsl,4,5-?3 3-kinase 

(fiUed dots) and Insl,4,5-P, 5-phosphatase (open squares). 
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the 5-phosphatase cloned in the antisense orientation (Speed et al., 1996). In contrast, changes in the 
maximal velocity of 3-kinase barely affect the resting Ca"* concentration (Fig. II.4.B), in agreement 
with expérimental results obtained in Chinese hamster ovary cells (De Smedt et al., 1997). Finally, the 
présent results suggest that the very high level of cytosolic Ca"* observed af ter tétanie stimulation of 
hippocampal C A l pyramidal cells (Petrozzino et al., 1995) could be partly ascribed to the fact that, in 
thèse cells, Ins 1,4,5-?, metabolism is principally carried out by Ins 1,4,5-?, 3-kinase (Mailleux et al., 
1991); in that case, the ratio of the maximal velocities of 5-phosphatase over that of 3-kinase would be 
low and the level of Ca"* would be high (Fig. II.4.B). 

11.3.3. Theoretical prédictions 

A firs t prédict ion relates to the change in period of Ca^^ osci l la t ions for d i f fé ren t levels of 
overexpression of both Insl ,4,5-P3-metabolizing enzymes. In the range of Vmax values in which 
oscillations do occur, the period of oscillations increases when the maximal velocity of any of both 
Insl,4,5-P3 metabol iz ing enzymes is increased; however , the e f fec t on the per iod is much more 
pronounced for 5-phosphatase than for 3-kinase (inset to Fig. II.4.B). 

The quanti tat ive aspect of the curves shown in Fig. II.4 as well as the préc ise values of the 
overexpression factor leading to the disappearance of Ca"* oscillations dépend on a given choice of 
parameter values. Clearly, two quantifies play a primary rôle in the control of Ca"* oscillations: the 
st imulation factor of Ins 1,4,5-?, 3-kinase by C a " \ and, second, the rat io be tween the maximal 
velocit ies of 3-kinase and 5-phosphatase supposed to correspond to the situation of an intact cell. 
Increasing any of thèse two quantities reinforces the dissimilarity between 3-kinase and 5-phosphatase 
in regulating the mean level of Insl ,4 ,5-P, , and thereby the existence of Ca""^ oscillations. As a direct 
corollary of that, it is c lear that results quali tat ively similar to the ones presented above using 
parameter values corresponding to the brain (Fig. II.2) can be obtained for a large range of values of 
the stimulation factor and of the ratio between the maximal velocities, as long as one of thèse two 
quantit ies is large enough. A low stimulation factor can be compensa ted by a large gap between 
Ins 1,4,5-?, 3-kinase and 5-phosphatase and vice-versa. Such a variety of situations most probably 
occurs in the différent cell types. The stimulation factor of the Ins 1,4,5-?, 3-kinase indeed varies 
among its three known isoenzymes, differently expressed in varions t issues (Vanweyenberg et al., 
1995; Communi et al., 1997). The ratio between the maximal velocities of 3-kinase and 5-phosphatase 
also much varies between cell types; in the rat hippocampus, for example , the Ins 1,4,5-?, 3-kinase 
activity is particularly high and this contrasts to the activity that is detected in rat liver cells (Emeux, 
unpublished data). 

11.3.4. Discussion 

In the présent study, we have adressed the problem of the effect of Insl ,4,5-?, metabolism by Ins 1,4,5-
P, 3-kinase and 5-phosphatase on Ca"* oscillations. T o that end, we have extended a model for Ca"* 
osci l la t ions to incorpora te the évolut ion of Ins 1,4,5-?, and Ins l ,3 ,4 ,5 -?4 concent ra t ions . As a 
pro to type , the kinet ic cons tants associated with thèse new équa t ions have been taken f r o m 
expér imenta l data in brain t issues. Thus , the two main d i f f é rences be tween both Ins 1 ,4 ,5-? , 
metabol iz ing enzymes appear to be their rates of Ins 1,4,5-?, convers ion as well as the level of 
stimulation of 3-kinase activity by the Ca '^-CaM complex, much documented by in vitro studies 
(Takazawa et al., 1988; 1989; 1990b; Communi et al., 1997; Li et al., 1989). Moreover , in mouse 
thymocytes , the rate of phosphorylation of Ins 1,4,5-?, to Insl,3,4,5-?4 is increased 7 fold when the 
f ree Ca"* in the lysate is increased f rom 0.1 to 1 / /M (Zi lberman et al., 1987). The rate of 
phosphorylation of In s l , 4 ,5 -? , to Insl,3,4,5-?4 has been also shown to be Ca~*-sensitive in rat aortic 
smooth muscle (Rossier et al., 1987). Finally, another indication that this st imulation effect ively 
occurs in vivo condit ions is corroborated by experiments on cytosolic extracts of Xenopus oocytes 
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reporting a 4 fold activation of 3-kinase activity upon increasing cytosolic Ca concentration f rom less 
than 100 nM to more than 1 fiM (Sims and Allbritton, 1998). 

However , it is clear that the présent model is oversimplified at least in two respects. First, we have 
not considered any rôle for Insl,3,4,5-P4 in Ca"* mobilization, in d isagreement with expér imental 
results in some cell types. Though , this s implif ied model proved to be suf f ic ien t to r ecover 
expérimental observat ions and to make prédictions on the basis of well- ident if ied parameters and 
régulations. In addition, preliminary theoretical results indicate that, if Insl,3,4,5-P4 is supposed to act 
as a posi t ive feedback on Ca"* influx into the cytosol, 3-kinase overexpress ion has a much more 
pronounced effect on Ca"* oscillations; in that case indeed, although the Insl ,4 ,5-P3 level remains 
primarily controlled by the Insl,4,5-P3 5-phosphatase, Insl,3,4,5-P4 much affects the mean level of 
Ca"* which becomes high and inhibits the Ins l ,4 ,5-P, receptor when 3-kinase is overexpressed. Thus , 
preliminary simulations suggest that Insl,4,5-P3 3-kinase overexpression would have différent ef fects 
depending on whether or not Insl,3,4,5-P4 stimulâtes Ca"* entry. 

The second simplification comes from the fact that we have neglected the spatial aspects conceming 
the distibution of enzymatic activities. De Smedt et al. (1997) have clearly shown that the intracellular 
distribution of Ins l ,4 ,5-P3 5-phosphatase plays a crucial rôle in the observed pat tern of Ca"* 
oscillations in cells overexpressing the latter enzyme. In particular, isoprenylation of the Insl ,4,5-P3 5-
phosphatase and its targeting to the plasma membrane (De Smedt et al., 1996) appears to be important 
in that respect. Moreover , the compéti t ive inhibition of Insl,4,5-P3 5-phosphatase by Insl ,3,4,5-P4, 
which plays an important rôle as to decrease the effect of an overexpression of Insl ,4,5-P3 3-kinase on 
Ca"* oscil lat ions in the présent theoretical results, also dépends on the respect ive localization of 
Insl,4,5-P3 and Insl,3,4,5-P4 production. However, the présent theoretical study has allowed us to gain 
a d i f férent , complementary understanding of the rôle played by the Ins l ,4 ,5-P3 3-kinase and 5-
phosphatase activities on Ca"* oscillations, on the sole basis of their intrinsic, temporal enzymat ic 
properties. 

The most s traighforward prédiction of the model is that, due to the st imulation of Insl ,4 ,5-P3 3-
kinase activity by Ca"*, Ca"* oscillations are accompanied by in-phase, small ampli tude oscillations in 
the levels of Insl ,4 ,5-P3 and Insl,3,4,5-P4. Although the expérimental conf i rmat ion would require 
fur ther technical progress , some indications in favour of such an oscil latory level of messengers 
already exist (Harootunian et al., 1991; Raha et al., 1993; Hirose et al., 1999; Nash et al., 2001a; 
2001b). Moreover , it should be mentioned that, theoretically, osci l lat ions in Ins l ,4 ,5-P3 - d u e to 
various m e c h a n i s m s - have been obtained in other models for Ca"* oscil lations (see, e.g. Schuster et 
al., 2002 for review). 

The model also predicts that the mean level of Insl,4,5-P3, and thereby the exis tence of Ca"* 
oscil lations and their f requency, is primarily controlled by the Insl ,4 ,5-P3 5-phosphatase . In that 
respect, we recover expérimental results over 3-kinase and 5-phosphatase overexpression in différent 
cell types. In part icular , the récent study by De Smedt et al. (1997) in which 3-kinase and 5-
phosphatase have been overexpressed in cells wherein the pattern of Ca"* oscillations was observed by 
fura-2 imaging, is very clear in showing that the temporal pattern of Ca"* response is much more 
affected by 5-phosphatase overexpression than by 3-kinase overexpression. W e predict, moreover, that 
this behaviour can be ascribed to a combined effect of dissimilar maximal velocit ies of thèse two 
enzymes and to 3-kinase stimulation by Ca"*. This could be tested by overexpressing to différent levels 
the var ious i so fo rms of Ins l ,4 ,5-P3 3-kinases and compar ing their Ca"* act ivi t ies . Theoret ical 
simulations can moreover provide a useful tool to predict how thèse two ef fec ts might counterbalance 
in various cells as well as to understand how the maximal velocities of both Insl ,4,5-P3 3-kinase and 
5-phosphatase reported in the différent cell types can generate various modes of enzymatic control of 
the temporal pattern of Ca'* oscillations. 
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II.4. Possible rôle of the modulat ion of InsPa 3-kinase activity by C a ^ on Câ "̂  osci l lat ions : 
theoretical and expérimental investigation in hepatocytes 

H.4.1 .Introduction 

It bas recently become possible to detect changes in InsPj levels in single cells (Hirose et al., 1999; 
Nash et al., 2001a and 2001b). The observation that Ca^* and InsPj oscillate in synchrony suggests that 
feedbacks at the level of InsPj synthesis or/and catabolism might play a key rôle in the régulation of 
Ca^* dynamics. As presented in sections II.2 and II.3., pathways of InsPj synthesis and dégradation 
have been well characterized. To summarize (Fig. II.5), upon binding to its spécifie membrane 
receptor, the extemal stimulus (A) triggers the activation of receptor-associated G-proteins. This in 
tum stimulâtes a phospholipase C (PLC) which catalyses the hydrolysis of membrane-bound 
phosphatidyl inositol-4,5-bisphosphate (PIP2) to form InsPs and diacylglycerol (DAG). Already at this 
level, InsPj oscillations could arise either through régulation of protein kinase C (PKC), a Ca^^- and 
DAG-dependent kinase that could exert a négative feedback on the receptor-G protein complex 
(Woods et al., 1987; Kummer et al., 2000), or through a Ca^'^-stimulation of PLC activity (Meyer and 
Stryer, 1988; Harootunian et al., 1991; Kummer et al., 2000). Note that this effect does not seem to 
occur in hepatocytes (Renard et al., 1987). Thèse 2 mechanisms could generate InsPa oscillations due 
to négative or positive régulation of InsPa synthesis; Ca^* oscillations would thus be driven by InsPs 
oscillations. 

In contrast, if Ca^* régulâtes InsPs catabolism, InsPa oscillations would fol low Ca^* oscillations, 
themselves produced by the above mentioned biphasic régulation of the InsPsR. InsPj can be 
transformed either by Ins 1,4,5-P3 5-phosphatase-mediated dephosphorylation to yield inositol 1,4 
bisphosphate, or by Ins 1,4,5-P3 3-kinase-mediated phosphorylation to yield inositol 1,3,4,5 
tetrakisphosphate (InsP4) (Shears, 1992). InsP4 is also a substrate for 5-phosphatase and thus acts as a 
compétitive inhibitor of the InsPa dephosphorylation. The binding of Ca^Vcalmodulin (CaM) to the 3-
kinase enhances its activity at variable extents: the A isoform of the enzyme is stimulated 2- to 3 fold 
by Ca^VCaM, whereas the B isoform is stimulated up to 10 fold (Takazawa et al., 1990a; Sims and 
Allbritton, 1998b). 

Fig. II.5. Schematic représentation of the intracellular Câ * dynamics and of the InsPa signalling pathway in a 
doublet of connected hepatocytes. 
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Mathematical model l ing (Kummer et ah, 2000; Dupont and E m e u x , 1997; Mishra and Bhalla , 
2002) has conf i rmed the intuit ive prédiction that this well-characterized Ca"* stimulation of InsP , 
catabolism can generate InsP, oscillations. However , the physiological s ignif icance of thèse InsP3 
oscillations can be quest ioned. Basically, one could conceive 2 ef fec ts of thèse catabol ism-induced 
InsP, oscillations. First, an active rôle of thèse oscillations in the pacemaker mechanism of Ca"'*̂  
oscillations is suggested by studies performed in hepatocytes (Chatton et al., 1998) and smooth muscle 
cells (Fink et al., 1999). It is there shown that the Ca'^ signal fo l lowing uncaging of poor ly-
metabolized InsP, analogs decays more slowly than the signal fo l lowing InsP, uncaging . T h e 
interprétation of Fink et al. (1999) is that InsP, dégradation is a prerequisite for Ca"* recovery. The 
control of InsP, removal by a Ca"*-stimulated 3-kinase would provide an idéal mechanism to fulf i l l 
this requirement. Second, even if InsP, oscillations are not required for Ca"* oscillations, one could 
argue that the enhanced dégradation of InsP, fol lowing a Ca"* spike plays a rôle in determining the 
relatively low frequency of Ca""^ oscillations, which cannot be explained on the basis of the kinetic 
properties of the InsP,R (Dupont and Swillens, 1996). In this view, each Ca"* spike would provoke a 
decrease in InsP, so that the level of this messenger becomes too low to allow Ca"* release through the 
InsPjR. Consequently, the long period would correspond to the t ime necessary to rebuild the level of 
InsP, necessary to activate Ca^* release through the receptor. 

In the fol lowing (Dupont et al., 2003c), we el iminate both hypothèses and show that the Ca"*-
controlled catabolism of InsP, does not play any significant rôle in the triggering of Ca"* oscillations in 
hepatocytes nor in their characteristics. 

11.4.2. Material and Method 

Préparation of hepatocytes 
Isolated rat hepatocytes were prepared f rom fed female Wistar rats by limited col lagenase ( f rom 
Boehr ingher) digest ion of rat l iver, as previously described (Combet tes et al., 1994). In thèse 
conditions, about 20% cells were associated by two (doublet) or three (triplet) and were distinguished 
from aggregates of non-connected cells in conventional light microscopy by screening for dilated bile 
canaliculi , indicators of mainta ined functional polarity [26]. Af te r isolation, rat hepatocytes were 
maintained (5.10' cells/ml) at 4 °C in Williams' médium E (GIBCO) supplemented with 10% foetal 
calf sérum, penicill in (100,000 units/ml) and streptomycin (100 / /g/ml) . Cell viability, assessed by 
trypan blue exclusion, remained greater than 96%, during 4 to 5 hours. 

Measurement of intracellular Ca^* in individual cells 

Loading of hepatocytes with fura2 
Hepatocytes were loaded with fura2 (Molecular Probes Inc.) by injection (see below). Small aliquots 
of the suspended hepatocytes (5x10"^ cells) were diluted in 2 ml of Williams' médium E modif ied as 
described above, then plated onto dish glass coverslips coated with collagen I, and incubated for 60 
minutes at 37°C under an atmosphère containing 5% CO2. After cell plating, the coverslips were then 
washed twice with a saline solution (20 mM HEPES, 116 mM NaCl, 5.4 mM KCl, 1.8 mM CaCU, 0.8 
m M MgClj , 0.96 m M NaH2P04, 5 mM NaHCO, , and glucose lg/1, pH 7.4). Dish coverslips were put 
onto a thermostated holder (36°C) on the stage of a Zeiss Axiover t 35 microscope set up for 
epifluorescence microscopy. 

Microinjection 
Microinject ion was pe r fo rmed using an Eppendorf microinjector (5242), as described previously 
(Combettes et al., 1994). Micropipettes with an internai tip diameter of 0.5 nm (Femtotips, Eppendorf) 
were filled with test agents together with 5 mM fura2 in a buffer solution containing 100 m M KCl, 20 
m M NaCl, 10 m M Hepes adjusted to pH 7.1. After microinjection, cells were allowed to recover for at 
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least 10 minutes. The success of microinjection was assessed by monitoring the morphology of cells 
before and after manipulat ion and checking the ability of the cell to retain injected fu ra2 and low 
[Ca^^li. Purif icat ion and déterminat ion of activity of the recombinant type I InsP, 5-phosphatase 
(19; /mol/min/ml in this study) was per formed as described previously (Tord jmann et al., 2000; 
Dupont et al., 2000a) . InsP, 5-phosphatase was inactivated at 90°C for 20 minutes . Cells were 
microinjected either with inactivated InsP, 5-phosphatase or with InsP, 5-phosphatase (activity : 
120nmol/min/ml in the pipette) as described above. 
Ca'* imaging was as described previously (Tordjmann et al., 1997). 

II.4.3. Theoretical prédiction as to the rôle of the Cc^*-stimulated InsPj catabolism 

The model for Ca""̂  oscillations (section II.2; Dupont and Swillens, 1996; Dupont and E m e u x , 1997) 
relies on the biphasic régulation of the InsPjR by Ca"*, with InsP, synthesized at a constant rate 
(proportional to the level of stimulation) and degraded by both 3-kinase and 5-phosphatase. The 3-
kinase is stimulated by Ca"'^, and its product, InsP4 competes with InsP, for 5-phosphatase (Fig. II.5). 
When the concentrat ion of agonist (and thus of InsP,) increases, cells typically display: (1) low 
constant levels of Ca"*, (2) sustained C2^* oscillations, the f requency of which increases with the 
agonist concentration and (3) high sustained levels of Ca"*. 

Numerical simulations also show that the level of InsP, oscillâtes in phase with Ca"* (Fig. II.6.A). 
As thèse oscillations rely on the Ca"*-stimulation of InsP, catabolism by 3-kinase, it can be expected 
that their ampli tude would be much reduced if the relative importance of the other dégradat ion 
pathway was increased. Thus, we simulated the effect of 5-phosphatase injection and assumed that the 
concentration of this enzyme is increased by a factor of 25. If ail the other parameters of the model are 
kept constant, oscillations are abolished and a low constant level of Ca"* is predicted, consistent with 
the observed réduction in the level of InsP, (Fig. II.6.B). If the extemal stimulation is then increased, 
Ca^* oscillations are recovered, but now occur in the présence of a nearly constant level of InsP, (Fig. 
II.6.C). In this case, the average activity of the phosphatase exceeds that of the kinase by a factor of 
30, while both activities were roughly the same in the normal situation corresponding to Fig. II.6.A. 

Interestingly, thèse results predict that the characteristics of the répétit ive Ca"* spikes (shape, 
amplitude and order of magnitude of the period) remain similar to those obtained in response to sub
maximal stimulation of a cell that was not supposed to be injected with the enzyme. Thus , the model 
suggests that InsP, oscillations driven by Ca"*-activated InsP, dégradation are not essential for InsP,-
induced Ca"* oscillations. Detailed examination of the behavior of the model shows that this lack of 
effect is due to (1) receptor inactivation being much faster than InsP, removal, and (2) minimal levels 
of InsP, during the course of oscillations being still above the threshold required for an oscillatory 
behavior. 
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Fig. II.6 Theoretical prédiction as to the possible rôle of the Ca"*-stimulated InsP, catabolism. Panel A: oscillations of Ca'* 

and InsP, in a cell stimulated with a submaximal dose of agonist. Panel B: the amount of 5-phosphatase in the simulated cell 

has been multiplied by 25 as compared to its value in A. Panel C: Ca'* oscillations can reappear if the cell is stimulated with a 

high dose of agonist. 

Curves have been obtained by numerical simulations of the model definded by eqs. (I.5)-(I.8), (II.1), (11.2) with: 

K,„= 0.5 \iM, n.=3. K,„,=0.17nM, n;=4, k=0.5 s ', k,=2.57 s ', b=0.0007 s ', K,p=lnM, V„p=6 |xMs '. Kp=0.35 [iM , a=0.1, 

Catot=80 nM, VpLc=4 ^Ms ', V,=5 nMs ', Kk=l ^M, Kj=0.3 (iM, n^=2. For panel A: Y=0.12, Vp|=5 jiMs '. Vp,=0.2 ^Ms ', for 

panel B: Y=0.12, Vp,=125 nMs '. Vp,=5 (iMs ', and for panel C: Y=1, Vp|=125 jxMs ', Vp^=5 nMs '. Thèse parameters only aim 

at qualitatively representing the situation encountered in hepatocytes, as most parameters are experimentally unknown. Scales 

are in seconds and \iM. 

II.4.4. Expérimental results: effect of injecting InsPj 5-phosphatase into âne cell of an hepatocyte 
doublet 

In liver, hepatocytes are tightly coupled by gap junctions (Spray et al., 1994). Ca"^ increases induced 
by agonists activating the InsP, cascade, such as vasopressin or noradrenaline, are highly coordinated 
within multiplets when gap junctions are functional (e.g. Fig. II.7.A and see (Tordjmann et al., 2000) 
for review^. Previous work suggests that calcium spikes are coordinated by the d i f fus ion of small 
amounts of InsP, between cells that slightly differ in their sensitivity to the hormonal stimulus (Dupont 
et al., 2000a) (but see also (Hôfer, 1999)). 
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Fig. II.7. Effect of 5-phosphatase on InsP, dépendent agonists induced [Câ *]̂  oscillations. One cell of the doublet (indicated 

in red) was microinjected with Fura2 and either with inactivate (A) or active InsP, 5-phosphatase (B). Then, hepatocytes 

doublets were challenged with noradrenaline (Nor, 0.1 (xM or 10 iiM) for the time shown by the horizontal bar. Results are 

représentative of those obtained using 4 (A) and 5 (B) doublets. For technical convenience, tracings were interrupted (the gap 

represents 3 minutes). 

The fact that thèse coupled cells show very similar Ca^* oscillations provides an idéal tool to 
evaluate the rôle of InsPj metabolism in the régulation of Ca^* dynamics (see Fig. 11.5 for a schematic 
représentation of the experiments). Indeed, injection of an enzyme that acts specifically on InsPa 
catabolism in the injected cell but cannot diffuse through gap junctions makes it possible to observe 
the effect of InsPj metabolism on Ca^* oscillations, while the non-injected cell provides a natural 
control for unperturbed Ca^* oscillations. Moreover, 3-kinase B has been isolated from rat hepatocytes 
(Thomas et al., 1994) and shown to be stimulated by Ca^* (Biden et al., 1988), while the activity of 
InsPa 5-phosphatase has been shown to be unaffected by changes in [Ca^*] in this cell type (Conigrave 
et al., 1992). Thus, we have injected Type I InsPs 5-phosphatase in only one cell of hepatocyte 
doublets. This isoform is the most widespread of InsPs 5-phosphatases and it is not stimulated by Ca^* 
(Verjans et al., 1994a). 

Together with InsPa 5-phosphatase, fura2 was microinjected; diffusion of this dye via gap junctions 
revealed that the two cells were indeed coupled. As shown in Fig. II.7.A, control injection in one cell 
of InsPj 5-phosphatase that had been previously inactivated did not resuit in any différence between 
the two cells as regards noradrenaline induced Ca^* oscillations. The two cells showed similar Ca^* 
responses both at low (0.1//M) and maximal (10//M) noradrenaline concentration. In contrast, Ca^* 
signais in the two cells were différent when active InsPj 5-phosphatase had been injected into one cell 
of the doublet, whatever the concentration of the agonist (Fig. II.7.B), consistent with the réduction of 
the InsPj concentration in the injected cell anticipated by the model (Fig. II.6.B). 
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In contrast, at supra-maximal concentrations of noradrenaline (10 ^ M ) , the non-injected cell shows 
a high sustained level of Ca"*, reflecting a very high level of InsPj, but the injected cell displays low-
frequency Ca"* oscillations, typical of an intermediate level of InsP, (Fig. II.7.B, right panel). Thus, as 
predicted by the model (Fig. II.6.C), an hepatocyte that has been m a d e silent by injection of 5-
phosphatase can become responsive again by increasing the concentration of the agonist. The critical 
observation is that oscillatory Car* signais can be observed at high enough agonist concentrat ions, 
despite the massive Ca'^^-independent InsPj catabolism induced by the injection of 5-phosphatase. 

II.4.5. Discussion 

The présent results show that, al though InsP^ oscillations probably arise in intact cells due to the 
stimulation of 3-kinase activity by Ca"*, thèse oscillations do not play a prédominant rôle neither in the 
triggering nor in the main characterisi tcs of Ca'* oscillations. However , they do not exclude the 
possibility that InsP, oscillations generated by another mechanism, for example by a PKC-mediated 
feedback at the level of the receptor-coupled G-protein, might play a crucial rôle for hepatic Ca"^ 
oscillations (Kummer et al., 2000). Yet the observation (Hajnoczky and Thomas , 1997) that InsP,-
dependent cycles of Ca~* release and re-uptake can be reproduced in permeabil ized hepatocytes with 
InsP, clamped at submaximal concentration, suggests that the Ca"^ feedback on the InsPjR might well 
be the central oscillatory mechanism in this cell type. This suggest ion is corroborated in a more 
indirect manner by 2 other studies. The first one shows that type 2 InsPjR, which is the most abundant 
in hepatocytes (Wojcikiewicz, 1995), is required for the normal Ca'* oscillations, while types 1 and 3 
do not sustain Ca'* oscillations on their own (Miyakawa et al., 1999). Although both type 1 and type 2 
display a bell-shaped dependence on Ca"*, type 2 is known to be more sensitive to cytosolic Ca'*, 
which may explain its observed prédominant rôle in the génération of Ca"* oscil lat ions (see also 
Chapter III). The other study also strongly suggests that the InsPjR is the driving force of Ca"* 
oscillations: it shows that Ca'* oscillations (but not Ca'* release) are abolished in DT40 cells in which 
the sensitivity of the InsP,Rs to cytosolic Ca"^ has been decreased by substitution of the appropriate 
residues (Miyakawa et al., 2001). 

Nevertheless, even in the hypothesis of a primary rôle of the InsPjR in the génération of Ca"* 
oscil lations, the origin of the long periods observed in hepatocytes and other cells still remains 
unsolved. The présent study demonstrates that the d u e for thèse long periods can probably not be 
found in the Ca"^-dependence of InsP, catabolism, and thus emphasizes the necessity for investigating 
alternative mechanisms. 

II.5. Complex Ca^* osc i l lat ions originat ing front the se l f -modulat ion of the inositol 1,4,5-
trisphosphate signal 

II.5.1. Introduction 

In some cell types, particularly in hepatocytes, complex Ca"* oscillations reminiscent of the bursting-
like behavior displayed by many electrically excitable cells have been observed in response to 
st imulation by spécif ie agonists (Green et al., 1993; Marrero et al., 1994). As thèse cells are not 
electrically excitable, it is likely that thèse complex Ca"* oscillations rely on the interplay between two 
intracellular mechanisms capable of destabilizing the steady state. Some theoretical models have been 
proposed to account for such complex Ca"* oscillations (Chay et al., 1995; Shen and Larter, 1995; 
Borghans et al., 1997). Among thèse models, the one based on the interplay between CICR at the level 
of the InsP, receptor and the Ca"*-stimulated InsP, dégradation (Borghans et al., 1997) appears to be of 
part icular interest. First , this model is based on the well-characterized stimulation by Ca'^ of the 
activity of inositol 1,4,5-trisphosphate 3-kinase, one of the InsP, metabolizing enzymes (Takazawa et 
al., 1989; Takazawa et al., 1990a). Second, this model can generate a large variety of dynamical 
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behaviors, including deterministic chaos and Ca"* oscillations of the burst ing type that much resemble 
expérimental observations (see Figs. 1 and 8 of Borghans et al. (1997) for a compar ison between 
expérimental and theoretical oscillations). 

II.5.2. Simple model for Cd* oscillations involving Cc^*-activated InsPj dégradation 

The model used in the présent study (Houart et al., 1999) is an extension of the minimal model 
proposed by Dupont and Goldbeter (1993) to account for the existence of simple Ca"* oscillations in 
response to extracel lular s t imulat ion. The original model only involves two variables , namely 
cytosolic and intravesicular Ca"'^ concentrations. The release of Ca"* f r o m the internai stores into the 
cytosol is activated by InsP, and cytosolic Ca"*; such an autocatalytic process of InsPj-sensitive CICR 
is at the core of the oscillatory mechanism. Oscillations of Ca"* in this basic model do not require and 
are not accompanied by a periodic variation in InsP,, in agreement with observations which show that 
répétitive Ca~* spikes may occur in the présence of a constant level of InsP, (Wakui et al., 1990; 
Berridge, 1993). Howeve r , a l though it is highly plausible that C I C R is the pr imary oscil latory 
mechanism, the concentration of InsP, most probably evolves non-monotonously in the course of time. 
InsP,, which is a second messenger, is synthesized by phospholipase C (PLC) in response to extemal 
stimulation and metabolized into InsPj by a 5-phosphatase and into InsP4 by a 3-kinase (Takazawa et 
al., 1990a; Berridge, 1993). An oscillatory variation of InsP, could resuit f rom the control of any of 
thèse three enzymes by Ca"*. In support of such a possibility, some experiments report that the activity 
of PLC is stimulated by Ca""^ (Renard et al., 1987); the activation of the 3-kinase by Ca"* is even better 
documented (Takazawa a/., 1989; Takazawa a/., 1990a). 

Signal 
I 
I 

Fig. II.8. Schematic représentation of the mode! based on the interplay between CICR and the Ca"*-stimulated dégradation of 

InsP, (see text for détails). Besides simple periodic oscillations, this model can produce complex Ca"* oscillations including 

bursting, chaos, quasiperiodic behavior, as well as birhythmicity. 

Stimulation of PLC activity by Ca"* has been taken into account in some theoretical models (Meyer 
and Stryer, 1988; Keizer and De Young, 1992; Shen and Larter, 1995). One of thèse models (Shen and 
Larter, 1995) can exhibit burst ing-type oscillations (also called mixed-mode oscillations) as well as 
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chaos; the level of cytosol ic Ca^* returns in both cases to its basai value be tween success ive Ca'* 
spikes. Such a temporal pat tern does not resemble the behavior seen in hepatocytes s t imulated by 
var ious agonists such as c A M P (Capiod et al., 1991), t auro l i thochola te 3-sul fa te (Mar re ro et al., 
1994), d iadenosine 5 ' ,5" ' -P 'P^- te t raphosphate (Green et al., 1993), A T P or both A T P and c A M P 
(Dixon et al., 1993, 1995; Green et al., 1994). With thèse agonists , burst ing in hepatocytes takes the 
form of a switch between a silent phase and an active phase made of small-ampli tude Ca"* osci l lat ions 
around an elevated Ca"* level . T h e latter type of complex oscil lat ions can be obtained in numer ica l 
simulations when extending the model based on CICR to take into account the stimulation of InsP , 3-
kinase activity by the Ca 'Vca lmodul in complex, as shown by Borghans et al. (1997) . T h e présen t 
paper aims at invest igat ing in fur ther détail the occurrence of complex osci l lat ions in this ex tended 
model , which also incorporâtes Ca"* pumping into the stores, Ca"* exchange with the ex temal méd ium, 
as well as stimulus-activated Ca"* entry (Dupont and Goldbeter, 1993; Borghans et al., 1997). 

T h e model , schemat ized in Fig. II.8, contains three variables, namely the concent ra t ions of f r e e 
Ca"* in the cytosol (Z) and in the internai pool (Y), and the InsP, concentrat ion (A). The t ime évolut ion 
of thèse variables is govemed by the following ordinary differential équations: 

^ = Vi„-V2+Vi + kjY-kZ (11.3) 

^ = y^-V.-kfY ( n .4 ) 
dt " J 
HA 
t^ = pV^-V^-eA (II.5) 
dt 

where V;«=Vo + Vi/3 (II.6) 

V5=Vm'^^ ( " - 9 ) 
K^ + AP K"d+Z" 

Equat ions (II.3)-(II.4) are the same as in the original one-pool model (see Table 1.2). In contrast to 
the model used in sections (II.3)-(II.4), InsP, metabol ism is cons idered in a s implif ied manner . T h e 
fact that the 3-kinase is st imulated by Ca""^ is taken into account through a term of the Hill fo rm, with a 
threshold Ca"* level equal to K^. That InsPj can also be metabolized in a Ca"*-independent manner by 
the 5-phosphatase is reflected by the term -EA, which can be assumed to be of the f irst-order given that 
the latter enzyme has a low affinity for its substrate, of the order of 10 jiM (Ver jans et al., 1992). This 
term is s ignif icant when the level of cytosolic Ca^* is very low, i.e. when the term V5 b e c o m e s 
negl igible in équat ion (II .5). Equat ions (II.7)-(II.9) a l low for cooperat iv i ty in the kinet ics of Ca""^ 
release, Ca"* p u m p i n g and InsP, phosphorylat ion by the 3-kinase; m, n and p are Hill coe f f i c i en t s 
related to thèse coopérat ive processes. Expérimental évidence indicates that the 3-kinase behaves as a 
Michael ian enzyme with respect to its substrate InsP, , hence (Takazawa et al., 1989). The results 
indicate that complex osci l la t ions, including chaos, can occur both in the présence (p>\) or absence 
(p=l) of cooperativity in the kinetics of 3-kinase. 
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II.5.3. Dependence of the frequency of simple periodic Cc^* oscillations on the degree of stimulation 

Intracel lular Ca"* osc i l l a t ions t ake the f o r m of abrup t spikes , some t imes p r e c e d e d by a g radua i 
increase in cytosolic Ca"*. They only occur in a range bounded by two critical values of the s t imulat ion 
level, with the f r equency of the spikes increasing with the intensity of the s t imulus . Thèse proper t ies 
are well accounted fo r by the model , as illustrated in Fig II.9. Panel (a) shows typical Ca"* oscil lat ions 
generated by the mode l . Here , in contrast to the original model (Dupont and Goldbe te r , 1993), thèse 
osci l la t ions are necessa r i ly accompan ied by pe r iod ic var ia t ions in the level of InsP, . A s can be 
expected f r o m the régu la t ions considered, the peak in InsP, s l ightly p récèdes the peak in cytosol ic 
Ca"*. The b i furca t ion d i ag ram (panel b) shows the steady state value of cytosol ic Ca"* (Z), w h e n it is 
stable, or the m a x i m a and min ima reached during oscil lations when it is unstable . As in the min imal 
model for Ca""^ osc i l la t ions (Dupont and Goldbeter , 1993), the s teady state va lue of cy toso l i c Ca""^ 
increases wi th the level of s t imulat ion, 13, and the ampl i tude of the osci l la t ions remains pract ica l ly 
constant ove r the who le oscil latory domain bounded by t w o supercritical Hopf b i furca t ion points . T h e 
frequency of oscil lations increases with the level of extemal stimulation (panel c). 

The re la t ionship be tween the level of st imulation and the f r equency of Ca"^ osci l la t ions shown in 
Fig. II.9 (pane l c) is in good qual i ta t ive a g r e e m e n t with expé r imen ta l obse rva t i ons . H o w e v e r , 
numerical s imula t ions of the model def ined by équat ions (II.3)-(II.9) show that this is not a lways the 
case. For example , depend ing on the maximal rate of phosphoryla t ion of InsP, by the 3-k inase ( V ^ j ) , 
we obse rve that the f r e q u e n c y of the osc i l l a t ions increases m o n o t o n o u s l y with the d e g r e e of 
s t imulat ion f} (as in Fig. II .9 and in Fig. 11.10, curve a, where the value of V^s is small) or may pass 
through a m i n i m u m as a func t ion of /3 (as in Fig. 11.10, curve b, in which V^s is larger). In the mode l , 
increasing the level of s t imulat ion triggers a r ise first in the rate of synthesis and then in the rate of 
dégradat ion of InsP , (due to the enhanced st imulat ion of the 3-k inase by Ca"*). This exp la ins w h y , 
depend ing on re la t ive pa rame te r values, qual i ta t ively dis t inct re la t ionships be tween the d e g r e e of 
stimulation and the f requency of Ca"* oscillations can be obtained. 

Tiiiw(miB) LeTOlofstimalatioB, p Lew! of stimulati<Hi, p 

Fig. II.9. Simple oscillations of Ca"* and InsP, in the model based on the inlerplay between CICR and the Ca'^-stimulated 

dégradation of InsP,. Panel (a) shows the temporal évolution of the concentrations of cytosolic calcium (Z, solid line) and 

InsPj (A, dashed line). They have been obtained by numerical intégration of the model defined by eqns. (II.3)-(II.9) with the 

following parameter values: /3=0.6, f=0.1min', A-lOmin', K,=0.\piM. K^=0.2]iM, K^AjiU, kj=\mm \ K ^=\ftM, 

Ky=^.2nM, A'z=0.5|/M, Vo=V,=2^M/min, V„5=5/YM/min, V„,=6//M/min, Vi=20;<M/min. V^=2f4M/mm. m=p=2, n=4. Panel 

(b) shows the bifurcation diagram giving the steady state (stable or unstable) and the envelope of the oscillations in Z as a 

function of /? for the same set of parameter values. Panel (c) shows the relationship between the frequency of Câ * 

oscillations and the level of stimulation in the same conditions. 

Thèse d i f f é r en t re la t ionships are i l lustrated in Fig. 11.10, f o r dist inct va lues of p a r a m e t e r V^s 
which represents the m a x i m u m rate of InsP, dégradat ion by 3-kinase . For high values of V^s (curve 
b) , the latter e n z y m e signif icant ly régulâtes the level of InsP , which does not vary much with the level 
of s t imulat ion (P). T h e Ca"* concentrat ion indeed rises as a funct ion of p, and thus InsP, me tabo l i sm is 
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enhanced (through the activation of InsP, 3-kinase). Thus, at the beginning of the oscillatory domain, 
the increase in cytosolic Car* due to the rise in p produces a slight decrease in InsP,: the rate of Ca"* 
release then decreases as P rises and, as a conséquence, the f requency decreases. Beyond P=0 .16 , 
however, a switch occurs: the synthesis of InsP3 rises more with P than the Ca"*-induced dégradation 
of InsP,, so that the frequency of oscillations rises as P increases. For another set of parameter values, 
the f requency can even decrease in the entirety of the oscillatory domain as the level of stimulation 
increases (data not shown). In contrast, for lower values of (curve a), the rate of InsP, synthesis by 
PLC exceeds the activity of 3-kinase in the whole oscillatory domain. Thus, even at low stimulation 
level, the f requency always increases with p, in agreement with expérimental observations. As an 
inverse relationship between the frequency of Ca"* oscillations and the level of stimulation has never 
been experimental ly reported, the présent theoretical results suggest that Câ "̂  oscil lat ions are not 
primarily affected by variations in the level of InsPj due to the stimulation of 3-kinase activity by Ca^*. 
This resuit corroborâtes the view that in most cell types (except some cells like hippocampal neurons -
see Mailleux et al., 1991), in physiological conditions, InsP, metabolism is mainly carried out by the 
InsP3 5-phosphatase - the action of which is reflected by the term -eA in équation (II.5) - because of 
the high max imum activity of this enzyme relative to that of the 3-kinase (De Smedt et al., 1997; 
Dupont and Emeux , 1997). The présent results suggest, however, that unusual relationships between 
the level of s t imula t ion and the f r equency of Ca"* osci l la t ions could be observed in cel ls 
overexpressing InsP, 3-kinase. 

11.5.4. Complex Cc^* oscillations: bursting, quasiperiodicity and chaos 

Although simple Car* oscillations resembling those shown in Fig. II.9 are usually observed in response 
to extemal stimulation, complex oscillations have also been reported in experiments performed with 
hepatocytes responding to a variety of agonists (Green et al., 1993; Marrero et al., 1994). A detailed 
investigation of the dynamic behavior of the model in parameter space allowed us to uncover régions 
of complex Ca'* oscillations, including bursting, chaos and quasiperiodicity. Three sets of parameter 
values corresponding to thèse modes of complex oscillatory behavior are listed in Table II.2. 

1.5 

u. 

0.0 I • ' — • ' — • ' • 1 
0 0 0.2 0.4 0 6 0.8 

Level of stimulation, p 

Fig. 11.10 Différent relationships between the frequency of Ca"* oscillations and the level of stimulation in the model based 

on the interplay between CICR and the Ca"*-stimulated dégradation of InsP,. Parameter values are the same as in Fig. II.9, 

except for V^^ which is equal to 5/<M/min in (a) - as in Fig. II.9c - and 15/(M/min in (b). 
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The différent types of oscillations are illustrated in Fig. 11.11, both as a funct ion of t ime ( lef t 
column) and in the phase space (right column). For oscillations of the bursting type, a large-ampli tude 
Ca-"^ spike is fo l lowed by smaller Ca"* var ia t ions around a plateau level (Fig. II. 11.a). T h e 
corresponding attractor is plotted in Fig. I l . l l . d . Af ter a first, large Ca""̂  spike, InsPj is metabolized by 
the 3-kinase which has been massively activated by Ca"" ;̂ enough InsP,, however, remains to allow for 
some répétitive Ca"*-releasing activity through CICR, producing small-amplitude spikes, up to a point 
where the levels of cytosolic and intravesicular Ca"* are both too low to activate Ca"* release. 

As illustrated in Fig. 11.11, aperiodic, chaotic oscillations are usually of reduced ampl i tude and 
never undergo large excurs ions in the phase space (see Fig. I I . I l e ) , as compared to the case of 
bursting (Fig. II. 1 la,d). The irregularity of the oscillations shows up both in the ampli tude and in the 
time interval between successive Ca"* spikes. From a practical point of view, thèse intr insically 
irregular oscillations might be hard to distinguish f rom a noisy expérimental record of low-ampli tude 
periodic Ca"* oscillations. In this respect, it is of interest that an analysis of experimental ly obtained 
time séries of Ca"* oscillations showed that in some cases the Ca""^ dynamics can be casted into low-
dimensional chaos (Strizhak et al., 1995). A typical strange attractor corresponding to the chaot ic 
dynamics of Fig. II.l I b is shown in Fig. H.l le. Finally, Fig. II. 1 le shows an example of quasiperiodic 
oscil lat ions obtained with the model . Such a kind of oscillatory behavior , character ized by the 
existence of multiple f requencies (Bergé et al, 1984), has been less often reported for b iochemical 
Systems. Al though the t ime séries much resemble the chaot ic one, quas iper iodic i ty is easi ly 
recognizable in phase space in which ail trajectories are concentrated on a torus (Fig. II . l If) . 

The domains in which the various modes of complex oscillatory behavior occur in the model are 
illustrated in Fig. 11.12 by the stability diagrams established as a function of parameters e and p which 
measure , respect ively , the dégradat ion of InsP, by the 5 -phospha tase and the degree of cell 
stimulation. The three panels (a)-(c) correspond to the three sets of parameter values listed in Table 
II.2. In panel (a), a domain of bursting is nested within the domain of simple periodic behavior . In 
panel (b), a small domain of quasiperiodicity is nested within a domain of simple periodic oscillations. 
In panel (c), multiple nested domains are found in which, f rom the center to the per iphery, s imple 
periodic oscillations exhibit ing a small shoulder (see thin curve in the left panel of Fig. 11.15) are 
fol lowed, successively, by birhythmicity, chaos, period-doublings, simple periodic oscil lat ions, and 
stable steady states. 

In the next section, we will discuss from a dynamical point of view the origin of thèse various 
modes of complex oscil latory behavior. To this end, we have chosen to use the part icular sets of 
parameter values listed in Table II.2 for each mode of complex oscillations, keeping P f ree to vary as 
bifurcation parameter. 
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Fig. II.l 1. Various types of complex Ca"* oscillations that can be obtained in the model based on the interplay between CICR 

and the Ca"*-stimulated dégradation of InsP,. From top to bottom, thèse complex behaviors correspond to bursting, chaos and 

quasiperiodicity. The panels on the left show the évolution of cytosolic Ca"* concentration while the right panels show the 

corresponding attractors in the phase space. Results have been obtained by numerical intégration of the model defined by 

eqns. (II.3)-(II.9) for the three sets of parameter values listed in Table II.2, where the first column refers to panels (a) and (d), 

the second column to panels (b) and (e), and the third column to panels (c) and (f). 



4 7 

II.5.5. Bifurcation diagrams for the three types of complex oscillations 

Bursting 

Fig. 11.13 shows a typical bifurcation diagram illustrating the origin of bursting in the model based on 
the interplay be tween CICR and Ca~*-stimulated dégradation of InsPs. This b i furcat ion d iagram 
represents a horizontal section (dashed line) through the d iagram of Fig. I I . I2a . The level of 
stimulation, p , is considered as the most relevant bifurcation parameter since it is more readi ly 
amenable to expérimental manipulation. Shown are the steady state, if stable, and the max ima and 
minima of cytosolic Ca~* (Z) reached during oscillations when the steady state is unstable. The first 
limit cycle arises through a Hopf bifurcation at P=0.153 and loses its stability at P=0.369. A rapid 
séquence of burst ing states can be seen for increasing stimulation levels; in this région of the 
bifurcation diagram, the number of peaks during the active phase of burst ing increases with p . The 
complex oscillations disappear abruptly, and the steady state becomes stable again at P=0.483. Fig. 
11.14 shows that, at this critical point, the period of oscillations tends to infmity, a feature characteristic 
of a homoclinic bifurcat ion. Also noticeable in Fig. 11.14 is the fact that the period increases in a 
stepwise manner with p, because the number of spikes in the plateau phase increases at each step. 

Fig. 11.13a and subséquent bifurcation diagrams have been obtained by numerical intégration of 
eqns. (II.3)-(II.9). Similar results have also been obtained in part using the program A U T O (Doedel , 
1981), but only the first bifurcations were found with this method. 

Parameters Bursting Chaos Quasiperiodicity 

P 0.46 0.65 0.51 
K, (j iM) 0.1 0.1 0.1 

K5 (tiM) 1 0.3194 0.3000 
0.1 0.1 0 .2 

Kd(l iM) 0.6 1 0.5 
K y (fxM) 0.2 0.3 0 .2 
Kz(^iM) 0.3 0.6 0.5 
k ( m i n ' ) 10 10 10 
kf (min"') 1 1 1 
E (min' ') 1 13 0.1 
n 2 4 4 
m 4 2 2 

P 1 1 2 
V,) (nMmin ') 2 2 2 
V, (fiMmin ') 2 2 2 

(nMmin"') 6 6 6 
(jiMmin"') 20 30 20 
(nMmin"') 2.5 3 5 
( j iMmin ') 30 50 30 

Table II.2. Parameter values corresponding to the various types of coniplex oscillatory behavior ob.served in the model 

defined by eqs. (II.3)-(II.9) 

Chaos 
In the bifurcation diagram shown in Fig. II. 13b, representing a horizontal section for e=13 min"' in the 
diagram of Fig. II. 12c, complex Ca"* oscillations both appear and disappear by per iod-doubl ing , 
following the Feigenbaum séquence which is one of the best known routes leading to chaos (Bergé et 
al., 1984). The chaotic région contains narrow Windows of periodicity. This bifurcat ion diagram is 
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qualitatively similar to the one obtained by Shen and Larter (1995) in a différent model for complex 
CSL^* oscillations. However, a major quantitative différence between the two diagrams pertains to the 
range of stimulation levels in which complex oscillations occur: this range, which here extends from 
P = 0.61 to 0.68, is at least ten times larger in the présent model. For some other parameter values, 
régions of bursting and chaos can both be observed in the same bifurcation diagram established as a 
function of p (data not shown). 

Birhythmicity 
With the same set of parameter values as in Fig. II. 13b, except for e which is slightly smaller (e =11 
min ' instead of 13 min"'), one can observe birhythmicity in the bifurcation diagram (Fig. H. 13c, sec 
also Fig.II.12c). This behavior corresponds to the coexistence of two stable limit cycles for the same 
values of the parameters. Birhythmicity here arises by a phenomenon of hystérésis involving multiple 
branches of oscillatory behavior separated by an unstable limit cycle, between the two limit points in 
p=0.509 and P=0.521 (see inset to Fig. H. 13c, illustrating for the maxima of Z the coexistence between 
the two types of stable oscillations). For stimulation levels between p=0.509 and P=0.518, oscillations 
coexist with a chaotic régime. Between P=0.518 and P=0.521, two stable limit cycles coexist. Thèse 
two limit cycles are represented simultaneously in Fig. 11.15 where panel (a) represents the temporal 
évolution of cytosolic calcium and panel (b) the two limit cycles in the phase plane (Z,F). The two 
stable cycles are shown for p=0.520 in Fig. H. 15b, together with the corresponding oscillations in Z 
(Fig. n . l5a ) . 
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Fig. n.12. Stability diagrams showing the domains of bursting (panel a), quasipenodicity (panel b), and chaos as well as other 
modes of complex oscillatory behavior (panel c). Notations are: SSS for stable steady state, OSC for simple periodic 
oscillations, QP for quasipenodicity, PD for the beginning of the period-doubling séquences, CHAOS for areas of chaotic 
dynamics, and B for régions of birhythmicity. The diagrams have been established by numerical intégration of eqns. (II.3)-
(II.9) with the parameter values Usted in the first, second and third columns of Table II.2 for panels (a), (c) and (b) 
respectively. The four horizontal dashed lines represent sections through the domains of distinct dynamic behaviors, which 
correspond to the bifurcation diagrams presented in Fig. 11.13. 
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Level of stimulation, p Levé! of stimulation, p 

Fig.II.13 Bifurcation diagrams showing the appearance and disappearance of bursting (panel a), chaos (panel b), chaos and 

birhythmicity (panel c), and quasif)eriodicity (panel d) as a function of (5. Thèse diagrams have been established by numerical 

intégration of eqns. (II.3)-(II.9) for the same parameler values as in Fig. (II. 11) and Fig. (11.12). Panel (a) corresponds to the 

section (dashed line) shown in Fig. II. 12a. Panels (b) and (c) correspond to the sections (dashed lines) shown in Fig. II. 12c 

for E=13 min ' and e=l 1 min ', respectively. Panel (d) corresponds to the section (dashed line) shown in Fig. II.12b. 
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The unstable cycle (dashed line in the inset to Fig. II . i3c) séparâtes the attraction basins of the 
two stable oscillatory régimes. Thus, as illustrated in Fig. 11.16, when starting f rom the simple periodic 
oscillations in the case of Fig. 11.15, a perturbation in the form of a small increase in cytosolic Ca"'*̂  (Z) 
will cause a transition to the periodic oscil lations with a small shoulder . Numer ica l s imulat ions 
indicate that the attraction basin of the small cycle is much more reduced than that of the larger cycle. 

Furthermore, a phenomenon of period-adding is also seen in p=0.509 in the bifurcation diagram 
shown in Fig. II. 13c: periodic Ca'^ oscillations with a small shoulder (corresponding to the appearance 
of an additional intermediate pair of maxima and minima in Z) can be observed f rom P=0.509 (where 
they coexist with chaotic oscillations) to 0.640, at which value another domain of chaotic oscillations 
begins. 

10 ! 

0 • • ^ ^ ' ' ' ^ 
OA 0.2 0.3 0.4 0.5 

Level of stimulation, ^ 

Fig. 11.14. Relationship between the period of Ca'* oscillations and the level of stimulation for a set of parameter values 

corresponding to oscillations of the bursting type. Parameter values are the sanie as in Fig. II. 1 la.d and Fig.II.12a. At the 

righl extremity of the oscillatory domain (P=0.483), the period tends to infinity, which dénotes the existence of a homoclinic 

bifurcation. 

Time (min) Cytosolic calcium, Z (ixM) 

Fig. 11.15. Temporal évolution of cytosolic Ca"* (panel a) and limit cycles (panel b) in the (Z,)0 phase plane for the two stable 

coexisting cycles in the région of birhythmicity. The curves are obtained by numerical intégration of eqns. (II.3)-(II.9), 



51 

starting frotn différent initial conditions. Parameter values are those listed in the second column of Table.II.2, except for p 

which is equal to 0.52 and e which is equal to 11 min '. 

0 . 5 5 

S 0 . 4 5 

N 
Ë 
S 0 . 3 5 
es u 
u 
o ai O t 0 . 2 5 

U 

0 . 1 5 
8 12 16 

Time (min) 

Fig. n . l6 . Transition between two types of coexisting, periodic oscillations following a small increase in the cytosolic Ca"* 

level from 0.322 jiM to 0.330 jiM in the conditions of birhythmicity. Parameter values are the same as in Fig. 11.15. 

Quasiperiodicity 
Quasiperiodic oscillations appear and disappear through a torus bifurcat ion in which the limit cycle 
undergoes a secondary Hopf bifurcation, as shown in Fig. I l . lSd which represents a section (dashed 
line) through the diagram of Fig. II. 12b. For this reason, the System now possesses two natural 
incommensurable frequencies. Thus, the trajectories in the phase space tend to cover a torus, as can be 
seen in Fig. l l . l If. 

II.5.6. Characterization of complex oscillations 

The various types of complex oscillations are hardly distinguishable f rom the sole examination of the 
t ime séries and the associated phase space attractors. Several methods have been developed to 
characterize thèse behaviors (Bergé et al., 1984). Here, we have characterized bursting, chaos and 
quasiperiodic oscillations by use of Poincaré sections. This has been donc for the three cases listed in 
Table II.2, corresponding to the examples of bursting, chaos, and quasiperiodicity illustrated in Fig. 
11.11. 

To build first return maps, we plot the maximum value of one variable of the System (here Z, the 
cytosolic Ca"* concentration) as a function of the value of its preceding maximum. W e have performed 
such an analysis and have plotted in Fig. 11.17 the results obtained when considering various numbers 
of successive maxima in cytosolic Ca"^: 5 (first row), 10 (second row), 20 (third row) and 100 (fourth 
row). In the case of simple, regular oscillations, such a map consists of a single point. For complex 
oscillations, as can be seen in Fig. 11.17, there is a clear distinction between the three return maps 
corresponding to burst ing, chaos or quasiperiodici ty in the model considered for complex Ca"* 
dynamics. In the case of bursting (Fig. 11.17, first column), the map consists of five points, reflecting 
the number of peaks per period obtained for the particular set of parameter values considered. In the 
case of chaos (Fig. 11.17, second column), the map tends to be cont inuons, with an inverted bell-
shaped fo rm, resembl ing that found for a large variety of chaot ic Systems. Final ly , fo r the 
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quasiperiodic oscillations (Fig. 11.17, third column), the map takes the fo rm of a closed curve. The use 
of first retum maps thus appears to be most appropriate for distinguishing between the différent types 
of complex oscillatory behavior. Fig. 11.17 indicates, however, that a m in imum number of successive 
maxima must be used to reach unambiguous conclusions. Thus, in Fig. 11.17, the asymptotic shape 
(bottom row) of the return map for chaos and quasiperiodicity begins to be distinguishable for a t ime 
séries containing 10 peaks, but the picture becomes clearer when 20 maxima are considered. 

II.5.7. Discussion 

The study presented in the section II.5 was devoted to a thorough analysis of a model previously 
proposed for complex Ca""̂  oscillations, which takes into account both CICR and stimulation by Ca"* 
of InsP, dégradation by 3-kinase (Borghans et al., 1997). This model is realistic as the two types of 
régulation by Ca'^ have been well characterized. The model predicts that al though simple periodic 
Ca"^ spiking is expected to be the most commonly observed behavior, complex Ca"* oscillations in the 
form of bursting or chaos should also be seen in some non-excitable cell types under appropriate 
circumstances. Until now, bursting in Ca"^ oscillations has only been reported in expérimental studies 
in hepatocytes responding to appropriate stimuli (Capiod et ai, 1991; Green et al., 1993; Dixon et al., 
1993, 1995; Marrero et al., 1994). That there exists a high variability in the propensity of différent 
hepatocytes f rom the same line to display complex oscillations holds with the property of the model 
that the régions of burst ing and chaos in parameter space are relatively small. The fact that thèse 
régions are much smaller than those of simple regular Ca^'' spiking fu r thermore agrées with the 
expérimental observation that simple, periodic Ca'* spiking is much more common than complex Ca"* 
oscillations. 

In the présent model, an increase in cytosolic Ca'* has two opposite effects . On one hand, due to 
CICR, it enhances the release of Ca^* f rom internai stores. On the other hand, due to 3-kinase 
stimulation by Ca"*, it brings about a decrease in InsP,, which in tum reduces the rate of Ca"* release 
into the cytosol. Thèse counteracting effects of Ca"* are the source of bursting and chaos in the présent 
model , because the System somehow behaves as a periodically forced oscillator, for which complex 
oscillations are well known to occur (see, e.g., Goldbeter, 1996). Indeed, CICR, which can proceed in 
the présence of a constant level of InsP,, provides a mechanism for autonomous oscillations, while the 
signal (InsP,) that triggers oscillations is self-modulated, since InsP, raises the level of cytosolic Ca""^ 
which in turn decreases that of InsP, through the action of the Ca'*-activated 3-kinase. 

Other mechanisms generating complex Ca"* oscillations have been proposed. Thus, as shown by 
Shen and Larter (1995), the interplay between CICR and the stimulation of phospholipase C activity 
by Ca"* might also provide a realistic source for bursting and chaos in Ca"* signaling. However, in that 
model, complex Ca"* oscillations only arise in a very small région of the parameter space, for example 
between p=0.600 and p=0.628 (chaos occurs over an even smaller range of P values). Moreover , in 
contrast to the présent results and to what is seen in hepatocytes, the pat tem of Ca'* bursting obtained 
by Shen and Larter predicts that Ca^* always re tums to it basai level between successive spikes. 
Burst ing was also theoretically predicted in models involving the Ca"*-induced inactivation of the 
InsPjR or the interplay between distinct Ca"*- and InsP^-sensitive Ca"* pools (Borghans et al., 1997). 
An inhibitory rôle of protein kinase C (PKC) in the origin of bursting in hepatocytes has been stressed 
by Dixon et al. (1993, 1995) on the basis of their expérimental observat ions. According to thèse 
authors, this variety in temporal patterns could arise because of dif férences in the négative feedback 
exerted by PKC or G proteins coupled to the receptors. Such a régulation was incorporated in a model 
for Ca"* bursting (Chay et al., 1995) based on the activation of P L C by Ca"^ coupled to both the 
indirect inhibition of the enzyme by PKC (itself activated by Ca^*) and the Ca"*-induced inactivation 
of the InsPrsensi t ive Ca"'*̂  channel. 
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Fig. II. 17 Characterization of complex Ca'* oscillations by means of first retum maps. Shown are the retum maps obtained 

for bursting (column 1); chaos (column 2); and quasiperiodicity (column 3) for time séries containing 5 (row 1), 10 (row 2), 

20 (row 3) and 100 (row 4) successive maxima in cytosolic Ca"* (Z). For each retum map, the value of the (n+l)"" peak in Z 

is plotted versus the n"" peak value. Results have been obtained numerically in the same conditions as in the corresponding 

panels (a)-(c) in Fig. II. 11. 

Complex Ca"'^ oscillations of the bursting type are easily recognizable by the very appearance of 
the t ime évolution of the cytosol ic Ca"* level. In contrast, chaot ic dynamics could be harder to 
distinguish f rom simple, periodic oscillations. The analysis performed here suggests that, provided that 
the avai lable t ime séries is suff ic ient ly long, the construct ion of f irst r e tum maps should be a 
straightforward method to distinguish periodic oscillations from aperiodic ones. Based on such return 
maps, preliminary analysis of some expérimental time séries of Ca"* oscillations obtained in pancreatic 
acinar cells and hepatocytes led to the conclusion that thèse t ime séries could resuit f r o m chaotic 
dynamics (Strizhak et al., 1995). However, it should be kept in mind that to perform such an analysis 
based on return maps, suff ic ient ly long expérimental time séries must be obtained in constant 
condit ions, with a short sampling time and a low standard déviation. Our results indicate (see Fig. 
11.17) that a time séries containing from 10 to 20 successive maxima already allows one to distinguish 
be tween the varions types of osci l la tory behavior , but the longer the t ime séries, the m o r e 
unambiguous are the conlusions. 
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The physiological s ignif icance of aperiodic Car* oscillations such as those shown in Fig. II. 11 
might be rather weak, both because they do not d i f fer much f r o m simple periodic oscillations and 
because they would be rather unstable with respect to small variations in the cellular parameters, given 

\ that the domain of chaos is much smaller than that of periodic oscillations in parameter space. The 
présent results as well as those obtained in related models show, however , that well-known properties 
of intracellular Ca"* signaling can readily generate complex Car* oscillations, including chaos. 

As to Ca'* oscillations of the bursting type, the plateau phase during which Ca"* remains elevated 
for a rather long period of t ime could serve to activate slower, Ca"*-dependent processes. The possible 
physiological s ignif icance of oscillations of the burst ing type is supported by the fact that such 
oscillations are reminiscent of those seen in electrically excitable cells, in which complex oscillations 
arise f rom the interplay between a plasma-membrane oscillator and the InsPjR (Chay, 1993; Keizer 
and De Young, 1993; Chay et al., 1995; Chay, 1997). In such cells, it is known that cellular processes 
are differently activated by Ca~* spiking or bursting; thus, in pancreatic (3 cells, granular exocytosis is 
optimized by long-duration Ca'* bursting (Rorsman and Trube, 1986; Pipeleers, 1987). 

Further expérimental investigation of complex Ca""̂  oscillatory dynamics would be of much value, 
both because it might reveal important features about the regulatory mechanisms underlying such Ca^* 
oscillations, and because of the potential physiological significance of the phenomenon. Together with 
the theoretical resul ts obta ined in other models , the présent work suggests that complex Ca~* 
oscillations should be more widespread than usually thought. Our results point to self-modulation of 
the InsP3 stimulus as a potential mechanism for generating bursting and chaos in Ca'* signaling. 

i. 
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CHAPTER III 

Modelling the effect of spécifie InsPg reeeptor isoforms 
on eellular Ca^^ signais 
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III . l . Introduction 

As mentioned in the first Chapter , and emphasized in Chapter VII , InsPj- induced Ca"* oscil lations 
control a vast array of cellular functions such as fertilization, gene expression, synaptic transmission or 
sécrétion (Berridge et al., 2003 ; Combattes et al, 2004). It is of ten assumed that the potency of the 
cell to control so diverse physiological processes with a compound as simple as Ca"* ions results f rom 
the large versatility of the signal-induced Ca"^ changes (Berridge et al., 2000). The exis tence of 
différent InsP^R i soforms is probably an important factor a l lowing such diversi ty of responses 
(Ramos-Franco et al., 1998 ; Miyakawa et al, 1999 ; Haberichter et al., 2002 ; Yule et al., 2003 ; 
Hattori et al., 2004 ; Morita et al., 2004 ; see Vermassen et al., 2004 for review). 

In mammalian cells, three InsPjR subtypes have been identified : I n s P j R l , InsP3R2 and InsP3R3. In 
ail cell types, funct ional channels resuit f rom the assemblage of receptors into homo- or hetero-
tetrameric structures. The 3 isoforms are co-expressed within cells , but their respective levels of 
expression are largely tissue- and development spécifie (De Smedt et al., 1997; see Taylor et al., 1999 
and Vermassen et al., 2004 for review). Although ail the InsP^R subtypes display s imilar ion 
permeation properties, they significantly differ in their regulatory properties. Thèse dissimilarities are 
not only the direct conséquence of slight intrinsic dif férences in their amino-acid séquences, but 
mainly rely on other factors like the interplay with accessory proteins, varions modes of régulation by 
A T P or phosphorylat ion (Kaf tan et al., 1997 ; Hagar et al., 1998 ; Wojc ik iewicz and Luo, 1998 ; 
Moraru et al, 1999 ; Hagar and Ehrlich, 2000 ; Mak et al., 2001a ; 2001b ; Nadif Kasri et al, 2004 ; 
Patterson et al., 2004). The exact nature of thèse différences as well as their molecular origin however 
remain controversial and are sitll a subject of active investigation (see Taylor and Laude, 2002 and 
Patterson et al., 2004 for reviews). 

In a cellular environment , the respective proportions of the 3 InsPiRs affect the t ime course of 
cytosolic Ca""̂  concentrat ion af ter agonist stimulation. Thus, in D T 4 0 B cells expressing a single 
InsPjR subtype, the Ca^* signais in response to BCR stimulation drastically dépend on the receptor 
subtype (Miyakawa et al., 1999). Strikingly, only InsP3R2 isoform appears to be able to generate long-
lasting, regular Ca** oscillations in this cell type. Similar results were obtained in myocytes (Morel et 
al., 2003). In other experiments (Hattori et al., 2004), InsPjRl or InsP3R3 were knockdown by R N A 
interférence in HeLa and COS-7 cells. In both cell types, knockdown of InsP jRl tends to decrease the 
number of Ca"* spikes while knockdown of InsP3R3 has the opposite effect and tends to favour long-
lasting Ca"* oscillations. Altogether, thèse experiments thus demonstrate a close corrélation between 
the types of InsPjRs présent in a cell and the existence (and characterist ics) of InsPj-induced Ca"* 
oscillations. 

From a modell ing point of view, it has already been suggested that variable ratios between Type 1 
and Type 3 InsPjRs may explain why the airway smooth muscle cells s temming f rom a presumably 
homogeneous populat ion do not ail display Ca"* oscil lat ions in response to the same s t imulus 
(Haberichter et al., 2002). It is proposed in the latter study that slight, r andom, interindividual 
variations in the ratios of InsP jRl to InsPjRS suffice to account for the différent sensitivities of thèse 
cells to agonist st imulation. Other models have considered only one isoform but have evoked the 
specificity of the major InsP,R subtype présent in a given cell type to explain some detailed, cell-
specific characteristics of Ca"* oscillations. For example, the PKA- induced phosphorylat ion of the 
InsP3R3 has been theoretically suggested to be responsible for the typical shape of the CCK-induced 
Ca"* oscillations in pancreatic acinar cells (Le Beau et al., 1999). Spécif ie modell ing of the InsP3R2 
has also been developed to account for both oscillatory and monophasic Ca~* transients in rat adrenal 
chromaffin cells (Inoue et al., 2003). 

Here, we theoretically test the hypothesis that the distinct régulations by Ca"* and InsPs of the three 
InsP3R subtypes reported in the literature may explain their experimentally observed distinct rôles in 
cellular Ca"* signalling. T o this end, we first develop phenomenological models accounting for the 
distinct steady-state behaviours reported for the 3 subtypes. Our models are phenomenological in the 
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sensé that they are not based on the underlying molecular processes related to InsP, and Ca"* binding, 
but are rather mathemat ica l express ions fitt ing the observed behaviours . W e then incorporate thèse 
différent descript ions of the InsP3Rs into a dynamical model for the cel lular Ca"* signall ing. W e f ind 
that slight d i f f é rences in the Ca^* regulatory propert ies of thèse InsPjRs/Ca"^ channe ls can lead to 
drastically distinct Ca '* signall ing pa t t ems when they are expressed in a cell . W e thus recover the 
expérimental results obtained in myocytes (Morel et al., 2003), D T 4 0 B-cells (Miyakawa et al., 1999), 
H e L a and C O S - 7 cel ls (Hattor i et al., 2004) as to the e f f ec t of se lect ively express ing or d o w n -
regulating InsP,R isoforms. 

III.2. Mathematical model 

As fa r as the direct e f f ec t s of Ca"* and InsP, on the Ca'"^ re leas ing activity of the InsPsRs are 
c o n c e m e d , the InsP,R i so fo rms d i f f e r by 2 fac tors : their sensi t ivi ty to InsP , and the i r m o d e of 
régulation by Ca"*. As to the fo rmer différence, it is clear by now that the 3 isoforms bind InsP, wi th 
différent affinit ies and that thèse di f férences influence the potency of InsP, to release Ca"* (Missiaen et 
al., 1998 ; Wojc ik iewicz and Luo, 1998 ; Miyakawa et al., 1999 ; Dyer and Michelangel i , 2001). The 
séquence of Ca'^ sensitivity reported in the literature is in the order : I n sP ,R2 a InsP ,R l > InsPjRS. In 
our model , thèse d i f fé rences are ref lected by distinct half-saturation constants for InsP,R activation by 
InsP,. T h u s , we c h o o s e K, = 0 .5 ^iM, KT = 0 .2 |i,M and K, = 2 ^iM fo r sub- types 1, 2 and 3 
respectively. 

As to the régulat ion of the three InsPjR i soforms by Ca"*, the avai lable data are controvers ia l , 
although it is widely accepted that such régulation plays a fundamenta l rôle fo r the générat ion of Ca '* 
oscillations. In trying to classify the behaviours reported in the literature, one can dist inguish the three 
following cases : 
(1) a classical fast act ivat ion-slow inhibition of the Ca"*-releasing activity of the InsP ,R by Ca"*, with 
apparently no interplay be tween the régulations by Ca~* and by InsP, (Champei l et al., 1989 ; D u f o u r 
et al., 1997 ; Ramos -F ranco et al., 1998). As this type of behav iour has mainly been reported fo r 
receptors isolated f r o m hepatocytes , which are known to p redominandy express the type 2 receptor , 
we associate the 'classical bel l-shaped curve ' with InsP,R2. Many mathemat ica l models have aiready 
been proposed to account fo r such a behaviour (for reviews, see : Sneyd et ai, 1995a ; Tang et al., 
1996 ; Dupont , 1999 ; Schus ter et al., 2002). Here , we use the s imple descr ipt ion fo r this type of 
receptor dynamics that has been presented in Table 1.3 (Dupont and Swil lens, 1996). In this model , the 
évolution équation fo r R, 2, d e f m e d as the fraction of InsP,R2 that has been inhibited by Ca""^, is g iven 
by : 

dRi2 

dt 
•-^"-.2^/2 (in.i) 

1 + 
K act, 

where k .̂ 2 is the rate of inhibition of the InsP,R2 by cytosolic Ca"* and k. 2 the rate of relief f rom this 
inhibition. Act ivat ion of the receptor by Ca~* is assumed to be ins tantaneous and character ized by a 
threshold constant K^^. Inactivation is assumed to occur only on receptors that have been activated by 
Ca"*. Parameters n̂ , and nj are the Hill coeff ic ients character izing the cooperat ivi ty of the act ivation 
and inhibition processes. T h e fraction of active (i.e. open) type 2 receptors is then given by : 

IRa,2=i\-Ri2) 
C"a 

(III.2) 
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where K2 is the half-saturation constant of the InsPjRZ for InsP,. Following the data of Miyakawa et 
al. (1999), the InsP, dependence of Ca"* release is supposed to be non-cooperat ive. The fract ion of 
open InsP3R2 at steady-state as a function of Car* concentration is illustrated in the middle panel of 
Fig. III. 1 for 3 values of the InsP, concentration. As expected f rom equ. (III.2), an increase in InsP, 
simply shifts the bell-shaped curve towards higher opening levels (but not horizontally). 
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Fig. III. 1. Steady-state open probabilities of the différent types of InsP,Rs as a function of the concentration of Ca"* at the 

cytosolic side of the channel, for three levels of InsP, : 0.2 \iM (dotted curve), 0.5 jiM (dashed curve) and 2 jiM (plain curve). 

Type 1 : curves have been obtained by solving eqs (III.3) and (II1.4) at sleady-state, with the following parameter values : 

, = 14.4606 \iM \ \ k .1 = 0.217 s ', K,„ = 0.5 yM, Kj,, = 0.5 \iM. K, = 0.5 \xM, n, = 3, n =3, n, =2. The inhibition constant 

of the receptor by Câ * (Kjri,.i) thus equals 0.247 (xM. Tvpe 2 : curves have been obtained by solving equs (III. 1) and (III.2) at 

steady-state, with the same parameter values as for type 1 except for: K, = 0.2 |xM. Type 3 : curves have been obtained by 

solving equs (III.1) and (111.2) at sleady-state, with the same parameter values as for type 1 except for: k , = 21.7s'', 

K3 = Ki 3 = 2 nM. Thus, K,„h, = 1.145 nM. 

(2) In other experiments, an interplay between the régulations by Ca"* and InsP, have been reported in 
addition to the biphasic régulat ion of the receptor activity by Ca"*. In some instances indeed, the 
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threshold Ca"* concentrat ion leading to InsP^R/Ca^* channel inactivation increases with the InsP , 
concentration (Kaftan et al., 1997 ; Mak et ai, 1998 ; Moraru et al., 1999). This behaviour has mainly 
been reported for I n sP jR l . Sophisticated models based for example on the existence of 2 InsPs binding 
sites characterized by différent affinit ies have been proposed (Kaftan et al., 1997). Here, we simply 
assume that the inhibition of the InsP jRl by Ca"^ is reduced when the level of InsP, increases. This 
approach is in fact similar to that of Mak et al. (1998) where the half-saturation constant for inhibition 
of the InsPiRl by Ca~* increases with InsP^ (équation (2) in Mak et al., 1998). A plausible molecular 
explanation would be that the Ca"* inhibition of the InsPjRl is mediated by calmodulin. Following this 
hypothesis, the ability of IP3 to protect receptors f rom Ca"* inhibition would reflect its ability to 
regulate the interplay between calmodulin and the inhibitory Ca"* binding sites (Taylor and Laude, 
2002). In this context, the évolution équation for Ri, defined as the fraction of InsPsRj that has been 
inhibited by Ca"*, is given by : 

^ = ^.,1(1 - ^ 1 ) „ „-^- ,1^2 (111.3) 

1+ 
^act I 

where k+, is the rate of inhibition of the InsPjRl by cytosolic Ca"* and k_, the rate of relief f rom this 
inhibition. Kj , and n are the threshold constant and Hill coefficient characterizing the inhibitory effect 
of InsPj on the Ca"^-induced inactivation of the receptor. As in the case of type 2 receptors , the 
fraction of active type 1 receptors is given by : 

iR„ 1 = (1 - 7?,-1 ) — (ni.4) 

As shown in the first panel of Fig. III. 1, the fraction of open type 1 InsPjR first increases and then 
decreases when increasing the level of Ca~* at the cytosolic side of the channel , with a shift of the 
m a x i m u m of the curve to the right when increasing InsP, concentra t ion. The m a x i m u m open 
probabil i ty also much dépends on the InsP, concentrat ion ; this is due to the decreased level of 
inhibition by Ca"* at high InsP, concentration. When comparing types 1 and 2, it is noticeable that for a 
given InsP, concentration, the steady-state curve for type 1 is much broader than for type 2. Thus, type 
1 appears to be less sensitive to Ca'* changes. Receptor inactivation by Ca""^ is indeed less effect ive for 
type 1 than for type 2, because of the inhibition by InsP, of this inactivation by Ca"* for I n sP jR l . 
(3) A third type of behaviour that has often been reported in the literature is that of an InsP,R that is 
act ivated by Ca~*, but not inhibited by this compound , or , at non-phys io logica l ly high Ca"* 
concentrations. This possible behaviour has mainly been reported for the type 3 InsP,R (Hagar et al., 
1998 ; Miyakawa et al., 1999). Thus, we consider the same évolution équation for the fract ion of 
InsP,R, that has been inhibited by Ca"* (R,) as for R, (Equ. III.3 where the indexes ' 1 ' have to be 
replaced by '3'), but change the value of the kinetic constant k. so that k_ , is 10 times larger that k_,. In 
such conditions, inactivation by Ca"^ is much less effective. Thus, when plotting the fract ion of open 
InsP3R3 as a funct ion of the cytosolic Ca"* concentration, the biphasic character or the curve nearly 
disappears (see the third panel of Fig. III. 1). Note that the dif férence between the curves aimed at 
modelling types 1 and 3 is mainly visible at low InsP, concentrations. Indeed, when InsP, is high, the 
inactivation by Ca"'^ plays a minor rôle in both cases. 

It should be emphas ized that the above description of the régulat ions of the var ious InsPjR 
subtypes is much s implif ied. Moreover , we have associated a given regulatory behaviour with a 
spécifie receptor type mainly on the basis of the results reported for differentially-expressed InsP,Rs in 
DT40 cells (Miyakawa et al., 1999), as they are direcdy related to the Ca"* signalling data. The main 



61 

purpose of this initial approach is indeed to test the effect of realistic variat ions in the mode of 
régulation of the InsP^Rs on the global Ca"* dynamics in a cell. 
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Fig. III.2. Oscillations in the concentration of cytosolic Ca"* (A) and in the fraction of open InsPjRs (B) in a simulated cell 

assumed to co-express ail 3 InsPjR isoforms. Note that the time scale in panel (B) bas been enlarged for clarity. Curves bave 

been obtained by numerical intégration of eqs. (III. 1) to (III.5), with the parameter values given in Fig. III. 1 and 

IP3 = 0.12 nM, CT = 80 nM, a = 0.1, b = 7 10"', k, = k, = k , = l s ', V„p = 4nMs ', Kp = 0.35 piM, np = 2. The proportions of 

the various InsP3Rs used in this simulation are 0.55 (k,), 0.35 (Xj) and 0.1 (K,) for types 1, 2 and 3, respectively. 

To do so, we have to incorporate our équations describing the dynamics of the 3 receptor subtypes 
(eqs. (III. 1 )-(III.4)) into a global description of the Ca"* exchange processes between the cytosol and 
the ER. Thus, Ca"* is released f rom the ER by 3 différent types of InsP3R that can possess différent 
maximal f luxes (kj) and are présent in various proportions (k^, with + X., +?^3 < 1). The pumping of 
Ca^* back into the ER is represented by the usual kinetic expression for a Ca"*-ATPase. Thus, the 
évolution of the concentration of cytosolic Ca"* in a cell reads : 

^ = Y^Mb + IRaj){CT-C,{a + \))-VMp (m.5) 

where Cj stands for the total concentration of free Ca"* in the cell, a for the volume ratio between the 
ER and the cytosol ; k|b represents a small leak term through the différent receptor types. 
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IIL3. Simulations of the effect of changing the amounts of the différent InsP3Rs subtypes 

We f irst s imulate the Ca"* dynamics in a cell expressing the 3 types of InsP3Rs in wel l -def ined 
proportions (Fig. III.2A). As expected, sustained Ca"* oscillations can be observed in a given range of 
InsPj concentrat ions ; this range extends f rom 50 to 210 nM for the parameter values considered in 
Fig. III.2. The proportions of the 3 isoforms correspond to 55% of type 1 (À,, = 0.55), 35% of type 2 
(k. = 0.35) and 10% of type 3 (V, = 0.10). 
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Fig. III.3. Effect of selectively expressing one InsPjR isoform on Ca"* oscillations. Ail équations and parameters are the same 

as in Fig. III.2, except for the proportions of receptors. which are indicated in the différent panels. In panels A and B, the 

plain line shows the évolution of the cytosolic Ca"* concentration, while the dashed curve shows the fraction of active 

InsP,Rl orInsP,R2, respectively. 

Thèse values could represent the distribution of the 3 types of receptors in a wild- type DT40 cell, 
where the 3 isoforms are known to coexist. In the absence of any other quantitative data, thèse values 
have been roughly estimated f rom Northern blot analysis of the level of InsPjRs transcript observed in 
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wild-type DT40 cells (Sugawara et ai, 1997). Results of the model are not highly sensitive to thèse 
proportions. 

It is clear f rom Fig. III.2B that the 3 isoforms exhibit différent behaviours in the course of Ca^* 
oscillations. The highest f ract ion of open receptor is reached by type 2 (dashed line) because it 
possesses the highest affinity for InsP,. Type 2 is also the first one to become stimulated by Ca"*, i.e. it 
is sensitive to lower Ca"* concentrations than the other 2 types. This is in agreement with the steady-
state behaviours shown in Fig. III. 1. InsPjRl (plain line) is always less active than InsP3R2, as it has a 
lower affinity for InsPj. Moreover, as receptor inactivation is reduced by InsP, , the peaks are broader, 
which means that type 1 is less sensitive to Ca"* changes than type 2. Finally, concerning type 3 
(dotted line), it is clear f rom the shape of the spike that the fraction of open InsPjRS decreases because 
Ca"* decreases, but that inhibition of the InsP jRj by Ca"^ does not play any significant rôle in this 
diminishing phase. 

We then test the effect of expressing only one receptor type in a simulated cell. Thus, we consider 
that 2 out of the 3 isoforms have been suppressed, but that the amount of the last isoform remains the 
same. Results of thèse s imulat ions are shown in Fig. III.3. When ail InsP3R2 and InsP3R3 are 
suppressed, a first peak followed by damped Ca"* oscillations is obtained with the model (Fig. III.3A). 
Thus, in thèse conditions, InsP jRl alone cannot sustain Ca"* oscillations, even if the lat ter 's represent 
more than half the InsPjRs présent in the wild type cell. In contrast, a lower proportion (35%) of type 
2 InsP,Rs sustains Ca'* spiking (Fig. III.3B). The frequency of oscillations is however lower than that 
of the wild type cell. Finally, InsP3R3 isoforms alone seem to be insensitive to a stimulation by the 
same dose of InsP,, as shown in Fig. III.3C. In fact, for this choice of parameter values, type 3 InsP, 
receptors alone can never display Ca"* oscillations, whatever the InsPj concentrat ion. This can be 
understood because in a closed cell (i.e. when the Ca'* exchanges with the extracellular médium are 
neglected), sustain Ca"* oscillations cannot occur only on the base of a positive feedback of Ca'* on the 
activity of the InsP3R ; an effect ive inhibitory mechanism is also required (Sneyd et al., 1995). In our 
simulated InsP,R3, the négative feedback, although présent in the équations, is not strong enough (see 
Fig. III. IC) because of the choice of parameter values. 

To try to understand the contrasting behaviours of types 1 and 2 InsPjRs, it is useful to resort to 
bifurcation diagrams. Such type of diagrams allows to iliustrate the behaviour of the System for a large 
range of InsPj concent ra t ions . Shown in Fig. III .4A and III .4B are the b i fu rca t ion d i ag rams 
corresponding to a cell expressing only type 1 (Fig. III.4A) or type 2 (Fig. III.4B) receptors : in both 
figures, the plain line shows the steady-state Ca^^ level as a function of the InsP, concentration, and the 
dashed line shows the maximum of Ca"* oscillations when they occur. Note the différent scales in both 
diagrams. The dotted line represents the unstable steady state during oscillations ; this state - t ha t is not 
observed- corresponds to the Ca"* concentration around which oscillations occur. The shape of the 
curve showing the steady state Ca"* level (stable or unstable) as a function of InsP, (thin lines) much 
differs between types 1 and 2. For type 2, this level rises because the fraction of open receptors 
increases with the level of InsP, (Equ. III.2), for which InsP3R2 has a high affini ty ( K j = 0.2 |xM). 
Once Ca'"^ becomes high, inhibition by Ca""̂  becomes prédominant and the level of Ca"* does not 
dépend on the level of InsP3 anymore. 
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Fig. III.4. Bifurcation diagrams showing the effect of changing the receptor density (k^) on the occurrence of Câ * oscillations. 

Thèse diagrams show the steady state Câ * levels as a function of the InsPj concentration. When the steady state is stable, it is 

indicated by a plain curve. When it is unstable, it is indicated by a dotted line ; in this case, the steady state is not observed 

but oscillations around this steady state occur. In this case, the maximum value of the Ca"* concentration reached during the 

oscillations is indicated by a dashed line. Thus, in thèse diagrams, oscillations are observed for domains of InsP, values in 

which there is no plain line. Panels A and B correspond to cells possessing only one type of InsP,R. The shapes of the curves 

are very différent for type 1 (A) or type 2 (B). When the density of receptors (K^) is decreased, it leads in both cases to an 

increase of the oscillatory domain. This increase is however much larger for type 2 (D) than for type 1 (C). See text for 

détails. Results have been obtained using AUTO (Doedel, 1981), as implemented by xppaut (Ermentrout, 2002). Equations 

and parameters are the same as in Figs. III.2 and III.3, except for the values for the "K, 

In contrast, for type 1, the steady-state level of Ca'* first smoothly increases with InsP, because of 
the lower affinity of InsP^Rl for InsP, (K, = 0.5 \JiM). When InsP, further increases, the rise of Ca"* as 
a function of InsP3 becomes very fast because receptor deactivation by Ca"* occurs progressively less. 
For both isoforms, oscillations roughly occur when the (unstable) steady state level of Ca^* is in the 
range of the activation and inhibition constants of the receptors (Kjd = 0.5 fxM and Kin^ = 0.247 \xM for 
types 1 and 2) ; thus, one observes that oscillations occur for -0 .2 \\M <C^< ~0.8 |aM. 

The diagrams shown in Fig. III .4A and B would correspond to cases where ail InsP^Rs in a given 
cell are the same (as X| = 1 ). To understand why the suppression of one or the other type of InsP^Rs 
does differently affect the Ca"* dynamics of the cell, we redraw the same bifurcation diagram for lower 
values of "k, (Fig. III .4C & D). In contrast to what would be expected intuit ively, the oscillatory 
domain increases in both cases. This is due to the fact that, as there are less channels, there is less Ca"* 
released, which postpones the inhibition for higher values of InsPj. Interestingly, the increase in the 
oscillatory domain is much larger for type 2 than for type 1. Again, this can be explained by the facts 
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that the steady-state level of Ca"^ does not change much with InsP, for type 2 (but well for type 1 ) and 
that oscillations of Ca"* can only occur when the steady state level of Ca"^ is in the range of the 
activation and inhibition constants of the receptors (the value of the steady Ca"* level at which 
oscillations disappear is roughly the same for both isoforms). Not shown in Fig. III.4 is the fact that if 
ki becomes too small , osci l lat ions are no longer possible whatever the InsPs concentra t ion, jus t 
because there is not enough Ca"* released. In this case, the bifurcation diagram appears as a nearly flat 
line on the x axis. Thus, both for type 1 and type 2 receptors, the size of the oscillatory domain first 
increases and later decreases when decreasing X, (not shown). 

Fig. III.5. Bifurcation diagrams showing the effect of adding some amount of type 3 receptors to an homogeneous population 

of type 1 (A) or type 2 (B) receptors. Thèse curves have to be compared with Figs. II1.4C and III.4D, respectively. In both 

cases, the oscillatory domain is much reduced when adding a small proportion of type 3. Results have been obtained as in 

Fig. 1II.4. 

The behaviour of type 3 is différent , as oscillations cannot be obtained in this range of parameter 
values (Fig. III.3C). Moreover, for the situation shown in Fig. III.3, InsP3R3s even tend to suppress the 
Ca""̂  oscillations generated by InsP^RI and/or InsP,R2. This is shown in Fig. III.5 : Fig. III.5A is the 
b i furcat ion d iagram of a system characterized by twice more InsP^Rl than InsP3R3. Thus , by 
comparison of Fig. III .4C and Fig. III.5A, one can directly see the e f fec t of type 3 receptors on 
InsP jRl . Clearly, the oscillatory domain is much reduced. The flux of Ca^* through the InsPjRs indeed 
increases the Ca"* level fo r ail values of InsP, concentrat ions, without providing the feedbacks 
necessary for oscillations to occur. The effect of type 3 on type 2 receptors is even more pronounced 
(compare Figs. III.4D and III.5B). 

Although in the situations encountered above, type 3 isoforms have an inhibitory effect on InsP3R2 
and InsP^Rl-induced Ca"* oscillations, simulations predict that this is not always the case. An example 
of such a situation is shown in Fig. III.6. The upper panel shows damped oscillations obtained in the 
absence of InsP,R3 with a low density of both type 1 and 2 receptors. In this case, oscillations cannot 
be sustained, because the global f lux of Ca'* is too small to reach the typical Ca"* concentration in 
which activation/inhibition by Ca~* may occur. Sustained Ca"* oscillations can be obtained in this case 
by the addition of InsP3R3 (Fig. III.6B), which increases the total Ca"* release f rom the ER. It is 
interesting to note that starting f rom a situation as that shown in Fig. III.6B (i.e. when the overall 
receptor density is low), the suppression of any type of receptors provokes the disappearance of Car* 
oscillations. In the same manner, for slightly higher values of receptor densities, one can get situations 
where 2 out of the 3 isoforms are enough to get oscillations, whatever the nature of thèse receptors (for 
example, for X, = 0.35, X2 = 0-25 and ̂ ,3 = 0.15 in the same conditions as in Fig. III.6, not shown). 
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Fig. III.6. Addition of InsP,R3 can restore oscillation in a simulated cell in which the population of type 1 and type 2 

receptors is too low. Panel A : damped Ca"* oscillations obtained in a cell characterised by a low density of type 1 and type 2 

receptors. Panel B : when adding a small amount of type 3 receptors to the same simulated cells, oscillations become 

sustained (see text). Results have been obtained as in Figs. III.2 and III.3 except for the values of the \ , which are indicated, 

and for IP3 = 0.2 jiM. 

III.4. Discussion 

Multiple isoforms of the InsP^R have been identified. They are differently expressed in différent cell 
types, with différent cellular locations and at distinct developmental stages (Vermassen et al., 2004). 
However , our unders tanding of the functional significance of this receptor diversity remains rather 
limited. The detailed investigation of the effect of spécifie InsP3 receptor isoforms on cellular Ca"* 
signais is indeed a dé l ica te problem. Its full unders tanding involves e lec t rophysiological and 
biochemical characterizations of the 3 isoforms, as well as the detailed analysis of Ca'* signais in cells 
either characterized by d i f fé ren t sub-populations of receptors, or artificially expressing one or the 
other isoform. A modell ing approach can thus help to make the link between thèse various data and 
suggest some conclusions about the respective rôle of each isoform. 

It is clear that our description of the regulatory properties of the InsP^R subtypes as well as the 
assignment of thèse properties to a given subtype provides a much simplified description of the reality. 
One oversimplif icat ion is, fo r instance, that we have not considered the heterotetrameric nature of 
most InsPjRs complexes . W e have also adopted the point of view that the InsP,R3 is not (or nearly 
not) inhibited by Ca"*, an hypothesis that is far f rom being widely acknowledged (see, for example , 
Missiaen et al., 1998 ; Swatton et al., 1999). In the same manner, the displacement of the bell-shaped 
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dependence of the fraction of open InsPjRs on Ca"* has been often reported for other types than for 
type 1 (see, for example, Mak et al., 2001b). Our aim here was of course not to validate or invalidate 
any study of this sort but rather to make the link between well-defmed régulations of the InsPjRs by 
Ca"^ and InsP, and their possible effect on the robustness of Ca"^ oscillations at the cellular level. 

W e have thus shown that if one assumes that InsP3R2 is the most sensitive to InsP, and to Ca'* 
changes (reflected by a sharp bell-shaped curve, Fig. III. 1), one theoretically recovers the expérimental 
conclusion that this type is the major Ca"* oscillator. It is interesting to stress that both characteristics 
of this subtype (high InsP, sensitivity and sharp bell-shaped curve) both favour the existence of Ca^* 
oscillations upon an extended range of InsP, concentration and receptor density. 

A smoother bell-shaped steady-state dependence of the open probability of the InsP^R on Ca'* is 
obtained when assuming that InsP, affects the Ca"*-induced inhibition of the channel. Although this 
régulation was deduced f r o m the observation that the bell-shaped curve is shifted to the right when 
increasing the InsP, concentration, it led to the theoretical conclusion that Ca'* oscillations based on 
this mechanism are less robust and easily transformed into damped oscillations. When considering that 
the in terplay be tween InsP3 and Ca"*-induced inhibition typi f ies I n s P , R l , one r ecovers the 
expérimental observations performed in DT40, myocytes, COS and HeLa cells as to the e f fec t of 
selectively expressing type 1 InsPjR or down-regulating types 2 and 3 (Miyakawa et al., 1999 ; Morel 
et al., 2003 and Hattori et ai, 2004). It is interesting to stress that, again, the observed behaviour is 
also reinforced by a reduced sensitivity of this InsPjR to InsP, (as compared to type 2). 

When the steady-state dependence of the open probability of the InsPjR is assumed to be a 
monotonous function of Ca""̂  (as we did for InsPjRS), no oscillations can be obtained considering this 
isoform only. In fact , this conclusion is similar to the results obtained with the 'Ca"*-induced Ca"* 
release ' models of first génération (Dupont and Goldbeter, 1993) where Ca"* oscil lations required 
some Ca"* exchange with the extracellular médium. As we have considered here the situation of a 
closed cell, the InsPjRS can only provide a constant influx into the cytoplasm. However , as its 
sensitivity to InsP, is weak, this constant Ca"* flux is most of the t ime rather low. Moreover , the 
modelling assumption that the cytoplasm does not exchange Ca"* with the external médium is likely 
responsible for the discrepancy between the expérimental and theoretical results visible in Fig. III.3C. 
In the model, when a cell is assumed to contain only InsPjRS , stimulation by a relatively low dose of 
InsP, does not produce any visible Ca"'^ increase. In contrast, one large Ca'* peak is seen in the 
experiments (Miyakawa et al., 1999 ; Hattori et al., 2004). The latter behaviour could be reproduced 
by the model (not shown) if one considers that BCR stimulation of D T 4 0 cells elicits Ca"* entry f rom 
the external médium in a manner that is dépendent on the expression of the InsP3R3 isoform, as 
proposed by Morita et al. (2004) (see also Guillemette et al., 2005). 

Fol lowing the available expérimental data, we have focused on the e f fec t of changing the InsPjR 
density on Ca~* oscillations. The analysis shows that, both for types 1 and 2, oscillations occur for a 
larger range of InsPj concentrations when the receptor density is reduced up to a certain limit. The 
resulting reduced Ca'* flux indeed postpones the inhibitory effect of Ca"* on its own release. The ef fec t 
is however much more pronounced for type 2 where InsP, does not in terfère with Ca'^^-induced 
inhibition (see Fig. III.4 and section III.3). In contrast to the effect of reducing type 1 or 2 receptor 
density, the ef fect of the addition of type 3 receptor can both suppress and induce Ca'* oscillations 
depending on the condit ions. In most cases, the constant Ca'* influx provided by InsP3R3 tends to 
suppress typel and/or type 2-induced Ca"* oscillations by providing a constant inhibitory input of Ca"*. 
However , when the overall density of InsP3Rl and InsP3R2 in a cell is too low for sustained Ca~* 
oscillations to occur, addition of a small amount of InsP3R3 can boost up Ca"* oscillations, exactly as 
the combination of a sub-threshold stimulation and Ca"* entry can provoke oscillations (Rooney et al., 
1991). Thèse theoretical conclusions thus suggest that the présent expérimental results might not apply 
to ail cell types, and that the InsP3R3 is not always an 'anti-oscillatory unit ' . 

In the fu ture , this approach needs to be pursued to investigate the spatial aspects related to the 
spatially inhomogeneous distribution of receptor sub-types. It is clear indeed that the funct ional 
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interactions be tween the 3 subtypes will be a f fec ted by their possible spatial c lus ter ing . T h e 
régulations by accessory proteins, which clearly differ f rom one InsP^R isoform to the other, is another 
point that deserves to be further explored and that might help to improve our unders tanding of the 
origin of the impressive variety of InsP3-mediated intracellular Ca^* signais. 



PART 2: STOCHASTIC SIMULATIONS 



CHAPTER IV 

Stochastic simulations of the Ca dynamics around small 
clusters of InsPj-sensitive Ca^^ channels 
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IV. l . Introduction 

W e have seen that the Ca"*-dependence of the opening of InsPj-sensi t ive Ca*'" channe l s in the 
endoplasmic reticulum is believed to play a major rôle in both elementary and global aspects of Ca^* 
signalling in a variety of cell types (see Chapter I and Berridge, 1993; 1997 for reviews). The dual 
e f fec t of Ca"* on channe l opening, i.e. fast act ivat ion and s lower inhibi t ion, has been well 
characterized in in vitro Systems by "'Ca"* flux measurements and electophysiological measurements in 
lipid bilayers (Bezprozvanny et al., 1991; Finch et al., 1991). On the other hand, in vivo observat ions 
of the behaviour of thèse channels suggest that the bell-shaped dependence of their act ivi ty on 
cytosolic Car* plays a major rôle in the régulation of Ca^* in intact cells (Berridge, 1997), presumably 
because the activities of the InsP^-sensitive Ca"* channels distributed throughout the cytoplasm may be 
co-ordinated through Ca^* di f fus ion. For sufficient stimulatory levels, osci l lat ions and waves can 
develop. From a theoretical point of view, this feedback effect of Ca"* on the Ca"* releasing activity 
has been incorporated in many différent models, and has accounted for a variety of expérimental facts, 
e.g. oscillations of cytosolic Ca"* and intracellular propagation of waves (see Sneyd et al., 1995; Tang 
et al., 1996; Dupont, 1999 and Schuster et al., 2002 for reviews). 

Independently, the potential implications of the fact that the local Car* concentra t ion is much 
higher at the mouth of an open channel than in the bulk cytoplasm gained wide récognit ion (Stem, 
1992; Neher , 1995; Kasai and Petersen, 1994). The spatial and dynamic character is t ics of thèse 
intermediate Ca"* domains were studied for several types of channels (Sherman et al., 1990; Neher and 
Augustine, 1992; Imredy and Yue, 1992; Rizzuto et al., 1993; Kargacin, 1994; Monck et al., 1994; 
Llinas et al., 1995; Smith et al., 1996; Rios and Stern, 1997). Previously, we suggested that thèse 
intermediate domains could be responsible for interesting properties of the InsPi-sensit ive channel , 
such as the possibility to générale an incrémental detection-like behaviour (Swillens et al., 1994) or 
long-period Ca"* osci l la t ions (Dupont and Swil lens, 1996). The critical rôle of e n d o g e n o u s or 
exogenous Ca"^ buffers for such local Ca^^ signalling was also recognized (Zhou and Neher , 1993; 
Gabso et al., 1997). 

Since most models are interested in describing the behaviour of a cell which conta ins a large 
population of channels, they are generally based on deterministic kinetic équations. However , it is not 
clear how the idea of intermediate domains with a high concentrat ion of Ca^* can wi ths tand the 
explicit considération of both the stochastic nature of the channel opening and the relatively fast Ca"* 
diffusion: indeed, it is not unreasonable to anticipate intuitively that such a domain would be washed 
away by passive diffusion very rapidly after channel closure. 

In this chapter, we have therefore attempted to describe in stochastic terms the behaviour first of a 
single (sections IV.2 and IV.3) and than of a group (section IV.4) of InsPj-sensitive channel inserted in 
a cytosolic-like méd ium with realistic diffusion characteristics. Interestingly, we found that under 
thèse conditions, and with minimal hypothèses about the parameters to be used, our simulated single 
channel exhibited bursts of activity, i.e. répétitive openings due to re-activation of the channel by the 
Ca~* ions f lowing through it. The resulting simulated rises in the average Ca'* concentra t ion in a 
macroscopic volume around the channel were reminiscent of experimental ly observed fundamenta l 
events in Ca'* release, the so-called 'blips' (Parker and Yao, 1996), whose duration had not been 
understood previously and for which our simulaton might thus provide a realistic explanation. Besides 
thèse true e lementary events resulting f rom transient activation of a single channel , o ther types of 
small-scale Ca""^ increases, called 'Ca'* puffs ' , have been reported. Thèse puffs , exhibit ing ampli tudes 
about 5 times higher than blips, are thought to resuit f rom the concerted opening of a f ew clustered 
channels. Thus , in the second part of this chapter (section IV.4), we go a step fur ther and aim at 
understanding how clusters of InsPi-sensitive channels could générale blips and p u f f s fo rming a 
continuum of events of graded size and variable lime courses. 
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IV.2. Stochastic model of an isolated InsPj-sensitive Ca channel 

IV.2.1. Operational model for the InsPj-sensitive Cc^* channel 

Our aim (Swillens et al., 1998) was to develop an operational model which could account for the 
foUowing propert ies of the InsPs-sensitive Ca"* channel : (i) the open probabili ty of the channel 
exhibits a bell-shaped dependence on cytosolic Ca"* concentration, with a slight positive cooperativity 
(Bezprozvanny et al., 1991); and (ii) the mean open t ime of the channel decreases as the Ca"* flux 
increases (Bezprozvanny and Ehrlich, 1994). 

-S- ï -

Cé" bindfng to activating ^tes 

Fig. IV. 1. Model for the InsPj-sensitive Ca"* channel. The channel exhibits différent states, defined by the absence or the 

présence of InsP, and Ca'* in the respective spécifie binding sites: the symbol R̂ ĵ  refers to the state of the channel, to which i 

(0 or 1 ) InsP, molécule, j (0, 1 or 2) Ca"* ions (at the activating sites) and k (0, I or 2) Ca"* ions (at the desensitizing sites) are 

bound. The transitions between the différent states may be described by a cubic scheme, partially represented in this figure. 

Ca"* binding to activating and desensitizing sites are shown as horizontal and vertical transitions, respectively. InsP, binding 

is represented by transitions between back and front faces of the cube. The life time of the open state (encircled) dépends on 

the kinetics of the three events, which, in this scheme, are quantitatively characterized by their first order (for InsP, 

dissociation or Ca"* dissociation from the activating site) or pseudo first order (for Ca"* binding to the desensitizing site) rate 

constants. In the latter case, the value is proportional to the Ca'* concentration at the mouth of the channel: the high and the 

low values shown correspond to an unitary current of 1.1 pA or 0.1 pA, respectively, under bilayer expérimental conditions. 

The values of the kinetic constants used in the following simulations are given in Table IV.2. 

Our basic model is shown in Fig. IV. 1. It is based on the existence of a single InsP, binding site 
(for simplicity, it is assumed here that InsP, binding is not coopérat ive (Watras et al., 1991), two 
activating Ca^* binding sites and two inhibitory or 'desensitizing' Ca"* binding sites. It is assumed that 
InsPs binding does not dépend on Ca '* binding and that, although Ca"* binding to the activating sites is 
coopérative in both cases, there is no allosteric interaction between thèse différent sites. As shown in 
Fig. IV. 1., Rijk refers to the différent states of the channel: i is equal to 1 or 0 depending on whether 
InsP3 is bound or not to the channel, j represents the number of activating sites occupied by Ca"* ( j=0. 
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1 or 2), and k represents the number of desensitizing sites occupied by Ca"* (k=0,l or 2). It is assumed 
that the channel is in the open state only when Ca"* is présent on the InsP, binding site and on both 
activating sites while not présent on any of the desensitizing sites, i.e. the open state is Rl20. The 
channel is closed in ail other situations. 

When the channel is open, the Ca'* concentration in the vicinity of the channel is higher than that in 
the bulk cytosolic phase and, thus, the kinetics of Ca"* association to the desensitizing sites dépends on 
this local concentration at the mouth of the channel (Ca"*„(,u(,,). When the channel closes, excess Ca~* 
disappears by dif fusion. In order to simulate Ca'* binding to activatory and desensit izing sites, this 
local Ca"* concentration at the mouth of the channel must be computed at every instant. 

0.20 

0.15 

Q. 0,10 -

0 0 5 

0.00 
0.01 

Ca^*(nM) 

Fig. IV.2. Stochastic simulation of the model under bilayer conditions: relationship between the channel open probability and 

the Ca"* concentration in the cis chamber (correponding to the cytosolic side). The stochastic simulation of the model 

proposed in Fig. IV. 1 was based on the set of parameter values defined in Table IV.2, chosen to account for the expérimental 

data illustrated here by circles joined by a solid line (Bezprozvanny et al., 1991). The simulated open probabilities were 

obtained with an unitary current of either 1.1 pA (triangles) or 0.1 pA (squares). 

rv.2.2. Stochastic simulation of the channel behaviour 

Simulation of the activity of a single channel requires a stochastic approach, which takes random 
transitions between the différent channel states into account. Assuming that the channel is in a certain 
state at time t, the numerical procédure has to calculate the probability of the différent transitions and 
to détermine into which state the channel will transform after a short t ime interval At. This stochastic 
procédure can be described by using the following example. Let us suppose that ail binding sites of the 
channel are vacant at t ime t (the channel is in state ROOO). From this state, the three possible events are: 
InsP, b inding, Ca'* b ind ing to an activating site, or Ca"^ b inding to a desens i t iz ing site ( the 
corresponding states into which the channel may transform during a t ime interval At are RlOO, ROlO 
and Rool). If the interval At is sufficiently small to allow at most one transition, the probabili t ies for 
the channel to transform into the various possible states within this short t ime interval are given by: 

' ( 0 0 0 - 1 0 0 ) = ^ / + [ / « ^ ^ 3 ] ^ ' (IV. 1) 
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HOOO^OIO) - '^a l + 

0 0 0 ^ 0 0 1 ) 

^^mouth 

P 2+ 

At 

At 

(IV.2) 

(IV.3) 

with rate constants defined in Fig. IV. 1. Note that tiie Ca~* concentration referred to in thèse équations 
is the local Ca'* at the mouth of the channel (computed as indicated below), not the bulk cytosolic 
Ca"*. The probability for the channel to remain in its initial state (ROOO) is equal to: 

^(000-000) ^ l - (^ /+[^« 'S ' ' 3 ] + ^al+[Ca^,o«M +'^d\+[calouth (1^-4) 

Practically, we chose time intervais At short enough to ensure that the probability that the channel 
remains in the same state after At was always higher than 0.95. The interval [0,1 ] was divided into four 
sub-intervals, corresponding to the four possible states: 

interval 

interval 

interval 

and interval 

(000-^100) jforRlOO 

^(ooo^ioo)'^(œo-»ioo) + ^000^010) for ROlO 

' looo^ioo) + ^ooo^oio)'^((X)o-*ioo) + ^(000^010) + 'IOOÔ OODJ for ROOl 

for Rooo. ^000^100) + ^000-^010) + ^(000^001)'^ 

The stochastic procédure randomly generated a number between G and 1; the sub-interval which 
contained this random number then defined the channel state at t ime t+At. The procédure was then 
reproduced over and over to generate a stochastic succession of channel states. 

rV.2.3. Three dimensional Ca'* diffusion from a point source 

Diffusion in a cytosolic-like médium 
Since the présent study only considers the activity of a single channel placed in a homogeneous three 
dimensional space, Ca""^ d i f fus ion was described in spherical coordinates: the t ime-dependent 
distribution of Ca"* concentration was caiculated along the radial direction. For the actual simulation of 
channel behaviour in a cytosolic environment (Figs. IV.4-IV.7), space discretization was defined as 
follows: the source was located in a central sphère characterized by a small radius Ar. This sphère was 
surrounded by N successive concentric shells, ail with the same thickness equal to Ar. The Ca"* 
concentration next to the outer shell was kept constant. For simulation of short range diffusion and 
évaluation of the local Ca"* concentration at the mouth of the channel (Fig. IV.3), the space for 
diffusion consisted of hémisphères only. 

In the absence of buffer, the Ca"* distribution obeys the équation: 

——'- = DcV C{r,t) + o [ r j ) {IN.5) 
dt 

2 
where V is the Laplacian operator, here equal to : 

1 d ^ 
r dr 

C(r,t) is the Ca"* concentration at time t and at distance r from the center where the source is placed, 
De is the Ca'* diffusion coefficient, and a(r,t) is the Ca"* influx at the source, i.e. a(r,t) is différent f rom 
zéro only for r = 0. 
For the kind of discretization described above, we approximated the Laplacian operator applied to a 
function F(r) by operator L, defined as follows: 
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i=l,2. . .N (IV.6) 

where F| approaches the function F in the ith shell. We checked that thèse approximations gave results 
in agreement with the analytical solution for a simple System consisting of a constant Ca"* point source 
placed in an infinité space. 

Buffer Total concentration 
(^M) 

Ca"* dissociation 
constant (^iM) 

Diffusion coefficient 
( ^ m " s ' ) 

E n d o g e n o u s 
Stationary 300 ' 10* 0 
Mobile 50" 10" 15^ 
Exogenous 
Calcium Green-1 50=" 0.7" 3 r 

Table IV. 1. Assumed characteristics for the Ca"* buffers in the cytosol. a: Parker et al. (1996); b: Smith et al. (1996); c. 

Gabso et al. (1997); d: The Kj of Calcium-Green-1 is only known under in vitro conditions (about 250 nM (Eberhard and 

Eme, 1991)), and related dyes under such conditions have a dissociation constants which is several fold higher than in 

protein-free solution (Bassani et al., 1995; Zhao et ai, 1996); we thus tentatively estimated that the dissociation constant for 

Calcium Green-1 to be used was around 700 nM. e: We assumed for Calcium Green-1 a diffusion coefficient similar to the 

one previously measured for the comparable dye Fura-2 (Blatter and Wier, 1990); note that the same authors measure a lower 

diffusion coefficient (15 fim's ') for Indo-1. See also the even lower value (8 nm"s ') for Calcium Green-1 itself in muscle 

fibers (Zhao et al., 1996). 

In the présence of Ca"* buf fers in the diffusion space, mathematical analysis of Ca^^ di f fus ion is 
more difficult. Since our study was intended to be semi-quantitative only, we used the rapid buffer ing 
approximation proposed by Smith et al. (1996). Thèse authors have shown that this approximation is 
acceptable to mimic physiological buffers , both in the absence and in the présence of modera te 
concent ra t ions of Ca'* indica tor dyes like Calc ium Green-1 . T h e p rocédu re ca lculâ tes Ca"* 
concentration at time t+At in the central sphère (C;,) and in the successive shells (Cj, i=l to N) as 
functions of the Ca^* concentrations obtained at time t: 

Q ( r + Ar) = C,(r) + A//3,(r)[L(/<(/)) + aô ,o ] i=0,l,. . .N (IV.7) 

with 
<5^jo=l, <5o, = 0 f o r i > 0 (IV.8) 

m = j ^ f^S^S.tot ^ Kminutât ^ (IV.9) 
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0.30 

Fig. IV.3. Câ * concentration in the vicinity of a Câ * point source placed in a cytosolic-like médium. The simulation 

considered a Car* point source generating. during 20 ns, a carrent of 0.1 pA into a cytosolic médium described by a 

hemispherical space made of 166 shells of 6 nm thickness each. The basai Câ * concentration was set to 40 nM, and only 

endogenous buffers were considered, whose characteristics are listed in Table IV. 1. Ca"* diffusion was simulated according to 

equ. (IV.7). The curve represents the Ca"* concentration in the central hémisphère of 6 nm radius containing the point source. 

Fitting of the fast component decay curve (first 15 (xs after source closure) by a bi-exponentional function gave: 

Ca 2+ 
mouth 

= 9\fjM exp closure 
0.17/« 

+ \9fiM exj ^ ^closure 
5.61.1s 

+ 0.04 ^lM 

where indices s and m refer to stationary and mobile endogenous buffers , and index e refers to mobi le 
e x o g e n o u s b u f f e r ; the Kj, Bi,„, and D| are the equi l ibr ium dissoc ia t ion cons t an t s , total b u f f e r 
concent ra t ions and d i f fu s ions coef f ic ien ts of the mobi le buffers , respect ive ly . is the d i f f u s i o n 
coef f ic ien t of f ree Ca"* in the cytosol , which was chosen to be equal to 250 [im'/s (Allbri t ton et al., 
1992). Parameters chosen to descr ibe the immobi le and mobile endogenous bu f f e r s , as well as the 
mobile exogenous buf fe r (Ca~* dyes, as mentioned below), are shown in Table IV. 1. 

Dijfu.%ion in a water-like médium 
Under condi t ions cor responding to an electrophysiological bilayer exper iment , where Ca"* d i f fus ion 
into a Ca"*-buffered cis c h a m b e r , the s ta t ionary Ca"* prof i le in a h e m i s p h e r i c a l space can be 
app roached analyt ical ly (see (Smi th et al., 1996) for further jus t i f ica t ions) . A t the m o u t h of the 
channel , one gets: 

A 

2mJi.r 

where r represents the distance between the Ca"* desensitizing sites and the center of the pore , and "k is 
a characteris t ic length which dépends on the kinetics of Ca"* binding to the b u f f e r (Neher , 1986). For 

file:///9fiM
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instance, taking tiie expérimental conditions f rom the experiments reported by Bezprozvanny et al. 
(1994) into account (i = 1.1 pA, I m M EGTA) and assuming that = 600 |j,m~s"' characterizes Ca"* 
diffusion in water (Kushmerick and Podolsky, 1969), we find a = 5.73 10"'" mois ' and X, = 632 nm. 
Since the cytoplasmic part of the InsPj-sensitive Ca"* channel appears to be roughly square-shaped 
with sides about 12 nm long (Katayama et al., 1996), r should be a few nm, say r = 3 nm. Thus, in 
such experiments, the computed stationary [Ca'̂ m,,^,!,] tums out to be about 500 [AM. A différent value 
can be computed if a différent Ca"* current is assumed (see following section). 

2 300 -
o 
c 
I 200 

without exogenous buffer 

g 100 -i ' Ca' Green-I 

o 
0.00 0.05 0,10 

t(s) 

0.15 0.20 

Fig. IV.4. Ca"* concentration in a macroscopic (0.9 fl) cytosolic volume surrounding a Ca"* point source. The simulation 

considered a Ca"* point source generating, during 100 ms, a current of O.I pA into a cytosolic médium described here by a 

spherical space made of 20 shells of 100 nm thickness each. The basai Ca"* concentration was set to 40 nM (dashed line). 

Ca"* diffusion was simulated according to Equ. IV.7. The curves (solid Unes) represent the average Ca'* concentration in the 

six central shells (600 nm total radius), corresponding to a 0.9 fl total volume. The curves were obtained assuming an 

endogenous buffer composition as defined in Table IV.I, either in the absence of in the présence of 50 [xM Calcium Green-1, 

as indicated. 

IV.3. Simulation of the Ca^* dynamics around one InsPj-sensitive Ca^* channel 

IV.3.1. Stochastic simulation of a single channel under bilayer conditions and détermination of 
parameter values for our model 

Our first goal was to define a set of values for the parameters of the model (Fig. IV. 1 ), allowing to 
account for the electrophysiological data (Bezprozvanny et al., 1991; 1994) obtained with Ca"* 
channels incorporated in a planar bilayer. In thèse experiments, the ionic current f lowing through the 
InsP3-sensitive channel was measured in the présence of a high InsP, concentration and in the présence 
of varions Ca"* concentrations on the cis and trans sides of the bilayer : the maximal open probability 
of a single channel was found to be rather low (around 0.04). With the opt imally act ivat ing 
concentration of 200 nM Ca"* in the cis chamber, the channel mean open t ime was found to be either 
2.9 or 4.7 ms, depending on whether Ca"* was présent (44 mM) or not in the trans chamber (Sr^* was 
added to complément the carrier concentration to 55 mM) (Bezprozvanny et al., 1994). 

Binding rate constant Dissociation rate constant 

InsP, site ki ,= 5 lO'M-'s- ' k , = 5 s"' 
First activating Ca"* site k 3 „ = 8 . 3 10' M-'s ' k „ . = 250 s"' 
Second activating Ca"* site k,2^ = 4.7 10" M-'s"' k32.= 208 s"' 
First desensitizing Ca"* site kd,^=2.6 10'M"'s"' kd,. = 57 s"' 
Second desensitizing Ca"* site kd2^=5.7 10" M"'s"' k<j,.= 19 s"' 

Table IV.2 Set of parameter values used to simulate the model defined in Fig. IV. 1 
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Accord ing to our model (Fig. IV. 1), the channel closes when any one out of the three fo l lowing 
events occurs: (i) dissociation of InsP, ; (ii) dissociation of Ca^* f r o m one of the activating sites; or (iii) 
b ind ing of Ca"* to one of the desens i t i z ing sites. S ince the k ine t ics of thèse three even t s are 
character ized by kj., k^j. and kd,+ [Ca-*„o„„,], respect ively , the two va lues of the m e a n open t ime 
ment ioned above can be used to es t imate two of thèse three kinetic parameters , on the basis of the 
équation: 

Mean open t ime = î — f — ^ (IV. 12) 

where [Ca'^niouth] is the Ca '* concentra t ion in the vicinity of the Ca"'^ desensi t iz ing site of the open 
channel . In this équat ion, the rate of InsP, dissociation, kj., can be considered to be 5s ' ' as previously 
measured (Hannaer t -Merah et al., 1995); in the absence of Ca"* f lux in the bi layer exper iments , we 
assume here that [Ca*'̂ „ou,h] is identical to the bulk Car* concentration in the cis chamber (200 nM), and 
in the présence of 1.1 p A Csr* f lux (once the channel is open), we assume that [Ca'*n,„u,J is stationary 
and, because of the size of the channel and the propert ies of Ca"* d i f fus ion in the cis compar tmen t , 
equal to 500 \iM (see section IV.2). F rom the two corresponding values cited above fo r the mean open 
time, we thus conclude that k^.= 208 s"' and kdi+ = 2.6 lO' M 's '. No te that since the contr ibut ions of 
the three reactions to closing the channel are in the ratio kiAa2ykd,+ i.e. in the rat io 5/208/132, the rate 
of Ca"* dissociation f rom the activating sites appears to play a dominant rôle, but the contr ibution of 
the Ca"* induced desensi t iz ing process is highly significant under thèse condi t ions of large luminal 
Ca""^ concentrat ion (44 m M ) and, therefore , of large Ca""^ flux (1.1 pA) and high Ca"* concentrat ion 
(500 \LM). 

The other kinetic paramete rs descr ibing Ca"* binding cannot be es t imated by direct calculat ion: 
stochastic simulation of the model is required to d e f m e a set of parameter values compat ib le with the 
bell-shaped curve descr ib ing the channel open probabili ty as a func t ion of the Ca"* concentra t ion in 
the cis c h a m b e r (Bezprozvanny et al., 1991). The values presented in Tab le IV.2 were found to fit 
reasonably well the expér imenta l data (compare circles (expérimental data) and tr iangles (s imulated 
points) in Fig. IV.2; thèse results were obtained assuming a concentra t ion fo r InsP, 10 t imes higher 
than the dissociation constant) . W e repeated twice the numerical simulation in order to show the small 
variations inhérent to stochastic processes. At 200 nM Ca~* in the cis chamber , the mean open t imes 
cor responding to the s imula ted exper iments were equal to 2.8 and 3.1 ms, respec t ive ly , in thèse 
duplicate simulations. 

It should be kept in mind that the expérimental data simulated in Fig. IV.2 were obta ined in the 
présence of 44 m M trans ( luminal) Ca"*, a concentrat ion which resulted in a large Ca"* f lux through 
the channel . Bezprozvanny and Ehrlich have already pointed out that, under physiological condit ions, 
since the luminal Ca~* concentrat ion was certainly lower, the resulting Ca"* current would be lower; on 
the basis of an es t imated luminal concentra t ion of 2.5 mM, a Car* cur ren t of about 0 .5 p A was 
predicted (Bezprozvanny et al., 1991). However , several récent studies have shown that in a variety of 
cell types, the luminal Ca"* concentrat ion is still lower, ranging f r o m 40-700 piM (Chatton et al., 1995; 
Combet tes et al., 1996; H o f e r and Schulz, 1996; Tanimura and Turner , 1996; Miyawaki et al., 1997; 
M o n t e r o et a\., 1997). On the bas is of an in termedia te value of 500 and a s suming a l inear 
re la t ionship be tween the current and the luminal Ca"* concentrat ion in this range of concentra t ions 
(Bezprozvanny et al., 1991), an even smaller value of 0.1 pA can, the re fo re , be predic ted fo r the 
physiological unitary Ca~* current . In this case, the calculation of [CST^^OMï] (equ. IV. 11 ) leads to a 
value of 46 (AM, and stochast ic simulation of the model based on this corrected value of luminal Ca"* 
concentra t ion leads to a second bel l -shaped curve for the channel open probabi l i ty , also shown in 
Fig. IV.2 (squares) . This second curve exhibits a much higher PQ peak value, of about 0 .2 , and it is 
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slightly shifted to the right compared to the curve obtained with a larger current. This is because Ca"*-
induced desensitization is less effect ive for smaller currents, since the local Ca"* concentration in the 
vicinity of the open channel is lower; k<„+ [Ca " * „ou th ] is then only equal to 12s"', compared to 132 s ' in 
the previous case. 

IV.3.2. Deterministic simulation of Cc^* diffusion in the cytosol 

Précise s tochast ic simulation of the channel behaviour under phys io logica l condi t ions not only 
dépends on an acceptable choice of the luminal concentration of Ca"* (see squares in Fig. IV.2), but 
also dépends on the time évolution of the Ca"* concentration at the mouth of the channel. Thus, the 
actual Ca""^ profile in the cytosolic compartment when the channel opens and closes must be computed 
under physiological conditions. Since the gradient of Ca"* concentration is very steep in the vicinity of 
the channel mouth, the computation of Ca"* concentration is this région requires a very small spatial 
grid, in the range of a few nanometers. This high level of discretization increases the Computing t ime 
enormously . Therefore , the strategy that has been used here was to s imulate , once for ail under 
appropriate conditions, the évolution of the Ca"* concentration at the channel mouth, and on the basis 
of curve fitting, to express this Ca"* concentration as an empirical funct ion of time, for subséquent use 
in s imulat ions based on a larger spatial grid. Short range di f fus ion of Ca"* into the cytosol was 
simulated according to the method of Smith et al. (1996), using parameters for buf fe r characterization 
and composi t ion given in Table IV. 1. W e defined the space for Cdr* d i f fus ion close to the channel 
mouth as an hémisphère made of 166 concentric shells, with a spatial discretization Ar = 6 nm (the 
choice of an hemispheric geometry is just i f ied by the fact that, fo r such short-range d i f fus ion , the 
membrane of the Ca"* réservoir locally créâtes a quasi-planar barrier to the d i f fus ion of cytosolic 
molécules). 

The basai Ca"* concentra t ion was set equal to 40 nM. Fig. IV.3 shows the kinet ics of Ca"* 
accumulation in the central hémisphère af ter channel opening (the central hémisphère with its 12 nm 
diameter was considered to reflect the dimensions of the cytosolic domain of the channel), as well as 
its decay after channel closure. The Ca"* point source was supposed to contribute a 0.1 pA current (see 
above). It can be seen that, once the channel opens, the Ca""^ concentration very rapidly reaches a rather 
high value, around 110 ^iM (characteristic t ime less than 1 |xs). It is also apparent that after channel 
closure, the Ca'* decay curve is multiphasic, with an initial fast decay over the first few microseconds 
(note the short time scale in Fig. IV.3: Car* at the channel mouth drops to submicromolar values within 
much less than a millisecond). The Ca"* concentration at the channel mouth (in the central sphère of 
6 nm radius) is almost indistinguishable f rom the average Ca"* concentration calculated in the central 
sphère of 100 nm radius af ter about 15 \is (not shown). Thus, within this short t ime period of 15 ^is, 
the Ca"^ concentration was fitted to a biexponential function for subséquent stochastic simulations 
based on a larger spatial grid (the radius of the central sphère will be 100 nm). In those simulations, 
we will consider that the Ca"* concentration close to to the channel mouth (whose est imation is 
required to compute the probabili ty of Ca"* binding to activating and desensi t izing sites) obeys the 
foUowing rule: once the channel opens, the Ca""̂  concentration instantaneously reaches its plateau 
value; when the channel closes, the bi-exponentional function (defined in the legend to Fig. IV.3) 
describes the fast Ca"* decay. The same simulation was repeated to détermine the évolution of Ca"* 
when 50 ^iM of an exogenous Ca"* -sensitive dye. Calcium Green-1 (whose assumed properties are 
also summarized in Table IV. 1) was added to the cytosolic médium, and a new set of parameter values 
for this bi-exponential function was obtained by curve fitting (resuit not shown). 

Before tuming to the actual stochastic simulation of an isolated channel in a cytosolic environment, 
we also evaluated, with the same deterministic approach as above, whether the channel activity was 
likely to be détectable under expérimental conditions, i.e. when the average Cdc* concentration is 
measured in a macroscopic volume, of the order of the femtoliter (see below). For this purpose, we 
evaluated long-range di f fus ion away f rom the channel mouth: the space for Ca"* diffusion was now 
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defined as a complète sphère made of 20 concentric shells of 100 nm thickness each (the radius of the 
largest cell was thus 2 ^im; this choice of complète sphères was made because their d imensions now 
largely exceed the thickness of the tubules of the endoplasmic reticulum). The d i f fus ion space was 
again supposed to contain an initial basai Ca"'^ concentration of 40 nM, as well as homogeneous ly 
distributed endogenous buffers, defined in Table IV. 1; the same Ca"* source was placed in the center. 
Since 'elementary' or even 'fundamental ' events of InsPj-dependent Ca~* release are nowadays recorded 
from femtoliter volumes in the présence of Ca"*-sensitive indicator dyes (Parker and Yao, 1996), we 
computed the kinetics of Ca"* accumulation into the 6 central shells after channel opening, as well as 
its decay after channel closure: thèse 6 shells with a total radius of 600 nm, correspond to a volume of 
0.9 fl. The channel was supposed to provide, during the first 100 ms, a constant Ca""^ source (o ) equal 
to 5.73 lO"'** mois"' (which corresponds to the 0.1 pA unitary current of the InsPj-sensi t ive Ca"* 
channel). Fig. IV.4 shows the results obtained, both in the absence (upper curve) and in the présence 
(lower curve) of 50 \iM Calcium-Green-1. In the absence of any exogenous dye, under condi t ions 
where the basai Ca'* concentration was 40 nM, the mean Ca"^ concentration in the 0.9 fl volume rose 
to more than 300 n M upon channel opening, and the time required to attain the half max imal 
amplitude, t,/,, was about 11 ms, both in the rising phase, when the current was turned on, and during 
its decay, current tumed off. In the présence of 50 \iM Calcium Green-1, which acted as a mobi le Ca"* 
buffer , the ampli tude of the Ca"* rise was reduced to about 50 nM above the basai value, and the 
kinetics of the Ca"* concentration changes were accelerated, as indicated by a t,/, value of about 5 ms. 
This smaller ampli tude of 50 nM is, nevertheless, compatible with the experimentally observed Ca"* 
signais corresponding to the so-called 'blips' (Yao and Parker, 1996; Bootman et al., 1997). 

rV.3.3. Stochastic simulation of an isolated channel in the cytosol 

The model developed above now allows us to simulate a single channel in a realistic physiological 
envi ronment . The cytosol was again simulated by consider ing 20 concentr ic shells of 100 nm 
thickness each (the total radius was thus 2 \im), initially containing a basai Ca"* concentrat ion of 
40 nM; the d i f fus ing space was supposed to contain physiological concentrat ions of endogenous 
buffers, and the Ca"* concentration surrounding the largest shell was maintained at 40 nM. A channel 
was placed in the center of the sphère, and InsP, was supposed to be présent at ha l f -sa tura t ing 
concentration. When the channel opened, it contributed a current of 0.1 pA. Fig. IV.5A shows a 10s 
run simulating the stochastic transitions between the varions states of the channel. As expected f rom 
the relat ively s low rate of InsPj dissociation (k|.= 5s" ' ) , the InsP, bound state ( second line in 
Fig. IV.5A) was more stable than the Ca'"^ bound states (third and fourth Unes in Fig. IV.5A). Ca^* 
binding to the desensi t iz ing sites (fourth line in Fig. IV.5A) was a relatively rare event , which 
generally fol lowed the opening of the channel (first line in Fig. IV.5A) because of the higher Ca~* 
concentration at the channel mouth after its opening (in this case, the maximal rate of Ca"* binding to 
thèse sites, k^i^. Ca"*n,o>,th was 29 s"'). 

An attractive f inding was that the channel presented bursts of activity, resulting f r o m répétit ive 
openings of the channel (see first line in Fig. IV.5A, and the same results plotted on an expanded time-
scale in IV.5B) . This p h e n o m e n o n can be interpreted as the conséquence of the h igh Ca"* 
concentration at the channel mouth just after channel closure, which makes rebinding of Ca '* at the 
activating site a likely event. The mean duration of the closed state within one such burst of activity 
was found to be very short (mean closed time equal to 8 fxs). 
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Fig. IV.5. Stochastic simulation of tiie model under physiological conditions: évolution of the channel states, with respect to 

InsP, and Ca"* binding. The stochastic simulation considered the channel placed in a cytosolic médium described by a 

spherical space. again made of 20 shells of 100 nm thickness each. The basai Ca"* concentration was set to 40 nM, and only 

endogenous buffers were considered (with the characteristics indicated in Table IV.l). The InsP, concentration was set to its 

Kj value (1 nM). (A) 10 s traces of (i) the activity state (1 and 0 refer to open and closed states, respectively) and of the 

occupancy of the channel sites by (ii) InsP,, (iii) activating Ca-* ions, and (iv) desensitizing Ca"* ions. (B) Same traces as in 

(A), plotted on an expanded time scale. 

Stochastic simulation of the t ime course of Ca'* accumulation in the same spherical vo lume of 
0.9 fl as above was then performed, now letting the channel flicker between its open and closed states. 
Three distinct traces, simulated in the absence of any indicator dye, are shown in Fig. IV.6A, with a 
t ime origin in each case corresponding to the beginning of the activity burst. W e previously showed 
(Fig. IV.5) that répétitive opening of the Ca"* channel could occur under physiological conditions. It 
appears in Fig. IV.6A that thèse répétitive openings lead to transient rises in Ca"* concentration (as 
measured in our femtol i te r spherical volume) which last much longer (up to several tens of 
milliseconds) than would be expected on the basis of the experimentally found mean open time of the 
channel (2.9 ms as measured in bilayer experiments, see above). Thèse long durations in the simulated 
traces are reminiscent of those in the experimentally observed Ca"* blips, corresponding to Ca"* rises in 
femtoli ter volumes of cytosol at low InsPj concentration (Parker and Yao, 1996) (note than in our 
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simulations of the beiiaviour of isolated ciiannels, the same activity bursts show up both at high and 
low InsP, concentrations, but of course with différent frequencies). Since an activity burst is produced 
by channel flickering between the open state Rl20 and the short-lived closed state RllO, we defined the 
burst ' length' as the t ime interval between the first channel opening and the transi t ion to a state 
différent f rom Rl20 or RllO. This burst length is a random variable which was character ized by the 
analysis of 300 events. The distributions of the number of channel openings per activity and of the 
burst length are shown in Fig. IV.6B, C respect ively. On average, a burst compr ised 6 channel 
openings, and lasted about 26 ms. For the long-lasting bursts, Ca'* concentration attained a plateau 
value close to 300 nM, which is in agreement with the previous results obtained with the deterministic 
approach (Fig. IV.4). Only the shortest bursts of activity were characterized by lower Ca"* amplitudes, 
because of the charateristic time of Ca"* accumulation. For this reason, the amplitude of the rise in Ca"* 
concentration during a burst presented a bell-shaped distribution, with a mean value for the peak Ca^* 
concentration equal to 201 nM (Fig. IV.6D). 

0 S 10 15 20 25 Û.ÛO 004 0.08 0.12 100 200 300 

rKAT4)er of openings per bunst bijitt isftgth (s) p^ik Ca^ cmcentratlûn {nM) 

Fig. IV.6. Stochastic simulation of Ca'* transients in a macroscopic (0.9 fl) cytosolic volume, in the absence of exogenous 

buffer. The stochastic simulation, performed under the same conditions as in Fig. IV.5, was repeated to generate 300 bursts of 

channel activity; during each of thèse bursts, the average Ca'* concentration in a 0.9 fl volume (the 6 central shells) was 

caiculated, and statistical analysis was performed. (A) Three activity bursts were selected in order to show the time courses of 

the corresponding rises in Ca"* concentration, and shown with their time origin aligned. (B) Distribution of the number of 

channel openings during an activity burst. (C) Distribution of the burst length. (D) Distribution of the maximal or 'peak' Ca"* 

concentration attained during the burst. 

Since Ca^* blips were experimentally observed after including Ca"'^ fluorescent dyes in the cytosol, 
we repeated the stochastic simulation of the system under thèse conditions (Fig. IV.7). As expected 
from Fig. IV.4, the inclusion of thèse additional mobile buffers (50 \iM Calcium Green-1) reduced the 
amplitude of this rise in Ca~* concentration upon channel opening, as well as the average number of 
channel openings per burst (to about 3) and the length of the burst (to about 14 ms) (compare 
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Fig. IV .6B ,C ,D and Fig. IV.7B,C,D) . However , channel répétitive open ing was still p résent , aga in 
leading to bursts of activity of much longer duration than expected on the basis of the channel mean 
open t ime. Fig. IV.7A demonst ra ted that the set of parameters used may lead to bl ips last ing up to 
several tens of mil l iseconds and exhibi t ing an incrément in Ca~* concentra t ion of about 40 nM. Thèse 
simulated results satisfactorily reproduce expérimental observations (Parker and Yao , 1996). W e thus 
p ropose that the bl ips exper imenta l ly observed under physiological condi t ions in the p résence of 
50 m M Calcium Green-1 are explained by répétitive opening of a single Ca'* channel . 

IV.3.4. Interprétation of the results 

Thèse simulat ions were originally pe r fonned with the final aim of s imulat ing the mutual in f luence of 
channels clustered in what has been called a 'puff site'. T o do so, we first elaborated a minimal model 
for an isolated single channel , which led us to an unexpected resuit. Unde r realistic condi t ions fo r the 
buf fe r ing capacity of the cytosol , such a simulated isolated channel inside the cytosol was found to 
display bursts of activi ty, arising f r o m répét i t ive openings. In our mode l , where Ca"* b ind ing to 
activating sites (or its dissociation) is responsible per se fo r channel opening (closing), thèse répéti t ive 
openings are due to the fac t that Ca^* ions di f fus ing away from the channel mouth af ter its c losure in 
fact d i f fuse slowly enough to al low rebinding with a significant probabi l i ty . Thèse s imulated results 
were obtained with a s imple molecular model which might not be the exact descript ion of the InsP,-
sensit ive channel (for instance, InsPs binding might wel l be coopéra t ive , and there might be s o m e 
necessary order in the binding of InsP3 and Ca"* (Dawson, 1997)). 
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Fig. IV.7. Stochastic simulation of Ca"* transients in a macroscopic (0.9 fl) cytosolic volume in the présence of 50 jiM 

Calcium Green-1 added to the physiological buffer, with the characteristics shown in Table IV. 1. 

Nevertheless , thèse répétit ive openings of the channel are the mere conséquence of channel activation 
by Ca"^, irrespective of the detailed mechanism for this activation. In fact , using a related but d i f férent 
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model, Stern et al. (1997) independently arrived at similar conclusion for the ryanodine-sens i t ive 
channel. 

As stated above, we suggest that thèse répétitive openings could explain why previously observed 
blips, considered to correspond to the opening of single channels (Parker and Yao, 1996), have an 
apparent duration much longer than what would be expected on the basis of bilayer characterization of 
the InsPj-sensitive channel. In fact, f rom our simulations in Figs. IV.6 and IV.7, it appears that under 
in vivo cytosolic-like conditions, i.e. in the absence of exogenous mobile buffers , bursts of channel 
activity might be even more prominent. Thèse long bursts of activity appear to be simply due to the 
relatively slow Ca"* d i f fus ion in the cytosol, and do not require for explanat ion any regulatory 
différence in the state of the InsP, receptor under in vitro and in vivo conditions. 

As shown in Fig. IV.7D, the distribution of the simulated maximal Ca'* concentrat ions reached by 
the blips is bell-shaped. This distribution is reminiscent of the expérimental results reported by Parker 
and Yao (1996). Thèse authors proposed that the approximately Gaussian shape of the expérimental 
distribution was due either to a roughly constant amount of Ca"* released in each blip, or to the 
possibility that many undetectable blips had been ignored. In contrast, our simulation shows that such 
a distribution can be obtained simply as the conséquence of the fast rising phase of Ca"^ accumulation: 
thus, although the blip duration and the total amount of Ca'* released during the blip may vary widely, 
the Ca"* plateau attained by thèse blip does not change to the same extent. 

Situation K j (nM) assumed D (jxm's"') assumed Maximal tl/2 
for Ca"* Green-1 for Ca"* Green-1 amplitude (nM) (ms) 

a (Fig. IV.7) 700 31 45 4.5 
b 270 31 23 4 
c 270 8 81 10 
d 270 0 291 34 

e (Fig. IV.6) 299 11 

Table IV.3. Effect of the assumed characteristics of Calcium Green-l on the kinetics of simulated transient accumulation of 

Ca-* into a 0.9 fl volume. 

It must be noted that although ail parameter values used here to mimic thèse blips were deduced 
f rom expérimental measurements (Table IV. 1), the reasonable agreement obseved between simulated 
behaviour and expérimental facts critically dépends on thèse values. In particular, as shown in Fig. 
IV.6 and IV.7, the ampli tudes and rising t imes of the simulated blips are highly sensi t ive to the 
charac ter is t ics a s sumed fo r the Ca"* indicator Calc ium G r e e n - l . Independent ly of s tochast ic 
simulations, this can also be easily recognized on the basis of simple determinist ic s imulat ions (like 
the one in Fig. IV.4) of the Ca~* rise resulting f rom channel opening. Thus, Table IV.3 explores the 
e f fec t of making various assumpt ions for d i f férent parameters . Situation (a) co r responds to the 
hypothèses in Fig. IV.7 (as also used for the lower curve in Fig. IV.4), in which the simulated blips 
were obtained assuming that the diffusion coefficient of Calcium Green- l was equal to the diffusion 
coeff ic ient experimental ly measured for Fura-2 in a cytosolic médium, i.e. 31 ^im's"' (Blatter and 
Wier, 1990), and that the value for Calcium Green-l was 2-3 times higher (see, e.g. (Bassani et al., 
1995), (Zhao et al., 1996)) than its value measured in water (Eberhard and Erne, 1991). Situation (b) 
corresponds to an assumed value of 270 nM for Calcium Green-l (as used in (Parker et al., 1996)), 
cor responding to the value measured in water without correct ions fo r b inding to cy top lasmic 
components: in this case, the maximal blip amplitude predicted would drop to only 23 nM above the 
basai level (situation (b)), and such a low amplitude might be below the détection level. On the other 
hand, situation (c) corresponds to the situation where, since most of Calcium-Green-1 (94% in muscle 
fibers, according to (Blatter and Wier, 1990)) appears to be bound to cytoplasmic components and. 
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therefore, does not d i f fuse in the cytoplasm more rapidly that the components to which it is bound, its 
apparent d i f fus ion coef f ic ien t was assumed to be lower than that in Table IV. 1 : fo r instance, if 
Calcium Green-1 were to move as slowly as actually measured in muscle fibers, its apparent dif fusion 
coefficient would be reduced down to 8 fim's"' (see Table 3 in (Zhao et al., 1996)), and the maximal 
Ca~* signal would then increase to 81 nM, while the kinetics of Ca"* accumulation would appear to be 
slower. Finally, the amplitude of the Ca"* signal would become even higher if the Ca'* indicator were 
completely immobilized (situation (d)). This would correspond to a mere increase in the concentration 
of stationary buffers , and, as previously shown (Naraghi and Neher , 1997), such an increase would 
reduce both the effect ive current, in terms of free Ca"" .̂ The effect ive rate of Ca** d i f fus ion , with the 
resuit that the kinetics of Ca"* accumulation would be slowed down, but, the steady state would remain 
virtually unchanged (compare the characteristics of situation (d) with those obtained in the absence of 
Ca'* indicator, i.e. situation (e)). Thus, as suggested in previous works (Stern, 1992; Smith et al., 1996; 
Naraghi and Neher, 1997), the simulated effect of added Calcium Green-1 under the assumption of 
Table IV. 1 (situation (a)) appears to be mainly due to the fact that it is a mobi le buf fe r : it thus 
contributes to faster Ca"* dissipation by diffusion, leading to lower values of Ca~^ steady state rises and 
shorter rise times. 

Although the simulated burst lengths shown here are compatible with those of expérimental blips, 
our simulated blips présent, in agreement with other theoretical simulations (Smith et al., 1996; Parker 
et al., 1996), Ca"* decay phases much faster than the ones experimentally observed. The characteristic 
time of a simulated Ca"* decay is about 10 ms (Fig. IV.7A), whereas expérimental decay curves exhibit 
a characteristic t ime of about 100 ms (Parker and Yao, 1996). Since the decay rate is only due to 
diffusion, this discrepancy might point to a misunderstanding of the characteristics of this d i f fus ion . 
One appeal ing possibi l i ty might be that the cy tosol ic méd ium présents phys ica l barr iers to 
macroscopic diffusion. Such a possibility is substantiated by a previous numerical study of the Ca"* 
dynamics around the p lasma membrane Ca"* channels in smooth muscle cells (Kargacin, 1992), in 
which the effect of imposing a barrier to f ree Ca"* diffusion was investigated. This barrier, possibly 
corresponding to an intracellular organelle, was defined as a région in which the diffusion coeff ic ient 
of Ca"* was 10 t imes lower than in the rest of the cytoplasm, and was supposed to be located about 
100 nm away f rom the p lasma membrane. Under such conditions, it was shown that, due to the 
opening of a single p lasma-membrane Ca"^ channel, high concentrations of Ca"* developed in the 
restricted d i f fus ion space be tween the p lasma membrane and the intracellular organel le , and an 
elevated Ca~* level persisted for 100-200 ms. This interesting possibility has not been included in our 
model, but would solve the apparent discrepancy mentioned above. 

IV.4. Stochastic simulation of a cluster of InsPj-sensitive Ca^* channels 

As a first step towards a quanti tat ive analysis of the hierarchy of Ca"* signalling events, we have 
studied in the previous section the behaviour of a single channel placed in its cytosolic environment by 
stochastic simulations. W e now wish to go a step further (Swillens et al., 1999) to understand how 
clusters of InsPrsens i t ive channels could generate blips and puffs, accepting as a basic concept that 
the fact that blips and puffs form a continuum of events of graded size and variable t ime course can be 
thought of within a simple f ramework: at relatively low InsP, concentration, most opening events in a 
given cluster of InsP^-sensitive channels are likely to be blips because an active channel is generally 
not surrounded by other channels with InsP, bound to them, whereas higher InsP, concentrations are 
able to induce the concomitant opening of several InsPj-bound channels nearby in the same cluster, 
and thus generate puffs . The stochastic nature of channel opening as well as simple geometr ical 
proximity considérat ions should then resuit in a broad distribution of ampl i tudes and durat ions of 
calcium signalling events. 

An additional important fact , however, is that at concentrations of InsP, appropriate for producing 
Ca~* puffs , the relative occurrence of blips is rather scarce (Sun et al., 1998; Thomas et al., 1998), as 
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if, once a channel opened, it readily recruited several other channels in the cluster. Such an eff ic ient 
channel synchronization requires that, during the burst of activity of the leader channel (i.e. the first 
one to open), the Ca~* signal is able in most cases to propagate up to a neighbouring InsP3-bound 
channel of the same cluster and activate it. Since synchronization efficiency obviously dépends on the 
distance between activatable InsPj-bound channels, this expérimental observation implies relatively 
short inter-channel distances. Within a cluster, however , the current spatial défini t ion of confoca l 
microfluorimetry allows to visualize neither the number of channels nor the inter-channel distances. 

To estimate thèse parameters which are not attainable through experiments, we have per formed in 
this study computer stochastic simulations of InsPj-induced activation of channels , grouped in a 
cluster and placed in a cytoplasmic-like environment. Following our previous study (section IV.3), the 
kinetic parameters for channel gating and Ca'* diffusion in the cytoplasm were chosen to allow optimal 
fit to previously published expérimental observations, and we searched for geometrical characteristics 
of the channel cluster a l lowing appropriate channel synchronisat ion within the cluster. F rom our 
simulations, we conclude that a Ca'* releasing site probably consists of a few tens of very closely 
packed InsPj-sensitive Ca"* channels: a square-shaped lattice of 25 channels in close contact leads to 
theoret ical d is t r ibut ions of Ca"* signal ampl i tudes compa t ib le with exper imenta l ly o b s e r v e d 
distributions. 

IV.4.1. Simulation procédures 

The numerical procédure used to generate Ca""̂  signais is based on the stochastic s imulat ion of the 
transi t ions be tween the var ious states of the InsPj-sensi t ive Ca"* channel (Fig. I V . l ) , and on 
deterministic calculation of Ca"* diffusion in a buffered cytosolic-like médium. This procédure is the 
same as the one described in section IV.2., except for the order of the InsP, binding reaction (third 
order instead of second order). In contrast, simulation of the behavior of a channel cluster, consisting 
of mult iple point sources distributed on a planar port ion of the ER, required a 3 -D car tes ian 
discretization in small cubic boxes. The 25 channels of the square-shaped cluster (see be low) were 
distributed in a 2-D array of 5x5 contiguous boxes placed in the center of the space. The d i f fus ion 
space extended 1 (xm away f rom the cluster in every direction, the boundary condition consisting of a 
constant Ca^* concentration equal to 40 nM (basai level). The diffusion équation was solved by the 
f inite d i f fé rence method applied to this discretized space and according to the rapid bu f f e r i ng 
approximation (Smith et al., 1996). 

IV.4.2. Preliminary analysis of the average number of channels open during a standardpuff event. 

The amplitudes of InsP^-induced Ca"^ signais produced during elementary events like blips and puf fs 
were previously estimated in Xenopus oocytes (Parker and Yao, 1996) and Hela cells (Bootman et al., 
1997): mean Ca'* ampl i tude of puf fs was about 170 n M above the basai concentrat ion, whereas 
amplitudes of blips reached about 5-fold lower values (30 nM above basai level). Moreover, Sun et al. 
(1998) reported that the rates of rise of "signal mass" (obtained by integrating the f luorescence signal 
throughout three dimensions) computed for averaged traces was about 6 times higher for puf fs than for 
blips. Therefore , if a blip reflects the opening of a single channel , a puff is likely to involve the 
concerted opening of only a few channels, say of about 5 on average. 

rV.4.3. Adaptation of model parameters to the kinetic expérimental constraints. 

Another preliminary step in the présent work was to make use of newly available information about 
latencies before channel opening, to refine our previously proposed model of the gating mechanism of 
InsPj-sensitive Ca"* channels (see Fig. IV. l ) . In this model, the delay observed before opening of any 
channel is mainly due to rate-limiting association of Ca"* with the first activating Ca"*-binding site on 
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this channel (Sun et al., 1998). On the other hand, opening of a channel in a cluster can initiale 
concerted activation of other channels, and hence a puff , only if the Ca"* signal which reaches thèse 
neighbouring channels is sufficiently high to allow Ca"* binding to them within the short duration of 
the transient Ca"* signal. The value of the kinetic parameter describing the rate of Ca"* binding to its 
first activation site on the channel, ka i+ , is therefore critical for channel synchronization. Expérimental 
information about this kinetic parameter can be derived from recently published measurements of the 
lag between flash photolysis of caged InsP, and the first observed elementary event ref lect ing the 
onset of Ca"* libération by any channel of a Xenopus oocyte Ca"^ release site: this latency was found to 
decrease with increasing InsP, concentration, down to a limiting value of 80 ms (Cal lamaras et al., 
1998). Under saturating InsP, conditions, ail channels in the cluster are expected to bind InsP, almost 
immediately, and the minimal 80 ms delay therefore corresponds to the average period of t ime elapsed 
before Ca^* binds to an activating site on any one of the channels of the cluster, under condit ions of 
basai Ca^* concentration, i.e. (kai+[Ca"'̂ ]basai)"' / N. Indeed, the transitions between channel states being 
considered as Poisson processes, the mean t ime to observe the first transit ion Rjok to R,,i, in the 
population of N channels is N times lower than the mean time required by a single channel to undergo 
this transition, which is equal to ( ka i+ [ C a " * ]basa i ) " ' . 
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Fig. rv.8. Estimation of cluster characteristics leading to efficient inter-channel communication 

(A) Probability that a test channel, placed at a distance d of the leader channel and sensing the fluctuations of Ca"* 

concentration produced by the active leader channel, opens during the activity burst (blip) of the leader channel, as a function 

of the inter-channel distance. For large distances, the probability reaches a small value, reflecting the low probability that a 

channel opens during bursting of another non-communicating channel. (B) Probability that the leader channel in a cluster 

with N channels has at least one InsP,-bound neighbour. as a function of N. assuming that each channel has a probability of 

5/N to be InsPj-bound. In this and ail subséquent figures of this chapter, results have been obtained with the following 

parameter values: k,̂  = 5 10" M 's '; k,. = 5 s '; = 1.25 10' M 's '; k,, = 64 s '; k^^ = 4.7 10" M 's '; k^ = 208 s '; k^,, = 2.6 

10' M 's '; kji = 380 s '; kj.,̂ . = 5.7 108 M 's '; kj, = 1.9 s '. Note that since the binding of InsP, is assumed to be positively 

coopérative (n̂ , = 2), kj^ is a tri-molecular binding rate constant but the apparent Kj is still 1 \iM. as in section IV.3. 

Assuming that a Ca~* releasing site consists of 25 channels (see below), the average latency before 
opening of an isolated single InsP,-bound channel would thus be about 2 s (80 ms x 25), and for a 
basai Ca'* concentration of 40 nM, k;,,+ = 1.25 10^ M 's '. Note that the k^^. value estimated f rom thèse 
latencies dépends on the number of channels in the cluster in a reciprocal way. Therefore, if the cluster 
contains a larger number of channels, a smaller ka,+ value will be obtained, and hence less ef f ic ient 
channel synchronization (see below). 
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The ka,+ value estimated above is about 6.6 t imes smaller than the value we had previously used to 
s imulate the behaviour of an isolated single channel (see section IV.3) . In order to remain in 
agreement with the other expérimental results originally selected as référence, we were led to alter 
some of the other Ca^* binding parameters (ka,., k^,. and kj , . have been divided by 3.9, 0 .15 and 10, 
respectively). In addition, because of the experimentally observed shape of the relationship between 
latency and InsP, concentration (Callamaras et al., 1998), InsP, binding was now assumed to exhibit 
positive cooperativity (UH = 2). The new set of parameter values (see legend to Fig. IV.8) satisfactorily 
fit ted Bezprozvanny 's (1991) data about the open probability of isolated channe ls under bi layer 
condit ions, and was also able to generate blip events as resulting f r o m the f l icker ing of a single 
channel during a few tens of ms (data not shown). 

rv.4.4. Estimation of the distance between InsPj-sensitive Cc^^ channels within a cluster 

In order to gain some understanding of synchronization between channels , we analyzed how far the 
Ca^* signal generated by a leader channel could be expected to propagate in the cytosol and thus 
act ivate a neighbouring channel . W e considered the leader channel as an isolated channel in a 
cytosolic-like environment, initially in the open R220 state and subsequently experiencing a classical 
activity burst of random duration. Ca"* was considered to d i f fuse in an hemi-spher ical 3-D space, 
representing the cytosolic volume adjacent to the ER membrane. A test channel was also placed in this 
space, at a certain distance (d) f rom the leader channel. Like the leader channel, this test channel was 
also assumed to be InsPj-bound initially, but its Ca""^ binding sites were initially vacant (R^x) state). 
Our simulation procédure (section IV.3) was applied, leading to a transient burst of activity of the 
leader channel. The numerical procédure monitored whether the test channel opened during this burst, 
and stopped the simulation at that moment . After repeating the simulation 300 t imes, we counted the 
number of runs for which the test channel had opened during the activity burst of the leader channel. 
This was an indication for synchronization, since otherwise the average delay before opening of an 
isolated channel would have been much longer, about 2 seconds, as indicated above. Fig. IV.8A shows 
that, under cytosolic-like conditions (with a mobile Ca"*-sensitive dye présent), activation of the test 
channel before closure of the leader channel was relatively fréquent only when the two channels were 
rather close to each other: when the inter-channel distance was 12 nm, i.e. the min imal va lue 
corresponding to the latéral d imensions of the channel (Katayama et al., 1996), synchronizat ion 
between the two channels took place in about 90 % of the cases, but when the two channels were 
50 nm apart, synchronization occurred in less than half of the cases. This very short effect ive range of 
Ca'^-mediated communicat ion between channels is in fact the conséquence of the steep gradient of 
Ca"^ concentration created by a Car* point source in a buffered médium (Llinas et al., 1995; Klingauf 
and Neher, 1997). Our results were obtained using a k^^. value corresponding to a hypothetical number 
of 25 channels per Ca"* releasing site, but, synchronization efficiency would have been even worse if 
the cluster had been supposed to be bigger, because of the lower kai+ value. 

Since synchronization between channels appears to require closely packed channels , the functional 
Ca~* releasing site must be restricted to a very small portion of the membrane of an ER tubule. Thus, 
for subséquent simulations, we considered that the channel cluster extends over a flat surface as a 2-D 
pat tem, which for simplicity we assumed to be a square-shaped lattice. 
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IV.4.5. Estimation of the number of InsPj-sensitive C(^* channels within a cluster. 

Since the ampli tude of a mean puff event requires the concerted activation of about 5 channels , the 
total number of InsPj-bound channels in the cluster has also to be close to about 5. Indeed, if a cluster 
of moderate size were to contain many more InsPj-bound channels, the puff ampli tude would be too 
high, because the Ca"* concentration around the cluster would presumably be sufficient to induce the 
opening of most InsPa-bound channels (see below Fig. IV. 11 for confirmation). Each channel has thus 
a probability of about 5/N to be InsPj-bound, N being the total number of channels in the cluster. W e 
then estimated the probability that in such a cluster at least one InsPj-bound channel is adjacent to the 
leader active channel , as fo l lows. In square-shaped clusters containing N channels , InsP^-bound 
channels were first chosen at random, with a probability of 5/N. If at least two channels tumed out to 
be InsPj-bound, one of them was randomly chosen as the active leader channel initiating the Ca"* 
signal. The procédure then checked whether the leader active channel was adjacent to any one of the 
other lnsP,-bound channels. Analysis of the results obtained by repeating this procédure allowed us to 
estimate the probability that at least one of the nearest neighbours of the active channel was InsP,-
bound. Fig. IV.8B shows that this probability rapidly decreases as the total number of channels in the 
cluster increases: a probability as low as 0.5 is already obtained with a cluster consist ing of only 36 
channels. 

On the basis of this simple counting procédure, we predict that an upper limit fo r the cluster content 
should be 20 to 30 channels . Indeed, if the cluster were to contain more channels , the probabil i ty to 
generate a puff would vanish for two reasons, firstly, because the channel activation rate would be too 
slow (ka|+ decreases as N increases), and, secondly, because the distance that the Ca"* signal should 
cover to activate a second channel would be too large (the probability that a direct neighbour is InsP,-
bound being equal to 5/N). On the other hand, the expérimental observation that increasing InsP , 
concentrations produce Ca"* puffs with higher amplitudes (Fig. 6 in (Thomas et al., 1998)) requires the 
recruitment of more than 5 channels per cluster under thèse circumstances, and suggests that 10 to 20 
should be a lower limit for the number of channels in the cluster. At this point, we thus propose the 
tentative guess that a typical cluster contains 25 channels. 

One may wonder whether a value of 25 channels per Ca"^ releasing site is realistic with respect to 
actual cells. In Xenopus oocytes, which are thought to contain 3 lO'" tetrameric InsP, receptors per 
liter of cytoplasm (Parys and Bezprozvanny, 1995), lnsP,-sensit ive Ca'* release sites have been 
predominantly localized within a 6 |a,m thick sub-plasmalemmal band (Caliamaras and Parker, 1999). 
If ail the receptors are concentrated in this band, a simple calculation indicates that the mean spacing 
between adjacent clusters of 25 channels is equal to 1.44 |xm. This figure should be a lower limit, since 
InsP, receptors were immunolocalized not only in this région (Caliamaras and Parker, 1999), but also 
in the perinuclear région (Caliamaras et al., 1998). Values of 1.6 fxm and 2.25 \im were recent ly 
reported for the mean spacing between adjacent Ca"* releasing sites in the animal and végétal 
hémisphères of Xenopus oocytes, respectively (Caliamaras et al., 1998). Thus, def ining a cluster as an 
assembly of 25 densely packed channels is certainly not unreasonable. 

IV.4.6. Stochastic simulation of a 25 (5x5) channel cluster in a cytosolic environment. 

The previous simulat ions aimed at anticipating likely features of the spatial organizat ion of Ca"* 
releasing site. W e have now to demonstrate that a theoretical cluster made of 25 closely packed 
channels may generate Ca"* signais compatible with expérimental observations. W e already mentioned 
a recently reported, remarkable expérimental observation (Sun et al., 1998; T h o m a s et al., 1998): 
despite the fact that a given InsPs stimulus always leads to a broad distribution of event ampli tudes, 
when puffs involving the concerted activation of a few channels only were generated, pure blip events 
were rare. In this case indeed, the ampli tude distr ibution was unimodal with ampl i tude values 
corresponding to pu f f s (Fig. 8 in (Sun et al., 1998); Fig. 6 -0.1 ^iM his tamine- in (Thomas et al.. 
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1998)). This reveals highly eff ic ient communica t ion between thèse f e w act ivatable InsP,-bound 
channels, since weak inter-channel communicat ion would rallier favour the product ion of blips. The 
aim of our next s imulat ion was therefore to détermine under which cond i t ions the s imulated 
distribution of amplitude has a shape compatible with the expérimental observations. 

The simulation was performed for a 2-D square-shaped cluster of 25 channels surrounded by a 3-D 
cytosolic-like space containing a basai Ca'* concentration of 40 nM, and in the présence of an InsP, 
concentration of 0.5 ^iM, leading to an average of 5 InsP^-bound channels within the cluster. The 
channels with InsP, bound were chosen at random, according to the probabil i ty associated with the 
InsP, concentration used, and one of them, at random, was designated as being in the active state (Riio) 
at t ime zéro. The stochastic procédure was then initiated to simulate both the state transitions for ail 
channels and the diffusion of Ca'* in the whole cytosolic space. The average Ca"* concentration in a 
volume of 1 fl, centered on the cluster, was simultaneously calculated, up to the end of the Ca~* release 
event. The procédure was repeated 100 t imes and, each time, the maximal Ca"* concentration was 
recorded. To analyze the amplitude distribution, the sole events for which the Car* concentration rose 
to more than 20 nM above the basai level were considered, to account for the existence of a détection 
threshold compatible with the fact that blips of 30 nM blip amplitude can be detected (Thomas et al., 
1998). Fig. IV.9 shows the ampli tude distr ibution obtained with four d i f fé ren t clusters in which 
adjacent channels were separated by a center to center distance (d) of 12, 20, 30 and 40 nm, 
respectively. A bell-shaped, unimodal distribution can be observed only in the case of the smallest 
distance, corresponding to the situation where neighbouring channels are in close contact . Blips, i.e. 
events characterized by a Ca^* concentration incrément ranging f rom 20 to 40 nM and corresponding 
thus to the opening of a single channel, represent only 3 % of ail détectable events. When adjacent 
channels are separated by only a few nm (d = 20 nm), the production of puf fs is still abundant but the 
occurrence of blips is already sufficient (17 %) to distort significantly the distribution shape. 
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Fig. IV.9. Effect of the inter-channel distance in a 25 channel cluster on the distribution of Ca"* signal amplitudes in the 

présence of 0.5 |j,M InsP,. Ca^' signais generated by a square-shaped 25 channel cluster placed in a cytosolic environment in 

the présence of 50 (xM Ca"* Green-1 were simulated. The InsP, concentration was set to 0.5 \iM, and the center to center 

distance (d) between adjacent channels was 12, 20, 30 and 40 nm in panels (A), (B), (C) and (D), respectively. The Car* 

concentration in a 1 fl volume centered on the cluster was followed up to the end of the relea.se event. The amplitude of the 

Ca"* signal characterizing one event was calculated as the peak Ca-* increase above the basai value. Events with amplitudes 

between 20 and 40 nM, or higher than 40 nM were referred to as blips or puffs, respectively. Panel (E) shows the time 

dependence, over 10 s, of the Ca'* concentration simulated under the conditions of panel (A) (closely packed channels), 

exhibiling a séries of puffs and a few blips (marked by stars). 
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As anticipated, the situation is even worse for larger inter-channel distances. This demonstra tes 
that, within the f ramework of the proposed model, a cluster of 25 channels must be as compact as 
possible to generate a Ca"* ampli tude distribution of appropriate shape. This distribution exhibi ts a 
médian amplitude of 149 n M which is reasonably consistent with expérimental observat ions. This 
realistic simulation resuit a posteriori justifies our initial choices conceming the size of the cluster and 
the number of InsP^-bound channels required to generate s tandard puf f s . The same stochast ic 
simulation procédure was used to simulate, over a long period, successive Ca"'^ signais generated by 
the same cluster of 25 closely packed channels stimulated by 0.5 \iM InsP,. The simulated trace of the 
Ca""̂  concentration in a volume of 1 fl centered on the cluster exhibits puffs and a few blips, separated 
by time intervais of random length (Fig. IV.9E). The rising phase of puf fs is quite short, because of 
fast recruitment of InsPj-bound channels within the cluster, whereas the subséquent Ca"* décl ine is 
generally slower, because this phase is govemed by progressive Ca"*-induced desensitization of the 
channels. Interestingly, previous theoretical simulations (section IV.3) suggested that the termination 
of a blip event could resuit f rom the dissociation and absence of rebinding of activating Ca"*, because 
of the fast decrease of local Ca"* concentrat ion once the channel closed. On the contrary, our 
simulation shows that, at the end of a puff , most channels are desensit ized, including the InsP^-free 
ones which did not open during the puff . The reason is that the Ca"* concentration in the vicinity of the 
cluster remains high as long as at least one channel is open. Note that, a priori, a subséquent Ca"* 
release event might then start as soon as resensitization of an InsP^-bound channel occurs. If this 
resensitization (i.e. Ca"* dissociation from the desensitizing sites) were to be relatively slow, compared 
to channel activation (i.e. Ca"* association to the activating sites), the first InsPj-bound channel 
resensitized would be able to re-open before a second one is resensi t ized, and only blips would 
subsequently be observed. In contrast, as a conséquence of a relatively fast resensitization, compared 
to activation, most channels resensitize before any one of them has an opportunity to re-open again, 
and simulation results in sequential puffs, as experimentally observed (Yao et ai, 1995). 

When simulat ions were repeated for channels in close contact (d = 12 nm) but with increasing 
InsP, concentrations (up to 0.65 \iM and 1 \iM, corresponding to an average of 7.4 and 12.5 InsP,-
bound channels in the cluster, respectively), the amplitude distribution became broader and shifted to 
larger values for the Ca"* signal (Fig. IV.IOC and D), in agreement with the reported distributions of 
puff amplitudes obtained with stimuli of increasing strength (Fig. 6 in (Thomas et al., 1998)). A m o n g 
the 100 simulation runs with thèse two higher InsPj concentrat ions, no détectable blip event was 
obtained, confirming the high degree of synchronization between the channels. On the contrary, in the 
présence of a distinctly lower InsP, concentration, 0.35 [iM (leading to an average of only 2.7 InsP,-
bound channels in the whole cluster), 36 % of the Ca^* release events were pure blips, the population 
of which was now clearly détectable in the amplitude distribution (Fig. IV.IOA). 

The previous simulations show that puffs can be mimicked by simulating the concerted opening of 
about 5 InsPj-bound channels in a cluster of 25 closely packed channels . Because of their close 
proximity, virtually ail the InsPj-bound channels in such a cluster participate to a single event. Despite 
this analysis, one might wonder whether puffs could not be obtained with clusters consisting of less 
t ightly packed channe ls but with a number of InsP^-bound channe ls larger than 5, to a l low 
simultaneous recruitment, partly by chance, of 5 of them, as required for the production of puffs with 
an acceptable amplitude. In order to test this alternative hypothesis, we simulated the behaviour of a 
25-channel cluster with a 4 0 nm center to center dis tance in the présence of a h igher InsP , 
concentration (1 |j,M), leading thus to a higher number of InsP,-bound channels in the cluster (12.5 in 
average). As expected, increasing the InsP, concentration (Fig. I V . l l A and B) led to more f réquent 
occurrence of puffs , but then, the average amplitude of the puf f s was too high, and too many blip 
events were still observed. It thus appears that too distant and thus functionally independent channels 
cannot give rise to the appropriate distribution of amplitudes. This conf i rms our conclusion that a Ca"* 
releasing site must consist of a quite limited number of efficiently communicat ing channels, in fact in 
close contact. 
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Fig. IV.10. Effect of InsP, concentration on the distribution of Ca-* signal amplitudes with a 25 closely paciced channel 

cluster. A stochastic simulation was peiformed under the same conditions as for Fig. IV.9A (d = 12 nm), but with InsP, 

concentrations equal to 0.35,0.5, 0.65 and I |xM in panels (A), (B), (C) and (D). respectively. 

IV,5. Discussion 

Discrète hot spots of InsPj-sensitive Ca"* release have been observed in the cytoplasm of différent cell 
types (Sneyd et al., 1995), but due to the limitations of microfluorimetric détection methods, neither 
their spatial dimensions (which are smaller than 1 jAm^) nor their actual contents could be est imated 
precisely. Hot spots presumably consist of clusters of InsP,-sensitive Ca"^ channels, in which only a 
few channels open in a concerted way during a Ca"* release event. The aim of the présent study was to 
deduce f rom stochastic computer simulations the cluster characteristics required to permit ef f ic ient 
synchronization of the channels, and to solve the expérimental paradox that, despite the small number 
of channels open during such release events, bl ip events - w h i c h involve the opening of a single 
channel - only rarely occur. 
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Fig. IV. 11. Efficiency of puff production with a loosely packed channel cluster. A stochastic simulation was performed under 
the same conditions as for Fig. IV.9D (d = 40 nm), but with two différent InsP, concentrations, 0.5 and 1 jiM in panels (A) 
and (B), respectively. 

The conceptual core of our analysis is that, if a puff is generated by the concerted activation of 
about 5 InsPi-bound channels , thèse channels must be located in close proximity to permit inter-
channel communicat ion and thus, synchronization. We in fact demonstrate that, within the f ramework 
of our gating model , and taking into account expérimental physio logica l const ra ints (d i f fus ion 
coeff icient for cytoplasmic Ca"*, unitary channel current, channel activation kinetics and latencies 
before opening, etc.) , e f f ic ient inter-channel communicat ion only takes place if the InsPj-bound 
channels are in close contact. This implies that channel clusters responsible for puf f s might have a 
spatial a r r angement s imi lar to that observed for channels in Pu rk in j e cell dendr i t es , i.e. a 
quasi-crystal l ine organizat ion (Katayama et al., 1996). W e also demonstrate that the 5 InsPs-bound 
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channels required to générale a Ca'* puff of appropriate mean ampli tude can be in close proximity 
only if the cluster does not contain more than two or three tens of channels, i.e. has latéral dimensions 
of the order of 60 nm. This cluster is therefore a very local ized région, whose expér imenta l 
characterization will presumably only be made possible by électron microscopy, as has been the case 
for the junctional région in sarcoplasmic reticulum. In the latter case, stochastic s imulat ions have 
convincely established the compétence of ryanodine receptor and dihydropyridine receptor organized 
clusters for generating characteristic pattems of calcium release events (Stem et al., 1997). 

The results shown here were obtained by a numerical procédure involving stochastic simulation 
within a 3-D cartesian space, each channel occupying a certain position inside the cluster on the ER 
membrane and being in contact with the Ca"* concentration in the adjacent small cubic volume of 
12x12x12 n m \ Because of the high level of proximity between thèse channels, we wondered whether 
it was possible to reproduce the results by using a numerical procédure based on a more macroscopic 
view of the cluster, e.g. by considering ail channels of this cluster as being homogeneously distributed 
in a single domain of larger volume and in which a homogenous Ca~* concentration would prevail. W e 
then resorted to a numerical method based on central symmetry (see Fig. IV.3), in which a central 
sphère represents the cluster domain. With a diameter of 40 nm, this central sphère has a vo lume 
roughly equal to the sum of the 25 small cubic volumes adjacent to the channels in the procédure 
described above. In thèse new simulations, we were able to obtain a distribution of Ca'* signal 
amplitudes similar to that illustrated in Fig. IV.9A (data not shown). Thus, it appears that the kinetic 
behaviour of a cluster may be satisfactorily simulated by considering a virtual domain, a few tens of 
nm wide, in which ail the channels of a cluster and the Ca"* ions close to them are homogeneously 
distributed. This resuit may be viewed as a rational basis for the operational concept of intermediate 
domain (between the channel cluster and the bulk cytosol ic méd ium) , which was previous ly 
introduced to permit empirical simulation of the so-called incrémental Ca""̂  détection and of the long-
period Ca"* oscillations (Dupont and Swillens, 1996). In this context , such an intermediate domain 
would be associated with a cluster of closely packed channels. It is thus larger than the microdomains 
fo rmed around the mouth of s ingle open channels (Llinas et al., 1995), but smaller than the 
submembrane domains containing distant channels, recently described (Klingauf and Neher, 1997). 

Further simulations are in progress for defming the conditions under which synchronization of Ca~* 
releasing sites may occur through long range Ca'^^-mediated communicat ion , leading to Ca'* waves 
and oscillations. 
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CHAPTER V 

Propagation of intercellular Ca waves among connected 
hepatocytes 
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V . l . Introduction 

In the liver, many important physiological processes such as bile sécrétion, bile f low, glycogen 
breakdown, and cell survival are regulated by an increase in the level of cytosolic Ca^* (Nathanson 
and Schlosser, 1996). Thèse Ca"* signais can be elicited in isolated cells by a large array of stimuli 
and often occur as répéti t ive Ca"* waves. The regenerative mechan i sm of thèse Ca'* waves is 
beginning to be well understood (Berridge, 1997). In isolated multicellular Systems, or in intact 
organs, Ca"* waves are not restricted to the cytosol of one cell but propagate toward other cells as 
intercellular calcium waves (Sanderson et al., 1994; Sanderson, 1996). Theoretically, intercellular 
Ca"^ signaling may occur through différent pathways, namely paracr ine or junct ional routes. 
Numerous studies have reported that paracrine and/or junct ional routes are involved in the 
propagation of intercellular calcium waves in a large spectrum of cell types including, for example, 
astrocytes (Charles et al., 1992; Venance et al., 1997), chondrocytes (D'Andréa and Vittur, 1997), 
hepatocytes (Schlosser et al., 1996), pancreatic acinar cells (Loessberg-Stauffer et al., 1993; Yule 
et al., 1996), or trachéal epithelial cells (Hansen et al., 1993; 1995). Most of thèse studies were 
performed under particular expérimental conditions, i.e., after mechanical stimulation of a single 
cell f rom a cultured monolayer , which induces the propagation of Ca^* waves in the connected 
cells. Such expérimental studies on epithelial trachéal ciliated cells, glial cells, and endothelial 
cells allowed Sneyd et al. ( 1995b) to propose a theoretical model accounting for the propagation of 
intercellular Ca"* waves in thèse cell types. This model is based on the passive diffusion of inositol 
1,4,5-trisphosphate (InsP,) between adjacent cells through gap junct ions. InsP, is produced in the 
mechanically stimulated cell and provokes the release of Ca'* f rom internai stores, in the form of 
an intracellular Ca"* wave propagat ing via Ca"*-induced Ca"* release (Berridge, 1997). Because 
InsP, is supposed to move through gap junctions, similar CBT* waves are initiated in adjacent cells. 
This phenomenon reproduces itself as long as the amount of InsP, entering a cell is large enough to 
induce a Ca'* wave. The model thus accounts for the propagation of a restricted intercellular Ca~* 
wave after focal stimulation of one individual cell, as well as for asynchronous Csr* oscillations 
that occur af ter the passage of the wave, as of ten observed in glial cells (Sneyd et al., 1998; 
Charles a/., 1992). 

In contrast to the studies that led to the model proposed by Sneyd et al. (1995b) , some 
experiments have been performed in freshly isolated Systems of connected cells that are globally 
stimulated by hormones, or intact organs perfused with agonists (Loessberg-Stauffer et al., 1993; 
Nathanson and Burgstahler, 1992; Combettes et al., 1994; Nathanson et al., 1995; Robb-Gaspers 
and Thomas, 1995). Especially in the liver, a striking feature of the responses observed in the latter 
expérimental conditions is the sequential pattem of Ca"* increases in the différent coupled cells, 
creating the appearance of intercellular Ca"'" waves. This occurs both in hepatocyte doublets and 
triplets and in liver cell plates f rom whole perfused organs. The same séquence of Ca"* responses 
is observed for each spike for intermediate doses of agonists that cause Ca"* osci l lat ions 
(Combettes et al., 1994). This séquence of cellular responses to a given agonist is maintained when 
stimulation is repeated and does not dépend on agonist concentration. Thus, interhepatocyte Ca"* 
waves, although elicited by global agonist stimulation, appear to be oriented in a spécifie direction 
in multiplets or in the perfused intact liver (Combettes et al., 1994; Nathanson et al., 1995; Robb-
Gaspers and Thomas, 1995). 

Expérimental results obtained in multiplets of connected hepatocytes and in the perfused liver 
suggest that the mechanism for intercellular calcium wave propagation in hepatocytes considerably 
differs f rom that in trachéal epithelial cells or endothelial cells. First, in contrast with the latter cell 
types in which only one Ca"'*̂  wave propagates concentrically af ter focal stimulation, répéti t ive 
Ca^* waves propagate in multiplets of hepatocytes (Combettes et al., 1994; Tordjmann et al., 1997; 
1998) or in the intact perfused liver (Nathanson et al., 1995; Robb-Gaspers and Thomas , 1995). 
Second, each hepatocyte needs a stimulus (here in the form of an agonist such as vasopressin or 
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norepinephrine) to relay the intercellular Ca"* wave (Tordjmann et al., 1997). Howeve r , gap 
junction permeability is essential for coordinating Ca'* oscillations in the coupled cells (Nathanson 
and Burgstahler , 1992; T o r d j m a n n et al., 1997). Coordinated intercel lular Ca"* s ignais in 
connected hepatocytes thus require both effect ive gap junctions and global hormonal stimulation. 
Third, a crucial aspect of interhepatocyte Ca"* signais is the spatial orientation of the Ca"* wave, 
which is unidirect ional fo r a given agonist, as described above. W e have suggested that this 
oriented pattem relies on the observed gradient in hepatocyte sensitivity to agonists along the liver 
cell plate (Tord jmann et al., 1998). The appearance of intercellular Cx* waves could thus arise 
f rom the fact that each individual hepatocyte in the liver cell plate (or in multiplets) displays 
répétitive Ca"* spikes with a slight phase-shift with respect to neighboring cells. 

The aim of this study (Dupont et al., 2000a) is to develop a theoret ical model fo r the 
propagation of intercellular Ca"* waves in connected hepatocytes, which could account fo r this 
dual control by gap junct ion permeability and hormonal stimulation. The model is based on the 
observation that the number of extemal receptors on the membrane of a hepatocyte dépends on its 
location in the liver cell plate (Tordjmann et al., 1998). Thus, we assume in the model that a 
multiplet of connected hepatocytes behaves as a set of individual Ca"* oscillators characterized by 
slightly différent periods, since the period of Ca"^ oscillations directly dépends on the number of 
hormonal receptors that have been stimulated (via intracellular InsP,). Thèse oscillators are in turn 
coupled by an intercellular messenger , which may a priori be ei ther Ca'* or InsP, d i f fus ing 
through gap junctions. Our results suggest that there is a better agreement between the model and 
the expérimental data when InsP3 is considered as the coordinating messenger. The model based 
on the hormonal sensitivity gradient and the di f fus ion of InsP3 through gap junct ions leads to 
theoretical prédictions that are confirmed experimentally. 

V.2. M a t e r i a l a n d M e t h o d 

Materials 
Fura 2 /AM and Fura 2 were obtained f rom Molecular Probes, Inc. or Teflab, Wil l iam's médium E 
was f rom Life Technologies , Inc., ionomycin was f rom Calbiochem, and collagenase was f rom 
Boehringer . Ail other chemicals were purchased f rom Sigma and were of the highest grade 
available commercially. 

Préparation of hepatocytes 
Single hepatocytes and multicellular Systems were prepared from fed female Wistar rats by limited 
collagenase digestion of the liver, as described previously (Combettes et al., 1994). Af ter isolation, 
rat hepatocytes were maintained (2 10'' cells/ml) at 4°C in Wil l iam's médium E supplemented with 
10% fetal calf sérum, penicillin (200,000 units/ml), and streptomycin (100 mg/ ml). Cell viability, 
assessed by trypan blue exclusion, remained greater than 96% for 4—5 h. 

Loading of hepatocytes with Fura 2 
Hepatocytes were loaded with Fura 2 either by injection (see below) or by incubation with the dye, 
as described previously (Tordjmann et al., 1997). Small aliquots of the suspended hepatocytes (5 
10' cells) were diluted in 2 ml of Wil l iam's médium E modified as described above. The cells 
were then plated onto dish glass coverslips coated with collagen I, and incubated for 60 min at 
37°C under an a tmosphère containing 5% CO,. After cell plating, the médium was removed and 
replaced with a Wi l l i am ' s médium E containing 3 m M Fura 2 /AM. The hepatocytes were then 
incubated for 30 min at 37°C under an atmosphère containing 5% CO, . The coverslips were then 
washed twice with a saline solution (10 mM HEPES, 116 mM NaCl, 5.4 mM KCl, 1.8 m M CaCU, 
0.8 m M MgCl, , 0 .96 mM NaH2P04, 5 mM NaHCO, , and 1 g/1 glucose, pH 7.4). An Eppendorf 
microinjector (5242) was used to microinject Fura 2 as described previously (Tordjmann et al.. 
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1997). Af te r microinjection, cells were allowed to recover for at least 10 min. The success of 
microinjection was assessed by monitoring the morphology of cells before and after manipulation 
and checking the ability of the cell to retain injected Fura 2 and low [Ca"*]i. Freshly isolated 
doublets and triplets were distinguished f rom aggregates of non-connected cells in conventional 
light microscopy by screening for dilated bile canaliculi , which are indicators of mainta ined 
functional polarity (Gautam et al., 1987). 

Détermination of /CûT^V/ changes in hepatocytes 
Dish coverslips were put onto a thermostated holder (34°C) on the stage of a Zeiss Axiover t 35 
microscope set up for epif luorescence microscopy. The excitation light was supplied by a high-
pressure xénon arc lamp (75 W), and the excitation wavelengths were selected by 340 and 380 nm 
filters (10-nm bandwidth) mounted in a processor-controlled rotating filter wheel (Sutter) between 
the ultraviolet lamp and the microscope. Ca"* imaging was performed as described by Combettes 
et al. (1994). Briefly, f luorescence images were collected by a low-light-level ISIT caméra (Lhesa, 
France), digitized, and integrated in real time by an image processor (Metafluor, Princeton, NJ). 

Superfusion 
Cells were continuously superfused with control or test solutions (at 34°C) by six inlet tubes 
converging on the coverslip chamber . The perfusion rate was 1.5 to 2 ml/min and the chamber 
volume was 0.2 ml. The médium was continuously renewed by aspiration. Agonists were rapidly 
removed during the Ca"* response with this superfusion System, by increasing the perfusion rate to 
4 ml/min to improve the washing efficiency. 

Microperfusion 
As described previously (Tordjmann et al., 1997), agents were applied locally by posi t ioning a 
micropipette (Femtotips, Eppendorf) close to the cell of interest and applying a constant pressure 
(120 hPa) via the Eppendorf injector. This allowed the delivery of picoliter quantities of agonist-
containing solution. T o monitor the extent of microperfusion, fluorescein (30 ^iM) was included in 
the micropipet te and the f luorescein image was monitored at 510 nm using an exci ta t ion 
wavelength of 480 nm. 

V.3. Description of the model 

In this study, the intracellular Ca"* dynamics of each hepatocyte are described by a model based on 
sequential activation-deactivation of the InsP, receptor/Ca""^ channel (InsPjR) already described in 
Table 1.3. This model accounts for intracellular Ca"* oscillations resembl ing those observed 
experimentally. By incorporating diffusion of cytosolic Ca"* in equ. (1.6), the model also accounts 
for the propagat ion of intracellular Ca"* waves. Here, we focus on mult iplets of connected 
hepatocytes (doublets or triplets), which allow us to look at our System in one dimension. 

It should be pointed out , however , that our results describing a poss ible mechan i sm for 
intercellular Ca""^ wave propagat ion do not dépend on the précise model used to descr ibe the 
intracellular Ca~* dynamics. We have verified that the outcome remains qualitatively unchanged 
when the intracellular Ca"* dynamics are described by the model developed by Atri et al. (1993). 
Other models for intracellular Ca"* oscillations and waves, also involving the stimulation of the 
InsPjR activity by Ca"*, could also have been used (De Young and Keizer, 1992; Goldbeter, 1996; 
Tang et al., 1996). Moreover , we neglect any possible spatial inhomogeneity in the intracellular 
distr ibution of InsP, receptor because the main rate-limiting processes are related to InsP3 
synthesis , dégradat ion , and passage through gap junct ions; the character is t ic t ime for InsP, 
d i f fus ion through a hepatocyte is indeed on the order of 100 ms, whereas the characteristic t imes 
for the other processes are at least of the order of a few seconds. 



Fig. V. l . Schematic diagram of the receptor-oriented and coordinated intercellular Ca"* waves in rat hepatocytes. ER: 

endoplasmic reticulum. S: SERCA. Vplc: velocity of InsPj synthesis by PLC. GJ: gap junction. RIP,: IP, receptor/Ca"* 

channel. 

In view of the fact that in the model InsP, can d i f fuse through gap junct ions (Fig. V . l ) , its 
progression over t ime needs to be considered in the description of the Ca"* dynamics in each 
individual cell. To this end, we have incorporated in the model a gênerai équation describing 
synthesis of InsP, by phosphol ipase C (PLC) and InsP, metabolism by InsPs 3-kinase and 5-
phosphatase (see Chapter II and Dupont and Emeux , 1997). The change in InsP, over t ime is 
therefore determined by: 

— ^ V P L C - V K - ^ ^ V P H — ^ ( V . l ) 

where VpLc is the velocity of InsP, synthesis by PLC, which dépends on the level of stimulation. 
VK and VpH are the maximal velocit ies of InsP, metabolism by 3-kinase and 5-phosphatase, 
respectively, and K^, and Kp^ are the Michaelis constants characterizing the latter enzymes. In Equ. 
( V . l ) , the rate of InsP, synthesis is assumed to be independent of the level of cytosolic Ca"* 
(Renard et al., 1987). St imulat ion of InsPs 3-kinase activity by Ca"* (in reali ty through 
Ca 'Vcalmodul in) is reflected in Equ. (V. l ) b y Kj, which is the threshold constant for activation, 
and «j , the Hill coeff icient characterizing the latter process. In fact, as emphasized in a previous 
study (Chapte r II; Dupon t and E m e u x , 1997), InsP, metabolism is domina ted by InsP , 5-
phosphatase. In the model , oscillations of InsP, due to the stimulation of 3-kinase activity by Ca"* 
are negligible. In contrast to the studies specifically devoted to the effect of the incorporation of 
InsP, metabolism, the product of InsP, phosphorylation by the 3-kinase (InsP4) is not considered 
here. 

As previously reported (Thomas et al., 1996), in the simulations of the model def ined by Eqs. 
(I.5)-(I.8) and (V. l ) , the latency (that is, the time interval between the onset of stimulation and the 
peak of the first Ca"* spike) directly dépends on the rate of InsP, synthesis, VpLc- The first Ca~* 
spike indeed occurs when the concentra t ion of InsP, reaches a threshold value. Thus , to 
approximately match the theoretical latencies with expérimental observat ions, we have chosen 
parameter values characterizing InsP, synthesis and metabolism such as to get a half- t ime for an 
increase in InsP, of about 45 s at low levels of stimulation which, in the model, leads to a latency 
of about 70 s. 
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Incorporation ofgap junctions 
In the liver or in freshly isolated multicellular Systems of rat hepatocytes, cells are tightly coupled 
by gap junctions (Spray et al., 1994). The latter's allow the diffusion of diverse small-sized 
molécules between adjacent cells. We have attempted to incorporate InsPs diffusion through gap 
junctions in our model. If Ca^* was the messenger, the same équation would hold after changing Ip 
into Ccyto (see below). Thus, in the model we assume that at each cell boundary the f lux is 
dépendent on both the concentration différence across the membrane and on the permeability of 
the gap junction to InsP3. We have therefore used the same mathematical formulation as Sneyd et 
al. (1998). At each boundary between two cells: 

D IP-
dIp- _ dIP* „ 
-T— = ^IP —— = ^ /P 

dx dx 
\lP^ -IP~^ (V.2) 

where the superscripts + and - indicate the InsPs concentration at the right and left limits of the 
border, respectively. The spatial coordinate is indicated by x. The intracellular diffusion coefficient 
for InsPj is represented by D,p. The junctional permeability to InsPs, F,/., is an unknown parameter 
whose value was chosen such as to best mimic expérimental observations. If F,p = 0, no InsPs can 
diffuse between adjacent cells, and Equ. (V.2) reduces to no flux boundary conditions. 
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Fig V.2. Sensitivity gradient to Noradrenaline. Hepatocytes injected with fiira2 were challenged with noradrenaline (Nor, 

0.5/<M) for the time shown by the horizontal bar. The solution was rapidly washed out as indicated by the arrow. 

FoUowing noradrenaline addition to the bath, intercellular Câ * waves initiated in cell 1 (red) propagate to cells 2 (blue) 

and 3 (green). Following washout of noradrenaline at the peak of the [Ca^*]j increase in cell 2 (middle) or cell 1 (right), 

there was no further propagation to associated cells (respectively cell 3 or 3 and 2). Thèse results are représentative of 

those obtained using 4 triplets in 3 independent experiments. 

The model équations (I.5)-(I.8) and (V.1)-(V.2) were solved by the fmite différence method on 
an array of two or three cells, each containing 20 grid points. Each cell was assumed to be 20 [xm 
long. Intégration was performed numerically using a fourth-order, variable time-step Runge-Kutta 
method. Parameter values are listed in Table V . l , except for the rate of InsPs synthesis (VpLc) and 
the junctional permeability to InsPs (F,p), whose values are discussed below. 

Gradient of hormonal sensitivity among connected hepatocytes 
It is well known that hepatocytes contribute differently to a large number of biological processes 
depending on their location in the portocentrilobular axis of the liver acinus (Jungermann and 
Kietzmann, 1996). In the same manner, there is morphological évidence for a gradient of 
vasopressin receptors along the liver cell plate (Nathanson et al., 1995). This increasing density of 
hormonal receptors from the periportal to the perivenous zones of the liver cell plate may account 
for a gradient of sensitivity to vasopressin that we have observed recently (Tordjmann et al.. 
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1998). Indirect évidence suggesting the existence of a simiiar gradient for a-adrenoceptors has 
been reported previously (Tord jmann et al., 1998). In this exper iment , global pe r fus ion of 
norepinephrine elicited a sequential Ca~* response in a hepatocyte triplet (Fig. V.2, left). When the 
agonist was quickly removed f rom the médium, immediateiy af ter Ca"* levels increased in the 
second cell, the third cell did not respond (Fig. V.2, middle). Similarly, when the agonist was 
removed by rapidly washing the médium immediateiy after Ca'* levels increased in the first cell, 
the second and the third cells did not respond (Fig. V.2, right). Thus, in conditions where cells are 
uniformly perfused with norepinephrine, the t ime of contact between the agonist and the cell 
necessary to induce a Ca"* response is largest in the last and shortest in the first responding 
hepatocyte . This exper iment thus argues for a graduai change in hepatocyte sensi t ivi ty to 
norepinephrine in multiplets. 

Value 

4 

"a 3 

K 25 
k. 2.5 10 ' s ' 

^ac t 0.34 ]AM 

kl 42 //M-'s"' 
b 10-̂  

8 //Ms ' 
Kp 
np 2 
a 0.1 

60;<M 
Kjp 1 /^M 

VK 7.5 1 0 ' / / M s ' 

VpH 7.5 10- / /Ms ' 

KK 1 itU 

Ï^PH 10 IAM 

Kd 0.5 //M 

"d 2 

DBP 210 / / m V 

D c a 30 /vm-s' 

Table V.l . List of parameter values used in the model for intercellular Ca'* wave propagation in hepatocytes 
defmed by eqs. (I.5)-(I-8) and (V.1)-(V.2) 

Such sensitivity gradients are taken into account in the model (illustrated in Fig. V . l ) by 
assuming that each cell has a différent velocity of InsP, synthesis by phospholipase C (VpLc). It has 
been est imated that the mean number of V1 a vasopressin binding sites in the perivenous zone of 
the cell plate exceeds by 40% the mean number of the same binding sites in the periportal zone 
(Tordjmann et al., 1998). Thus, assuming that the average number of cells in a cell plate is 20, then 
the model présumes that VpLc differs by 5% between two neighboring hepatocytes. In the model , 
for the parameter values listed in Table V . l , a 5% différence in VpLc leads to variations of about 
20% in the period of Ca^* oscillations. 

Cellular heterogeneity is clearly dominated by thèse variations in the rate of InsP, synthesis; 
indeed, when caged InsPj is microinjected into one cell of Fluo3-loaded doublets and triplets of 
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hepatocytes, the Ca * increases observed after flash photolysis appear to be nearly identical and 
s imultaneous in the connected cells (Tord jmann et al., 1998). This strongly suggests that the 
behavior of distinct hepatocytes, which were originally closely located in the cell plate, is nearly 
identical when the steps responsible for InsP, synthesis are bypassed. 

V.4. Theoretical estimation of the permeability of gap junctions in rat hepatocytes 

Several studies have suggested that the propagation of an intercellular hepatic Ca^* wave requires 
junct ional connect ivi ty (Nathanson et al., 1995; Robb-Gaspers and T h o m a s , 1995), mainly 
because the microinjection of large amounts of Ca"* or InsP3 in one cell of a doublet increases Ca"* 
in the connected cell (Saez et al., 1989). It has also been reported that gap junct ional permeabili ty 
is essential for coordination of Ca^* signaling in coupled hepatocytes (Nathanson and Burgstahler, 
1992; Tord jmann et ah, 1997). However , little is known about the extent of InsP , intercellular 
diffusion during agonist stimulation. We have shown recently that when one cell within a doublet 
is stimulated by submaximal doses of norepinephrine, the amount of messenger d i f fus ing to induce 
a Ca^* response in the adjacent cell (Tordjmann et al., 1997). Similarly, as shown in Fig. V.3A, 
focal vasopressin stimulation of a single cell in a doublet induces Ca"* oscillations that are limited 
to the st imulated hepatocyte and do not show up in the connected cell . At the end of the 
experiment, when the doublet is globally superfused with vasopressin (0.1 nM), both cells exhibit 
Ca"* oscillations that are sequential and well coordinated (Fig. V.3B). 

W e have used this experiment to evaluate the permeability coefficient (F|p), to be incorporated 
in the model . To this end, we considered a theoretical doublet, consisting of two Ca"* oscillators 
whose values for VpLc, the parameter reflecting the rate of InsPj synthesis, d i f fe r by 5%. W e then 
performed successive trials to détermine a value for F,p that allows for both coordination of Ca"* 
spiking when the whole doublet is stimulated (lower limit for F,p), and for the absence of Ca"* 
variations in an unstimulated cell connected to an oscillating one (upper limit fo r Fjp). In Fig. 
V.3C, D, each color represents the change in Ca"* concentration in a given cell. For a value of the 
permeability coefficient (F,p) equal to 0.88 fi,m/s, Ca"* oscillations were restricted to the stimulated 
cell (in blue), as shown in Fig. V.3C; on global stimulation both cells oscil lated, with a slight 
phase-shift (Fig. V.3D). A similar resuit was obtained for other F[p values differ ing by about 10%. 
This value for the permeabili ty coeff icient Fjp, which is close to the one predicted in previous 
theoretical studies (Sneyd et al., 1995; 1998; Wilkins and Sneyd, 1998), was thus used for the 
remaining simulations. 
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Fig V.3 : Focal stimulation of connected rat hepatocytes. 

Panels A and B. Hepatocytes were loaded or injected with fura2. The figures show successive raeasures of [Ca^*]j in the 

same hepatocyte doublet. One cell within the doublet was focally microperfused with vasopressin (Vp; IOJAM in the 

micropipette), as described in the Materials and Methods section. Only the stimulated cell (indicated by arrow) within 

the doublet responded (panel A). The micropipette was then removed and the cell préparation was washed. After 5 min, 

the doublet was globally superfused with vasopressin (0.1 nM) for the time shown by the horizontal bars. Both cells of 

the doublet exhibited tightly coordinated [Ca^*]; oscillations (panel B). Tracings were interrupted during the washing 

process (the gap represents 4 min). 

Panels C and D. Numerical simulations of the experiments shown above. A value of 0.88 y^ms ' for the InsP, 

permeability coefficient (Fjp) allows the model to reproduce the expérimental results shown above. If only one cell is 

assumed to be stimulated (panel C), it fails to induce Câ * spikes in the connected, unstimulated cell. In contrast, when 

both cells are stimulated, coordinated Câ * spiking is observed (panel D). Results were obtained by numerical intégration 

of the model defined by eqns. (I.5)-(I.8) with parameter values listed in Table V. l , with VpLc = 6.5x10^ fiMs ' (red 

line) and 2.77x10 ' ;<Ms '(blue line) for panel C, and VpLC = 2.205x10 ' ;<Ms ' (red line) and 2.1x10 ' fiMs ' (blue line) 

for panel D. Initial conditions are resting States corresponding to VpLc = 6.5x10^ ;/Ms '. 

V. 5. Phase waves of Ca^ increases among connected hepatocytes 

We have simulated the behavior of three hepatocytes whose values for VpLc differ by 5%. Thèse 
cells were assumed to be connected by gap jonctions allowing the diffusion of InsPs, by 
considering the boundary conditions given in Eq. 4 and the permeability coefficient estimated 
above. As shown in Fig. V .4A, the Ca^* oscillations generated by the model were tightly 
coordinated among the three cells. The change in cytosolic Ca^* in the most sensitive cell, i.e., the 
one with the largest value for VpLc, is shown in red; less-sensitive cells are shown in blue and 
green, respectively. A s previously observed experimentally (Combettes et al., 1994; Tordjmann et 
al., 1998), peaks of cytosolic Ca^^ appeared sequentially in cells 1 (red), 2 (blue), and 3 (green), 
giving the appearance of an intercellular Ca^* wave. Because we assumed in the model that no Ca?* 
is transported from one cell to another, this wave is in fact a "phase wave" (Murray, 1989). This 
means that the appearance of a wave propagation phenomenon comes from the slight phase-shift 
between the individual oscillators. This phase-shift originales because the three cells of the triplet 
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do not simultaneously enter into the oscillatory domain because of their différent values for Vpu;. 
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Fig V.4 : Câ * oscillations and intercellular Câ * waves induced by vasopressin in a triplet of hepatocytes. 

Panel A. Numencal simulation of the Câ * response in three cells differing in their sensitivity to the agonist, i.e. in their 

values for parameter VpLc. Spikes appear in a sequential manner, giving the appearance of intercellular Ca '̂' waves. 

However, coordination is progressively lost because the three cells have différent stationary levels of InsP,. Results were 

obtained by numerical intégration of the model defined by eqns. (I.5)-(I.8)and (V.1)-(V.2) with parameter values listed 

in Table V.l , with VpLc = 2.3x10 ' ;/Ms ' (red line), 2.2x10 ' ;<Ms-l (blue line), and 2.1x10' ;<Ms ' (green line). Initial 

conditions are resting states corresjwnding to VpLc = 6.5x10"^ ;/Ms"'. The permeability coefficient for InsPj (F,p) is 

0.88 ]4ms\ 
Panel B. Hepatocytes loaded with fura2 were stimulated with vasopressin (Vp, 0.1 nM) for the time shown by the 

horizontal bars. Addition of Vp to the bath induced coordinated [Ca^*]i oscillations in the three cells, which 

progressively desynchronized (panel B, left). Vp was then removed and cells were extensively washed (5 min). The 

same concentration of Vp was then re-applied and the three cells rapidly recovered synchronized [Câ '̂ Ji oscillations 

(panel B, right). Thèse results are représentative of those obtained using 8 triplets in 4 independent experiments. 

Recording of the traces was interrupted during the washing process (5 min). 
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V.6. Theoretical prédictions of the model 
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Fig. V.5. Effect of agonist removal during synchronized Ca^* oscillations 

Panel A. Results were obtained as in Fig. V.2. Hepatocytes loaded with fura2 were stimulated with noradrenaline (Nor, 

O.ljdM) for the time shown by the horizontal bar. The solution was rapidly washed out, as indicated by the black area. 

Thèse results are représentative of those obtained using 5 triplets in 4 independent experiments. 

Panels B. Simulations of the experiment shown in A. Washing is simulated by an instantaneous retum of Vp ĉ to its 

basai level just after the appearance of a Câ * spike in the intermediate cell. When the washing time is short, the cell 

which had failed to respond spikes first after the readdition of the agonist (panel B, green line). Results have been 

obtained as in Fig. V.3A, except that VpLc is set at the resting value (6.5x10^ ;/Ms"') between t = 275 s and t = 375 s 

(panel B), as indicated by the horizontal bars. 

A peculiar feature of intercellular Ca^* waves in hepatocytes, as compared to other cell types, is 
that they require the continuous présence of an agonist (Tordjmann et al., 1997). Thus, we 
compared the results of the model with that of the real cells when the agonist is removed. In 
Fig. V.5A, noradrenaline was used to stimulate a triplet and then, during oscillations, the agonist 
was rapidly washed out. Spiking did not occur in cell 3 after washing, probably because the level 
of InsPs in this cell was too low due to the absence of the agonist. Simulation of this experiment, 
with the same parameter values as in Figs. V.3 and V.4, is shown in Fig. V.5B. A sudden decrease 
of VpLc to its basai value in the three connected cells (at t=275 s) prevented Ca^* spiking in cell 3. 
When VpLc was retumed to its stimulated value in ail three cells, coordinated Ca^* spiking 
recovered, similar to that observed in the experiments (Fig. V.5B). However, in contrast to the 
situation "before washing", cell 3 (green line) spiked first after the agonist was reapplied. This was 
due to the fact that the fraction of 'activatable' InsPs receptors was slightly higher in this cell 
because the levels of InsPj and Ca^* were already raised before washing (see Fig. V.5B). 
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Fig. V.6. Câ * oscillations in AGA-treated hepatocytes in response to stimulation by vasopressin. 

Panel A. Simulation of the Câ * increase in three uncoupled cell (F[p = 0) differing by their VpLc values. The first Câ * 

spike appears in a more or less coordinated manner, although subséquent spikes occur independently in the différent 

cells. Results have been obtained as in Fig. V.4A, except that Fn, is equal to 0. 

Panel B. Hepatocytes loaded with fura2 were incubated with AGA (20//M) for 20 min. Then, vasopressin (Vp, 0.2nM) 

was added for the time shown by the horizontal bar in présence of AGA. Thèse results are représentative of those 

obtained using 4 triplets (and 7 doublets) in 3 independent experiments. 

Experimentally, such an inversion in the séquence of responses was also observed. Fig. V .5A 
shows that when the washing time was short (see below), the initial séquence (cell 1, 2 then 3) was 
modified (cell 3, 1 then 2). In the model, the initial séquence (cell 1 to 3) recovered after 5 
coordinated spikes, while in the experiments, recovery generally occured sooner (see Fig. V.5A). 
A straightforward prédiction of the model is that when the time interval during which no InsPs 
synthesis occurs (i.e. the washing time) becomes very large, the séquence of Ca^* spikes occuring 
in response to the second addition of the hormone will be imposed by the hormonal sensitivity, as 
it is for the first addition of agonist (data not shown). This prédiction is in good qualitative 
agreement with the expérimental results, although the time scales do not match the expérimental 
observations (i.e. the washing time needs to be longer in the model than in reality). Analysis of 12 
multiplets of connected hepatocytes (7 doublets and 5 triplets) showed that when the washing time 
was greater than 50 seconds, no inversion was observed. In contrast, the cell which had been 
prevented to respond was the first responding cell after washing when the washing time was below 
30 seconds. 

Expérimental observations have clearly shown that effective gap junctions are necessary to 
coordinate Ca^* spiking in connected hepatocytes. In the model, gap junctions reduced the 
différences in the levels of InsPs because of the imposed gradient in the rates of InsPs synthesis 
(VpLc). Because the gradient in hormonal sensitivity is tenuous (a value of 5% between 2 adjacent 
cells is used in the simulations), it is expected that some level of coordination in Ca^* spiking 
should be observed in neighboring cells, even if the cells are not connected through gap junctions. 
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This point is illustrated by the results shown in Fig. V.6A; this simulation was performed under the 
same conditions as Fig. V .4A, except that the permeability of the gap junctions to InsPs (Fjp) was 
set to zéro. It is clearly visible that the first Ca^* spike is coordinated in the 3 cells. This is due to 
the fact that, after the rise in InsPs resulting from the increase in Vp^c, the 3 cells enter the 
oscillatory domain at about the same time. However, because the stationary values of InsPs 
concentrations are significantly différent, each cell oscillâtes afterwards at its own frequency and 
spiking occurs independently in the différent cells. 

This property of the model is corroborated by the experiment shown in Fig. V.6B. The first 
Ca^* spike after stimulation of a triplet of hepatocytes pre-treated with AGA, a gap junction 
inhibitor, occured nearly at the same time in ail three cells, although thereafter there was no 
coordination of Ca^* spiking among the three cells. 
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Fig. V.7. Absence of coordination among the Câ * spikes in connected hepatocytes at low stimulation levels. Panel A. 

Simulation of Ca^* spikes in a triplet of connected hepatocytes in response to a low level of stimulation, i.e. 

VpLC = 1.9x10'//Ms ' (red), VpLC = 1.8X10"VMS ' (blue) and VpLC = 1.7x10'//Ms ' (green). The cells responded in 

an asynchronous manner because the relative différences in the levels of InsPj are important. Except for the values of 

VpLc, results have been obtained as in Fig. V.4A. Panel B. Left and right parts of the figure show successive 

measurement of [Ca^*]j in the same hepatocyte triplet loaded with fura2. In the left part, vasopressin (Vp, 0.02nM) 

addition to the bath was followed by oscillations in the three cells which were not coordinated. However, after washing 

(5 min) addition of vasopressin (Vp, 0.2nM) induced well coordinated oscillations among the three connected 

hepatocytes (right part). Thèse results are représentative of those obtained using 8 triplets in 5 independent experiments. 

The last prédiction presented here pertains to the behavior of connected hepatocytes stimulated 
by very low doses of agonist. In the model indeed, coordination of Ca^* spikes relied on close 
levels of InsPs. If the intensity of stimulation is low, the relative différences between the 
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concentrations of InsPj among the connected cells are more important, although the gradient in the 
number of receptors remains the same. As shown in Fig. V.7A, in the model, very low levels of 
stimulation led to non-coordinated spiking among a triplet of connected cells. Similar results were 
also found experimentally (Fig. V.7B); the same triplet exhibited no coordination at low agonist 
levels (0.02nM vasopressin) and good coordination at higher agonist doses (0.2 nM vasopressin). 

V.7. Further investigation of the respective rôles of Ca^ and InsPa diffusion in coordination of 
Ca^ signais between hepatocytes 

An alternative model to that proposed here above (section V.3) for the propagation of Ca^* signais 
among connected hepatocytes, developped simultaneously, suggests that the gap-junctional diffusion 
of Ca^*, and not of InsP3, is required to reproduce the expérimental observations (Hôfer, 1999). Both 
models are however based on the same description of the intracellular Ca^* dynamics. In Hôfer's 
model (1999), oscillations are in fact more than 'coordinated'; instead of phase waves, there is an 
active entrainment through the coupling of oscillators leading to the synchronization (1:1 entrainment) 
of Ca^* oscillations for appropriate values of the gap-junctional permeability. In order to try to 
discriminate between both mechanisms of the apparent propagation of intercellular Ca^* waves in 
multiplets of hepatocytes, we have designed and performed further experiments (Clair et al., 2001). 

V.7.1. Is it possible to detect a Cd* increase induced by gap-junctional diffusion? 

Fig. V.8. Focal application of ionomycin to connected rat hepatocytes. Hepatocytes were injected with fura2. The two 

parts of the figure show successive measures of [Ca^*], in the same hepatocyte doublet and are représentative of those 

obtained using 4 doublets in 3 experiments. The first part of the figure shows the Câ * response when one cell within the 

doublet was focally microperfused with ionomycin (500 nM in the micropipette) for the time shown by the upper 

horizontal bars. In thèse conditions, only the stimulated cell (arrow) within the doublet was focally microperfused with 

ionomycin (500 nM in the micropipette) for the time shown by the upper horizontal bars. In thèse conditions, only the 

stimulated cell within the doublet responded. Following ionomycin wash out, global superfusion of the doublet with 

noradrenaline ( 1 nM) induced coordinated [Ca^*]j oscillations in both ceUs. For convenience, tracings were intemipted 

(gap of 3 minutes). 

Previous reports using microinjected Ca^* suggest that this messenger diffuses through gap 
junctions in hepatocyte doublets (Saez et al., 1989). However little information is available on the 
ability of Ca^^ to pass through gap junctions under less invasive techniques and/or more 
physiological stimulation. In a previous study, we have shown that focal stimulation of one 
hepatocyte of a doublet with a low agonist concentration induced Ca^* oscillations that were 
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restricted to the stimulated cell (Tordjmann et al., 1997). The latter results suggest either that Ca * 
was not able to diffuse through gap junctions under thèse conditions or that the change in Ca^* 
associated fluorescence was too low to be detected. In the présent study, we first aimed to further 
investigate if Ca^* can f low through hepatic gap junctions under physiological conditions. For this 
purpose, single-cell stimulation was performed either by a focal application from a glass 
micropipette fil led with ionomycin (500 nM) or by a global perfusion of maximal agonists 
concentrations. In both types of experiments, fura2 loading was performed by microinjection of 
the dye in one cell, fura2 diffusion via gap junctions ensuring that the two cells were efficiently 
coupled. 

B Vp (10 nM) 

Fig. V.9. Absence of apparent Câ * diffusion between connected rat hepatocytes. Hepatocyte doublets were injected with 

fura2 and heparin (10 mg/ml in the pipette) as described in methods section. After injection, perfusion (for the time 

shown by the horizontal bars) of high concentration of noradrenaline (Nor; 10 |xM, A) or vasopressin (Vp; 10 nM, B), 

induced a rapid and strong increase in [Câ Ĵj in the noninjected cell only. Although this [Câ Ĵ̂  increase was maintained 

for more than 3 minutes in the responding cell, no diffusion of Câ * was observed in the connected cell injected with 

heparin. Thèse results are représentative of those obtained using 10 doublets in four independent experiments. 

Focal application ofa Ca^* ionophore 
Focal application of the Ca^* ionophore ionomycin was achieved by positioning a glass 
micropipette close to the cell of interest and applying a constant pressure via the Eppendorf 
injector, delivering picoliter quantities of ionomycin-containing solution (500 nM). As shown in 
Fig. V.8 (left panel), the ionomycin microperfused cell exhibited a rapid and high [Ca^^jj rise; by 
contrast, [Ca^^Jj remained at a basai low level in the nonmicroperfused cell. However, after 
ionomycin was washed away, global perfusion of noradrenaline (1 |j,M) induced well coordinated 
[Ca^^li oscillations within the two cells (right panel). 
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Global application of supra-maximal agonists concentrations. 
In thèse experiments, one of two connected hepatocytes was injected with fura2 and heparin. Heparin 
inhibits both InsP3 binding and the resuhing InsPs-induced Câ ^ release (Worley et al., 1987; CuUen et 
al., 1988). A s shown in Fig. V.9 , which is représentative of 10 doublets, perfusion of maximal 
concentrations of vasopressin (10 nM) or noradrenaline (10 jiM) elicited an immédiate Ca^* rise in the 
non-injected cells, which was maintained at a high level for at least 3 minutes, especially in the 
présence of vasopressin (Fig. V.9B), whereas no change of fluorescence was observed in the heparin-
injected cell. By contrast, addition of thapsigargin or ionomycin induced a [Ca^*]; increase in the two 
connected cells (data not shown). 

V.7.1. Possible rôle of IrtsPj as a coordinating messenger for Ce?* spiking among connected 
hepatocytes 

Ca^* signais in response to increasing agonist concentrations 
The other likely candidate that could be responsible for the coordination of Ca^* spiking among 
connected hepatocytes is InsPj. If junctional InsPs diffusion is involved, it can be expected that the 
degree of coupling increases with the level of InsPs, and thus also with the concentration of the 
agonist. To test this hypothesis , hepatocyte multiplets were perfused with increasing 
concentrations of InsPs-dependent agonists (Fig. V.IO). Note that the proportion of responsive 
cells in thèse conditions was low (30-50%). Nevertheless, application of very low concentrations 
of noradrenaline (0 .02 (AM), to doublet or triplet of hepatocytes sometimes induced Ca^* 
oscillations (Fig. V.IO and data not shown). 

Nor (0.02 ^iM) Nor (0.05 ^M) Nor (0.1 ^M) 

hepatocytes. Hepatocytes were loaded or injected with fura2. The figures show successive measures of [Câ *]̂  in the 

same hepatocyte triplet. Cells were sequentially stimulated with increasing concentrations of noradrenaline (0.02, 0.05 
and 0.1 (iM) for the time shown by the horizontal bars. Addition of the lowest dose of noradrenaline to the bath was 

foUowed by oscillations in the three cells that were not coordinated (left). After washing, addition of a higher 

concentration of noradrenaline (0.05 nM) induced coordinated Câ * oscillations (middle part). Finally, very well 

coordinated oscillations were observed in the présence of 0.1 piM noradrenaline (right). The same results were obtained 

in hepatocyte doublets and are représentative of those obtained using 12 triplets and 21 doublets in five independent 

experiments. Recording of the traces was intemipted during the washing process (5 minutes). 

However, thèse oscillations were not coordinated, as if the cells were not functionally coupled 
by gap junctions (each cell having its own oscillation frequency) even though gap junctions 
efficiently connected thèse cells as they were loaded by cell to cell diffusion of microinjected 
fura2. Raising the concentration of noradrenaline (0.05 jiM) not only increased the frequency of 



116 

the Ca'* oscillations as expected (see blue and green traces in Fig. V.IO for example), but also led 
to coordinated oscillations (Fig. V.IO, middle panel). Finally, perfusion of a higher concentrat ion 
of noradrenal ine (0.1 ^iM) induced a good coordinat ion of the Ca"* osci l lat ions a m o n g the 
connected hepatocytes. Because, in contrast with the amplitude of Ca^* oscillations, the InsP, level 
increases with increasing concentrat ions of agonists (Thomas et al., 1996), thèse results suggest 
that InsPj, rather than Ca"*, is responsible for the coordination of Ca"* oscil lat ions be tween 
connected hepatocytes. At low stimulation, production of InsP, is indeed too small to allow for an 
efficient junctional InsP, d i f fus ion, and the cells thus oscillate at their own intrinsic f requencies ; 
raising the level of InsP, , via the increase of agonist concentrat ions, a l lows the d i f fus ion of 
significant amounts of InsP, through gap junct ions , a phenomenon that can account for the 
observed coordination in Ca"* oscillations. 

Effect ofthe increase oflnsPj 5-phosphatase activity in hepatocytes 
Finally, we have studied the rôle of a putative InsP, intercellular d i f fus ion in synchronization of 
Ca"* oscillations by microinject ion of type I InsP, 5-phosphatase in the intermediate cell of a 
triplet. Type I InsP, 5-phosphatase is the most widespread InsP, 5-phosphatase and eff ic ient ly 
metabolizes InsP, to produce inositol 1,4-bisphosphate, which does not mobil ize Ca~* (Putney et 
al., 1989; Erneux et al., 1989; Ver jans et al., 1994a). It has been shown recent ly that 
overexpression of this enzyme in C H O cells deeply affected the pattern of Ca"* oscil lations; in 
some cases it even abol ished the stimulus-induced Ca'* signal (De Smedt et al., 1997). In the 
présent study, we thus used microinjected InsP, 5-phosphatase to specifically decrease the level of 
InsP, in a par t icular hepa tocy te . Tr iple ts were f irst loaded with f u r a 2 and t reated with 
noradrenal ine (0.1 (xM), which elicited trains of coordinated Ca"* osci l la t ions in the three 
connected cells (Fig. V . l 1, left panel). After washing out noradrenaline, the intermediate cells of 
the triplets were microinjected with InsP, 5-phosphatase. In the vast majority of injected multiplets 
(9/13), the renewed superfusion of noradrenaline (0.1 |j,M) elicited Ca"* oscillations in the non-
injected cells only, whereas Ca'* remained at a low basai level in the InsP, 5-phosphatase injected 
cell. In the remaining injected cells (4 out of 13), the f requency of oscil lat ions was strongly 
reduced (data not shown). In ail cases, Ca'* oscillations in the two remaining responding cells 
appear uncoordinated (n=13 triplets). It is worth noting that InsP, 5-phosphatase did not inhibit gap 
junc t ion permeabi l i ty because , when fura2 was co- in jected with 5 -phospha ta se into the 
intermediate cells of the triplets, the dye diffused into the two adjacent connected cells and again, 
no coordination was observed in the two remaining responding cells (n=3, data not shown). 

Thus, it can be conc luded that, if the level of InsPs is too low in the in termediate cell, 
coordination cannot be achieved between the two end cells of the triplet. It could be argued that 
such an absence of coordination is simply due to the fact that the Ca""̂  increases cannot propagate 
through the intermediate cell in the absence of an effect ive InsPj-sensi t ive Ca"*-induced Ca'* 
release; in other words, as diffusion of Ca"* is very slow, the increase of Ca^* occurring in the first 
cell of the triplet could not be detected by the last one in the absence of any regenerative process. 
That this is not the case is clearly visible in the last panel of Fig. V . l l , which shows Ca'* 
oscillations in the three cells of the same triplet at I noradrenaline. There, owing to the high 
level of stimulation, the concentration of InsP, is clearly sufficient to activate the InsP,Rs even in 
the 5-phosphatase- injected cell (Fig. V . l l , right panel). However , even in this case, the Ca"* 
oscillations remained uncoordinated among the three cells of the triplet. Thus, the absence of 
coordination in the Ca"* oscil lations in the InsP, 5-phosphatase-injected cells can be explained 
only by a différence in the levels of InsP, between the connected cells, which cannot be erased by 
the low permeabil i ty of the gap junct ions. Moreover , the latter exper iment indicates that the 
intermediate cell had not been damaged during the 5-phosphatase microinject ion process. It also 
gives an idea of the ef f ic iency of the InsP, 5-phosphatase to metabol ize InsP,. Indeed , Ca"* 
oscillations such as those seen in the intermediate cell are usually observed at 10 t ime lower 
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because Ca'* is known to be the principal regulator of its own release through an increase in the 
effect of InsPj on its receptor (reviewed by Taylor, 1998), it bas been suggested in other cell types, 
such as aortic endothelial cells, pancreatic acinar cells or articular chondrocytes, that the d i f fus ion 
of small amounts of Ca'* between adjacent cells could serve to sensitize InsPsR in the neighboring 
cells and thus allow for the intercellular propagation of the signal (Yule et al., 1996; D ' A n d r é a and 
Vittur, 1997; reviewed by Tordjmann et al., 2000). Our results in hepatocytes cannot exclude any 
rôle for Ca'* in the coordination of Ca"* spiking in this cell type. It remains plausible that d i f fus ion 
of Ca"* might play a rôle when the Ca'* séquestration mechanism is partly impaired (i.e. at high 
levels of InsP3). In this case, intercellular diffusion of Ca"* could smooth out the différences in Ca"* 
signais among connected cells caused by possible heterogeneities in cell shape or in the diverse 
InsPj- independent f luxes (Hôfer , 1999). Our results show however , that even if such Ca~*-
activated Ca^* release through InsPjR takes place in hepatocytes (Taylor, 1998), it is not crucial for 
the coordination of Ca'* oscillations induced by InsPj-dependent agonists among connected cells. 
By contrast, coordination of Ca'* oscillations among connected hepatocytes is fully dépendent on 
the level of InsP, diffusing f rom cell to cell. 



119 

CHAPTER VI 

Simulations of calcium waves in ascidian eggs. 
Insights into the origin of the pacemaker sites and into the 

possible nature of the sperm factor. 
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VI . l . Introduction 

In ail eggs, fertilization induces a dramatic increase in cytosolic Ca^*. This rise in Ca"* occurs as a 
wave propagating through the whole egg from the site of sperm-egg fusion and drives egg activation 
(Stricker, 1999). In many species, among which ascidians and mammals , this ferti l ization wave is 
followed by répétitive Ca"* waves of shorter duration and smaller amplitude (McDougall and Sardet, 
1995; Stricker, 1999) similar to those observed in a variety of somatic cells stimulated by hormones , 
growth factors or neurotransmitters (Berridge et al., 2000). Ascidian eggs moreover have the unique 
property of displaying 2 stereotypic séries of Ca"* waves (McDougall and Sardet 1995, Dumollard et 
al., 2002). Séries I Ca"* waves consists of the large amplitude fertilization wave, fol lowed by a few 
smaller spikes. Séries I lasts for about 8 min and drives meiosis I up to the extrusion of the first polar 
body. Ca"* oscillations then stop for about 5 min. A second séries of Ca^^ waves then résumes with a 
progressively increasing, and then decreasing ampli tude. This séries II lasts for 15-20 min., dr ives 
meiosis II and stops just before the extrusion of the second polar body (McDougall and Sardet, 1995). 
It is known that in most cell types the signal-induced Ca""̂  increases rely on the production of inositol 
1,4,5-trisphosphate (InsP,) , a d i f fus ib le second messenger that act ivâtes Ca'* re lease f r o m the 
endoplasmic ret iculum (ER). As the activity of the InsP, receptor (InsPjR) is also s t imulated by 
cytosolic Ca~*, an initially localized Ca"* increase triggers the regenerative propagation of the Ca'* 
wave throughout the egg while sustained activation of the InsPsRs gives rise to Ca'*^ oscillations and 
waves (Berridge et al., 2000). 

A universal trigger for the initial Ca"^ release at fertilization bas not yet been identified. Sperm-egg 
fusion can however be replaced by the injection of a soluble sperm extract (Swann and Parrington 
1999, Runft et al., 2002). In mammals, it has been proposed that the active component of this sperm 
extract, known as sperm factor (SF), is a new isoform of phosphol ipase C (PLC, the e n z y m e 
responsible fo r InsP, synthesis; see Chapter II) known as PLC^ (Saunderse / al., 2002; Cox et al., 
2002; for a review, see Kurokawa et al., 2004). In ascidians, the key factor is a st i l l-unidentif ied 
protein with a size comprised between 30 and 100 kDa (Kyozuka et al., 1998). It could be either a 
soluble PLC or an as yet unknown activator of PLC (Runft and Jaffe, 2000; Runft et al., 2002). 

Given the pivotai rôle played by the Ca"* dynamics in the activation of the egg and its development 
into an embryo (Dupont , 1998; Ozil, 1998; see also section VII.4), a detailed understanding of the 
biochemical events responsible for the temporal and spatial organization of cytoplasmic Ca"* signais at 
fertilization is required. T o this aim, simulations provide a useful complementary approach to the 
numerous expérimental studies (Dupont and Dumollard, 2004). 

The basic mechan i sm of Ca"'^ oscil lat ions in eggs does not d i f fe r much f r o m that of Ca"^ 
oscillations in somatic cells. Most models ascribe the oscil lations to the autocatalyt ic régulat ion 
exerted by cytoplasmic Ca"* on its own release f rom the ER (Goldbeter et al., 1990; Sneyd et al., 
1995; Fig. V I . l ) . Some studies however stress the possible rôle of the activation of PLC by Ca"*, a 
régulation that also leads to a regenerative increase in cytosolic Ca"* (Meyer and Stryer, 1988; Hirose 
et al., 1999). Despi te numerous theoretical approaches (for review, see Schuster et al., 2002), no 
model until now has focussed on the rather typical shape of the répétit ive Ca"* waves which are 
triggered at fertilization. 

Theoret ical ly, Ca '* wave propagation can be ascr ibed to the same regula tory p rocesses as 
oscillations (Sneyd et al., 1995; Goldbeter, 1996). It is clear however that the detailed characteristics 
of the waves much dépend on the cell type. In eggs, thèse waves can take the form of sharp fronts, 
spirals or tides (Lechleiter et al., 1991; McDougall and Sardet, 1995; Fontanilla and Nuccitelli , 1998). 
The detailed shape of the front can also vary: both convex and concave fronts have been observed 
(Stricker, 1999). Moreover , the large size of the eggs allows a clearer manifestat ion of the ef fec ts 
related with the spatial inhomogeneity of the cytoplasm. Distinct subcellular régions that repetitively 
initiate Ca"^ waves have been identified in the ascidian egg (McDougall and Sardet, 1995; Dumollard 
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and Sardet, 2001; DumoUard et al., 2002). Three such régions, called "calcium wave pacemakers 
(PM)", have been reported: (1) PMI is defined as the initiation sites of the first séries of Ca^* 
oscillations (séries I). PMI is a moving Ca^* wave pacemaker: the fertilization wave indeed initiâtes at 
the site of sperm entry, while the initiation sites of the subséquent waves progressively migrate with 
the sperm aster towards the végétal contraction pôle. (2) Pacemaker PM2 is stably localized in the 
végétal contraction pôle, a cortical constriction of 15-20 ^im in diameter. It is a région of dense ER and 
mitochondria accumulation. (3) An artificial pacemaker called PM3 is located in the animal 
hémisphère, and is defined as the cellular région most sensitive to an artificial stimulation by InsPs. It 
probably corresponds to a région rich in ER clusters, présent around the meiotic spindle in the mature 
unfertilized egg (Dumollard and Sardet, 2001). 

Some theoretical models have already investigated the spatial characteristics of the Ca^* increase 
occuring at fertilization (Wagner et al., 1998; Bugrim et al., 2003; Hunding and Ipsen, 2003). It was 
shown that the correct shape of the fertilization wave in Xenopus oocyte can be reproduced by 
assuming that InsPa is locally generated at the fertilization site (Bugrim et al., 2003). Moreover, thèse 
studies emphasize the rôle of the spatial inhomogeneities in the ER distribution (Bugrim et al., 2003; 
Hunding and Ipsen, 2003), in the InsPjRs distribution (Bugrim et al., 2003) or in InsPj production 
(Wagner et al., 1998) to reproduce the experimentally observed spatial profiles. None of thèse studies 
however deals with répétitive Ca^* waves, as those observed at fertilization of many species, among 
which ascidians and mammals. In the case of the Xenopus oocytes, the fertilization Ca^* wave is 
indeed seen as a switch in a bistable System. Recovery, i.e. retum to the basai Ca^* level, is seen to 
occur on a much longer time scale than the increase in Ca^*. 

Fig. VI. 1. Schematic représentation of the model developed to account for Câ * oscillations and waves in ascidian eggs. The 

red pathway schematizes experiments of gPIPi flash photolysis, while the blue pathway shows the events supposed to occur 

at fertilization. The model is adapted from Dupont and Swillens (1996), and from Dupont and Emeux (1997). 

In the présent study, we simulate répétitive Ca^^ waves with a spatio-temporal pattem analogous to 
that of séries I oscillations in ascidian eggs. We focus on the Ca^* waves induced by InsPs or its poorly 
metabolizable analog gPIPa and on séries I Ca^* oscillations. We first simulate an existing model for 
Ca^* and InsPj dynamics and show that it can reproduce the experimentally observed Ca^* waves 
triggered by flash photolysis of InsPs or gPIP2 when considering an appropriate inhomogeneous 
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distribution of ER. W e then show the results of simulations of the model predicting the effect of a 
localized inject ion of a large amount of gPIP2. This prédiction is conf i rmed experimental ly . In a 
second part, we use our model to simulate the fertilization wave and the séries I Ca"* oscillations. W e 
find that the best agreement with the expérimental data is obtained if it is assumed that the SE in 
ascidian eggs is a Ca"*-sensitive, highly d i f fus ib le PLC, and that PIP2, the substrate for PLC, is 
homogeneously distributed in the whole egg. 

VI.2. Model for the spatio-temporal Ca^* dynamics in ascidian eggs 

VI.2.1. Evolution équations 

In ascidian eggs, Ca^* oscillations can be generated by a single and long-lasting increase of the poorly-
metabolizable analog of InsP,, gPlP2 (Dumollard and Sardet, 2001; and see below); in such conditions, 
Ca"* oscillations can be ascribed to the well-known biphasic régulation of the type 1 InsP^R by Ca"* 
(Bezprozvanny et al., 1991; Einch et al., 1991; Miyakawa et al., 1999). Moreover , only the type 1 
InsPjR c a n b e f o u n d in the a s c i d i a n g é n o m e ( ' h t t p : / / g e n o m e . j g i - p s f . o r g / c g i -
bin/searchGM2.cgi?db=ciona4 ' ) . The model used in the présent study to describe the évolution of the 
levels of Ca"*, lnsP3 and active receptors is a modified version of a prototypic model describing the 
sequential activation-inhibition of the receptor as the level of cytosolic Ca"* increases (Eig. IV. 1 ; Table 
1.3; Dupont and Swillens, 1996). 
The évolution of the fraction of receptor in an inactive (desensitized) state, Rdes. is given by : 

dt 
1 + 

-k R des (VI. 1) 

where k+ is the rate of inhibition of the InsPjR by cytosolic Ca""̂  and k . the rate of relief f rom this 
inhibition. Activation of the receptor by Ca"* is assumed to be instantaneous and characterized by a 
threshold constant Kact- The level of cytosolic Ca"^ (Ccyto) varies through Ca'* re lease via the 
InsP^Rs and Ca~* pumping by Ca"* ATPases located in the membrane of the ER. W e do not consider 
Ca"* exchanges with the extracellular médium, as it is known that Ca"* oscillations in ascidian eggs 
can occur in the absence of extracellular Ca"* (Speksnijder et al., 1989; Carroll et al., 2003). Taking 
diffusion into account, the évolution équation for the concentration of cytosolic Ca"* can be written: 

cyto 

dt 
= À(r) a{r)ki (b + IR„ - Q y , J - V; to 

cyto dr 
(V1.2) 

In this équation, IRa represents the fraction of InsPjRs in an active state, and is given by : 

http://'http://genome.jgi-psf.org/cgi-
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IR ahle where 

( 

IP gPIP, 

K ( l . i ^ ] . I P 

(VI. 3) 

where IP and gPIP2 represent the InsP, and the gPIPo concentrations, respectively. gPIP^ is explicitely 
cons idered in the mode l , s ince we s imulate exper iments of f l a sh -pho to lys i s of this poor ly 
metabolizable analog of InsP,. Parameter k i fixes the rate of Ca"* release through the InsPjR and k j b 
is a leak term. The second term of equ. (VI.2) represents the pumping of Ca"* into the ER by the 
ATPases. The last term is a classical Fick term for diffusion. 

The distribution of ER is taken into account through 2 parameters : X and a , which are both 
functions of space (r) to allow heterogeneity. Two parameters are necessary because the amount of ER 
affects both the number of InsPjRs and Ca"* pumps (located in the ER membrane) , and the local 
volumes of the ER and cytosol , respectively. Thus, the first parameter {k) scales the number of 
channels (InsPjRs and Ca"* pumps) and similarly affects ail flux ternis across the ER membrane. The 
other parameter ( a ) is defined as the local ratio between the volumes of the endoplasmic reticulum and 
the cytosol. It accounts for example for the fact that the release of a given number of moles of Ca"* 
f rom the ER will induce a lower increase of the Ca"* concentration in the cytosol than the associated 
decrease of Ca"* concentration in the ER, due to the différent volumes of thèse compartments . In this 
study, we always assume that the distribution of ER follows the same distribution than that of Ca'* 
channels (Fink et al., 2000). Thus , there is a fixed relationship between Xir) and a ( r ) : assuming a 
spherical shape for the ER, any change in a of a factor x will be accompanied by a change in >t of a 
factor x2/3^ given the surface/volume ratio of a sphère. In the following, we will discuss changes in 
ER distribution in terms of a . 

In contrast to other models , we do not assume that the Ca"* concentration inside the ER remains 
constant, as the fertilization Ca"* wave implies a massive release of Ca"* f rom the ER. In our model, 
the évolution of the concentration of Ca"* inside the ER lumen (Cjum) >s given by : 

lum 
dt 

= A(r) MP c cvio 

a{r) kI 
- Â : , ( è + / / ? j ( C / „ „ , - C „ J 

cyto 

+ D ER' (VI.4) 

Implicit in the latter équation is the fact that the ER behaves as a continuous compartment invading the 
whole egg. In Eqs. (VI.2) and (VI.4), ail f luxes must be seen as effective ones, as Car* buffers are not 
explicitly incorporated in the model. 

Finally, InsP, is assumed to be synthesized f rom PIPj by PLC and degraded by both a phosphatase 
and a kinase. Thus, the évolution of the concentration of InsP, (IP) follows : 

dIP IP IP d^IP 
= / +Vprr- Vsp V îf + D,p T- (VI.5) 

5, IP, PLC 5P f.^^ ^ j p 3K f.^^ ^ ,p f.^^^ ^ ""^ dr^ 

IlP3 allows us to simulate the experiments of InsP, flash-photolysis (in this case, this parameter takes 
a non-zero value during the simulated flash). V p L C represents the basai rate of InsP, synthesis in a 
non-fertilized egg. In equ. (VI.5), this rate is assumed to be Ca"*-insensitive, in the absence of further 
indication as to the PLC isoform présent in the ascidian egg. However . given that VpLC 's a small 
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term - b e c a u s e it must lead to a basai low level of InsP , - the behaviour of the model remains 
unchanged if VpLC is made Ca"*-sensitive. V5P and V3K stand for the maximal rates of InsP, 5-
phosphatase and 3-kinase, respectively, while K5P and K3K are the Michaelis constants of the same 
enzymes. Stimulation of InsPa 3-kinase activity by Ca"* is taken into account; the constant for ha l f -
maximal activation is represented by KA3K- AS discussed in section VI.4, the concentrat ion of PIP2 
(the substrate for PLC) is assumed to be homogeneous throughout the whole egg and to remain 
constant or at least not limiting (Xu et al., 2003). 

VL2.2. Inhomogeneities in the endoplasmic reticulum distribution 

The ascidian egg is a large cell, the diameter of which is comprised between 100 and 150 pim. As in 
many other eggs, the cy top lasm is highly s t ructured in spéci f ie d o m a i n s that host d i f f é r en t 
concentrations of intracellular organelles (mitochondria, yolk platelets and endoplasmic reticulum). It 
is also known that a spectacular reorganization of thèse egg structures occurs at fertilization (Roegiers 
et al., 1999). In particular, a wave of cortical contraction leads to the formation of the contraction pôle 
in the végétal hémisphère, a région containing an accumulation of cortical ER (Roegiers et al., 1999; 
Dumollard and Sardet, 2001). Since we focus here on the Ca""̂  changes induced by the injection of 
InsP, or InsPj analogs, or occurring just after fertilization, we do not consider thèse rearrangements in 
the présent study. 

a 

V 
Fig. VI.2. Gray-scale représentation of the density of the endoplasmic reticulum (parameter a ) used in the simulations of 

oscillations and waves in ascidian eggs. The ER is assumed to be more concentrated in the cortex of the egg, with a maximal 

value in the animal cortex. Parameter a measures the local ratio between the ER and the cytosolic volumes. Scale: black: 

a = 0.12, white: a = 0.07. This ER density is given by eqs. (VI.6) and (VI.7) with the following parameter values: Og = 0.07, 

= 0.10, w = 0.04, = 75 (xm, h = 0.04 and d = 15 \un. a : animal pôle; v : végétal pôle. 

T o simplify the simulations, we have chosen a 2D geometry. This assumption amounts to looking 
at a slice through the egg, but introduces a bias on the value of the fluxes. However , as most parameter 
values are not known for the ascidian eggs, we think that this assumption - w h i c h much reduces the 
Computing t i m e - is worthwhile. 

The ER is model led as a cont inuons network of varying density throughout the cytosol. T h u s 
parameter a , defined as the ratio between the volumes occupied by the endoplasmic reticulum and by 
the cytosol, is a funct ion of space (r). As suggested by direct observations on mature eggs (Dumollard 
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and Sardet-, 2001; Sardet et al., 2002), we assume that the density of the ret iculum is higher in the 
cortex than in the cytosol. The thickness of this higher density région is of a f ew microns. In the 
model, it is assumed that there is a gradient of reticular density f rom the periphery to the center, given 
b y : 

a' (r) = 1 + af^e (VI.6) 

where a f i is the basai density of ER, a c reflects the amplitude of the gradient, rc is the radius of the 
egg and w reflects the steepness of the gradient. The spatial coordinate r is calculated in a System 
centered on the center of the egg. 

Moreover, we consider another type of inhomogeneity strongly suggested by récent expérimental 
observations ; it has been shown that the artificial pacemaker located in a broad cortical région of the 
animal hémisphère (PM3) serves as the initiation site of the Ca"* waves induced by exogenous 
injections of InsP, or gPIP2 (Dumollard and Sardet, 2001). W e thus use numerical s imulat ions to 
investigate the hypothesis that a h igher density of ER suff ices to expla in ail the observat ions 
performed with respect to this new pacemaker. To account for the possible existence of such a région, 
we assume that a is maximal at the cortex of the animal pôle and linearly decreases towards the center 
of the egg (vertical variation only). Thus, in the région called pacemaker 3 (PM3), 

h 
a(r) = a ' ( r ) - - y + h if y<d (VI.7) 

a 

where y stands for the vertical distance f rom the upper point of the egg, h for the maximal incrément 
of ER density and d for the characteristic length of the pacemaker région. The ER distribution defmed 
by eqs (VI.6)-(VI.7) is assumed to remain unchanged in the course of the simulations. 

The resulting distribution of the ER for our particular set of parameter values is shown in Fig. VI.2. 
The average density of the ER equals 8%, which is of the order of expér imenta l measurements 
performed in other cell types (Depierre and Dallner, 1975; Fink et al., 2000). The resting cytosolic and 
luminal [Ca"*] resuit f r o m an equi l ibr ium between Ca"* f luxes across the ER membranes ; in 
conséquence, the steady-state level of Ca"^ in the absence of stimulation dépends on ER density and 
this level of Ca"* is inhomogeneous both in the cytosol and in the lumen. Al though in the ER this 
inhomogeneity is not significant, cytosolic Ca''^ varies f rom 0.106 ^iM to 0.167 \iM depending on the 
ER density (the higher the density, the higher the concentration). This effect is due to the locally lower 
cytosolic volume in the régions of high ER density (parameter a ) . In contrast, variations in "k affect 
both release and pumping and do thus not affect the steady-state levels of Ca"*. 

VI.2.3. Sperm factor 

In the last part of our study, we investigate the sperm factor hypothesis . W e start f r o m the basic 
assumption that SF is a soluble PLC (Swann, 1996; Saunders et al., 2002; Cox et al. 2002; Howell et 
al., 2003). Thus , we s imulate fert i l ization by assuming that a large amoun t of P L C is locally 
introduced in the egg. This additional PLC is superimposed on the basai PLC activity of the egg. SF is 
assumed to d i f fuse and to be degraded. The value of the diffusion coefficient will be discussed later. 
The t ime scale of SF dégradation is chosen to fit the observed duration of séries I Ca"* oscillations in 
ascidian eggs. W e also made the assumption that the activity of the injected PLC is stimulated by 
cytosolic Ca"* (see below for the justification of this hypothesis). 
Thus, when model l ing ferti l ization, a new équation describing the évolution of the level of sperm 
factor activity is introduced: 



127 

dSF . „„ _ d'^SF 
- - k s f S F + D s f . — r (VI.8) 

where k s p stands for the rate constant of SF dégradation and D s p for the d i f fus ion coeff ic ient . 
Introduction of SF occurs through appropriate initial conditions. Moreover , equ. (VI.5) is modif ied to 
take into account the PLC activity of the SF: 

V ^çy'o u V ^c^'<o n ^ ^ ^ ^ 

KXsF + Q v / o ^ S P + f^3K + KA3K + Ccyto àr 

(VI.5 ' ) 

K A S F is the threshold constant characterizing the stimulation of the P L C activity of the S F by Ca"*. 
The values of V p L C and V s F are taken as constant in the whole egg, based on the assumption that 
P I P 2 is homogeneously distributed (see section VI.4). 

VI.2.4. Simulation method 

Numerical s imulat ions have been performed using a variable t ime-step Gear method. To simulate 
diffusion, the Laplacian is discretized using the fmite différence method. The egg is divided into mesh 
points, using a cartesian grid with no flux boundary conditions. The circular shape of the egg is 
reproduced by applying the appropriate no-flux boundary conditions at ail grid points located at a 
given distance f rom the center (corresponding to the egg radius). The egg radius equals 75 \im and the 
mesh size equals 1.5 ^.m. 

VI.3. Injections of InsPj and InsPj analogs in ascidian eggs: simulations and experiments 

VI.3.1. An artificial pacemaker site (PM3) is revealed by flash-photolysis of InsPj or gPIP2 

Experimentally, caged InsP, was photo-released either locally (i.e. the flash was restricted to a small 
région of the egg) or globally (Dumollard and Sardet, 2001). The amount of InsP, released is set by the 
duration of the UV flash and always remains rather small (less than 0.1 |xM). Flash-photolys is of 
increasing amounts of InsP, initiated a Ca"* wave that spreads further f rom the site of the UV-f lash . 
This observation is reproduced by the model (Fig. VI.3). The Ca'* wave remains limited to a portion of 
the egg for InsP, f lashes of short duration because, in thèse cases, passive d i f fus ion of InsP, remains 
localized. Only when the amount of released InsP, is large enough (Fig. VI.3, third row) does the level 
of InsP, reach the threshold required to trigger a Ca"* wave which traverses the whole egg. InsP, can 
thus induce spatially restricted Ca"* signais and InsP, does not act as a global messenger in a large cell 
such as the ascidian egg. For the parameter values used in the simulations, the characteristic t ime for 
InsP, diffusion (80s) is larger than that of InsP, dégradation (about 12s). 

Also in agreement with a relatively fast dégradation of InsP,, activation of the eggs by a single 
injection of InsP, cannot induce répétitive Ca"'^ waves, neither in the model, nor in the experiments. As 
modelled above (Fig. VI.3) and observed in the experiments (Dumollard and Sardet, 2001), when the 
InsP, f lashes are localized, the Ca"^ wave originates f rom the site of InsP, release. More surprisingly, 
when InsP, or its poorly metabolizable analog gPIP^ is homogeneously increased in the whole egg, the 
CdT* wave is always seen to originate from the cortex, in a broad area near the animal pôle of the eggs 
(Dumollard and Sardet, 2001). As proposed in the expérimental study, the existence of this pacemaker 
revealed by an artificial type of stimulation (called PM3) can be ascribed to a denser distribution of 
ER near the cortex of the animal pôle. We have tested this hypothesis in the model . In Fig. VI.4, gPIP j 
is assumed to be homogeneously released in the whole egg. However, the Ca"* wave clearly initiâtes in 
the région with the highest density of ER (see Fig. VI.2 for the distribution of the ER). The shape of 
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this r ég ion o f h i g h e r dens i ty ( s e e sec t ion V I . 2 . 2 ) has b e e n f itted in the s i m u l a t i o n s to g e t the b e s t 

agreement w i t h the exper imenta l ly observed f o r m s o f the Ca^* wave . T h e best results are thus obta ined 

w h e n the gradient in a (ER dens i ty ) is on ly vertical (a long the animal-vegetal axis) . Equal ly important 

7 s flash 2s flash 2.5s flash 

Fig. VI.3. Simulations of the effect of localized InsP, injections. Results have been obtained by intégration of eqs. (VI. 1) to 

(VI.5) with the ER density represented in Fig. (VI.2) and the following parameter values: Dcyto = 40 nm^s-l, 

DER = 4nm2s- l , Djps = 280 [im2s-l, Kact = 0.54nM, Kinh ( = (k-/k+)l/ni) =0.28 jiM, k. = 4 10-3 s"', ki = 1.285 s'I, 

b = 2.5 10-4, K = 1 n M , VMP= 1.2 nMs-1, Kp = 0.35nM, VpLC = 0.015 (iMs-1, Vsp = 0.67 fiMs-l, K 5 p = 8 n M , 

V3K = 3.35 10-2 ^.Ms-l, K3K = 0.5 nM, KA3K ~ 0-3 nM, = 2, nj = 3. Most of thèse values corne from previous 

modelling studies, where they were either taken from the littérature or fitted to get agreement with the observations (Dupont 

and Emeux, 1997; Dupont et al., 2(X)0a). In the 3 simulations, during the flash time 1̂ ^ = 7 nMs"! in the mesh p)oints (46 to 

54) along the X axis, and (89 to 97) along the Y axis (this région is indicated as a black square in the first panel). The 

resulting InsP3 increase averaged on the whole egg ranges between 0.05 and 2.5 \>M dep>ending on the flash duration. Initial 

conditions are Ccyto = 0.1 nM, Ciuni = 875 nM and the corresponding steady-states values of the other variables . To 

perform the simulations, mesh points are labelled from 1 to 100 from left to right, and from top to bottom. To account for the 

circular shape of the egg (in 2 dimensions), the appropriate mesh points are excluded from the System. In this and ail 

subséquent figures, the level of cytosolic Câ * is represented by the amount of Câ * bound to an indicator whose K1/2 for 

Câ * is 0.7 (iM. When representing the Câ * waves, the scale is différent for each image, with red and blue representing 

respectively the highest and the lowest instantaneous levels of cytosolic Câ *. 
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for the appropriate shape of the Ca^* wave is the slightly more elevated quantity of ER in the cortex. 
Because of this inhomogeneity, the wave propagates faster in the periphery, al lowing for the 
transformation of a convex front at the onset of the propagation into a slightly concave one as the 
wave spreads through the egg (Fig. VI.4), as seen in the experiments. 

From a theoretical point of view, a (ER density) is a bifurcation parameter. In other words, 
increasing the value of a qualitatively changes the behaviour of the System, firom resting, to excitable 
and fmally to oscillatory. Thus, at a given fixed level of stimulation (InsPj or gPIP2), the cytoplasm is 
excitable for eliciting a Ca^* wave only when a is above a critical level. The values of a and of the 
stimulation intensity used in Fig. VI.4 are such that P M 3 is the only part of the egg initially able to 
generate a Ca^* spike. In the rest of the cytoplasm and in the cortex, the synergy between this low level 
of stimulus and the Ca^* increase coming through diffusion from an adjacent région of the cell is 
required to generate a Ca^* spike. 

2 0 4 0 6 0 

Tiuie (s) 

1 

i 1 

lÊmâ 

Fig. VI.4. Simulation of the effect of a global increase in [gPIPj]. Results have been obtained by intégration of eqs. (VI. 1) to 

(VI.5) with the ER density represented in Fig. (VI.2) and the same parameter values as in Fig. VI.3, except for the fact that 

gPIPj has been used instead of InsPj. Thus the rates of dégradation (Vjp and Vj^) have been divided by 10. To simulate the 

activation of the InsPjR by both gPIP, and the basai InsP, level, we consider that InsP, and gPIPj bind to the same site of the 

receptor, and that gPIP2 has less affinity for the receptor (KgPIP2 = 8 piM). A basai level of InsPj equal to 18 nM 

(corresponding to the stationary state in InsP, with the basai PLC activity) is always présent. During the flash time (2s), 

Igp[P2 = 0.045 jiMs ' in the whole System. The successive panels show the spatial distribution of Câ * at the times indicated by 

the points on the curve on the left. 

The level of stimulation (simulated here in the form of the amplitude of the gPIP2 influx) can also 
be v iewed as a bifurcation parameter. The model accounts for the expérimental observation 
(Dumollard and Sardet, 2001 ) that the global amplitude and the propagation velocity of the C&^* wave 
both increase with the amount of gPIP2 released into the egg (Fig. VI.5). Thèse increases in Ca^* wave 
amplitude are associated with a widening of the Ca^* front but the local maximal amplitudes do not 
change when varying the level of stimulation (not shown). The wave-like behaviour exemplif ied in 
Fig. VI.4 is restricted to a limited range of stimulation levels. Both in the model and in the 
experiments, if the magnitude of the global gPIP2 increase is too low (below 0.03|xMs"'), it only 
générâtes a spatially-limited Ca^* increase confmed to the animal pôle région. In contrast, for the 
largest influx terms (above 0.05 nMs"'), the Ca^* increase occurs simultaneously in the entire egg. For 
ail situations represented in Fig. VI.5, the local variations of ER Ca^* associated with the wave of 
cytosolic Ca^* are very small given the high level of Ca^^ in this compartment. We have taken an initial 
value of 875 n M for the Ca^* concentration in the ER (Montero et al., 1995; Hofer and Schulz, 1996). 
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Fig. VI.5. Relationship between the mean velocity and global amplitude of the artificially induced Ca-* waves and the 

intensity of the stimulus. Points have been obtained as in Fig. VI.4 with Ihe same parameter values, except for the rate of 

gPIP, influx. For influx rates lower than 0.03 nMs ', the Ca"* waves do not propagate throughout the whole egg (abortive 

waves). On the other hand, for influx rates higher than 0.05 (xMs ', the Ca"* increases occur nearly homogeneously over the 

whole egg. 

In contrast to InsP,, gPIP2 is very slowly metabolized and its level remains elevated for a long time. 
As a conséquence, several Ca"* spikes can be generated by a single flash. The model can reproduce 
this behaviour if the rate of dégradation of gPIPa is assumed to be 10 times smaller than that of InsP, 
dégradat ion as it was found experimental ly (Bird et al., 1992). Fig. VI .6A indeed shows that in 
response to a localized gPIP^ increase of high amplitude, two Ca"* waves are generated; the first one 
originales f rom the région of stimulation (here chosen to be in the végétal pôle), while the second one 
starts in the région of higher ER density in the animal pôle région (PM3). A close look at the évolution 
of the variables of the model indicates that at that time (125 s), gPIP^ is homogeneously distributed in 
the egg; the second wave thus originates f rom the région which is the most sensitive to a homogeneous 
level of gPIP2. This prédiction is corroborated by the expérimental results shown in Fig. VI.6B. 

VI.3.2. Injections of large amounts of gPIP2 mimic the temporal pattern of Cc^* seen at fertilization. 

Large amounts of gPIP2 globally released in the egg induce a complex séries of Ca"* increases that 
strikingly resemble the first phase of Ca"* waves observed at fertilization of ascidian eggs (Dumollard 
and Sardet, 2001). Fig. VI.7 shows the simulation of the injection of a large amount of gPIPi (red 
trace). At t ime 0, the concentration of the latter compound is increased up to a high value; it then 
decreases to zéro according to equ. (VI.5), in which the maximal velocit ies have been adapted for 
gPIPj (instead of InsPj ; see legend to Fig. VI.4). The high level of gPIP2 causes a long-lasting Ca"* 
increase, followed by 2 shorter spikes (black trace). Also visible are the changes of Ca"* concentration 
within the ER (blue trace); note that Car* depletion of the ER (up to ~ 40%) is significant only for the 
f irst Ca"* increase. As far as the spatial aspects are concerned, the f irst mass ive Ca"* increase 
propagates so rapidly that it seems to occur quasi-instantaneously in the whole egg. The second (and 
other subséquent) peaks clearly originale f rom the cortical area of the animal hémisphère , which 
possesses the highest ER density. Thèse theoretical results are in full agreement with the expérimental 
results (Dumollard and Sardet, 2001). 

YI.4. Simulation of the séries I Ca'* oscillations induced by fertilization 

Given the observed agreement between our simulations and the expérimental observations, we have 
used the model to make some theoretical prédictions about the possible nature of the sperm factor 
(SF). W e simulate fertilization as a localized rise in SF concentration f r o m zéro up to an arbitrary 
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value. If we assume that the SF is a Ca^* sensitive PLC that can diffuse in the cytosol (eqs. (VI.5') and 
(VI.8)), the model reproduces the temporal pattem of cytosolic Ca^* changes observed at fertilization 
of ascidian eggs (Fig. VI.8). Also visible are the predicted changes in the Ca^* level in the ER, which 
mirror the variations in cytosolic CSL'*. The level of PLC activity rises instantaneously (corresponding 
to the injection of SF) and then decays exponentially, due to the first-order dégradation term. As to 
InsPs, it massively rises with the step-wise increase in PLC; it then globally decays due to its 
catabolism by the InsPj 3-kinase and 5-phosphatase and to the decrease in PLC. However, because of 
the stimulation of PLC activity by Ca^*, the concentration of InsPs oscillâtes in synchrony with Ca^* 
oscillations (Meyer and Stryer, 1988). 

A 

Fig. VI.6. A. Theoretical prédiction of the effect of a gPIP2 increase in the végétal hémisphère of the ascidian egg. A high 

amplitude increase in gPIPj initiated in the végétal hémisphère of the egg (indicated by a black square) evokes 2 successive 

Câ * waves, the first one emanating from the locus of stimulation and the second one emanating from the région of higher ER 

density in the animal pôle région (PM3). Simulations have been performed as in Fig. VI.4 with a gPIPz increase IgPIPj = 12 

nMs^l for 4 s, at the mesh points (45 to 55) along the X axis and (80 to 90) along the Y axis, as indicated by the black box in 

the first panel. The successive panels show the spatial distribution of Ca^* at the times indicated by the points on the curve on 

the left. 

B. Effect of local photorelease of gPIP2 in an unfertilized ascidian egg. First row : confocal image of [Câ *]̂  taken 2 sec after 

local UV uncaging, the area of UV uncaging is indicated by a black square. Second row: At t=l '45" a Câ * wave is initiated 

in the animal pôle and traverses the whole egg. 
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The spatial properties of the Ca^* oscillations shown in Fig. VI.8 have not yet been investigated in 
the model. Simulations of the moving pacemaker observed in séries I Ca^* oscillations (PMI) of the 
ascidian egg indeed require both additional hypothèses and new simulation techniques. It may be that 
the source of InsPs is moving along the cortex as a conséquence of the cortical contraction-induced 
movement of the sperm aster towards the végétal hémisphère (Dumollard and Sardet, 2001; 
Dumollard et al, 2002; Carroll et al, 2003). 
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Fig. VI.7. Simulation of the effect of a massive, global increase of gPIP2 in the ascidian egg. The temporal pattem of the Ca^* 

spike much resembles that observed at fertilization. Simulation has been performed as in Fig. VI.4 with IgPIPz = 25 jiMs"' in 

the whole System during the flash time (0.3 s). The black, red and blue trace represent the average level of cytosolic Ca^*, 

gPIPj and luminal Câ * respectively. 

We have assumed that the Ca^*-sensitive PLC supposed to represent the SF has a relatively high 
diffusion coefficient (150 nm2s- l ) . If this is not the case, partial Ca^^ waves propagating only in the 
région of the egg opposite to the site of SF increase are observed, while the [Ca^*]c remains constantly 
elevated in the région doser to the injection site (not shown). This is due to the fact that far away from 
the site of SF increase, the level of InsP3 is still in the oscillatory régime, because the level of PLC in 
this région is relatively low as significant diffusion has not yet occurred. 

Finally, we have investigated in the model the effect of changing the amount of SF injected into the 
egg. As shown in Fig. VI.9, our preliminary model predicts that the amount of SF influences the shape 
of the first large fertilization spike. As expected intuitively, the duration of the fertilization spike 
increases with the dose of SF introduced into the egg. Interestingly, the shape of the spike also 
dépends on the dose of SF. The number of small-amplitude spikes superimposed on the plateau 
increase of Ca^* rises if the dose of SF decreases. For lower doses of SF (Fig.VI. 9A), the level of 
InsPj is close to that able to induce oscillations. In contrast, if [SF] is large (Fig. VI.9B), the InsPs 
concentration is so high that Ca^* remains at a high steady-state level set by the actual InsPj 
concentration. 
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Fig. 8. Simulation of the séries I Ca^* oscillations induced by fertilization. Shown are the évolutions of the average 

concentrations in Ca^* (black), InsPj (blue) and SF (red). Results have been obtained by numerical simulations of eqs. (VI. 1)-

(VI.4), (VI.5') and (VI.7) with the same parameter values as in Fig. VI.3. Moreover KASF = 0-15 (iM, ksF = 5.56 10"' s ' and 

= 150 (xm ŝ '. Initial conditions are the same as in Fig. VI.3, except that [SF] = 50 \iM in the mesh points (16 to 20) along 

the X and Y axes. 

VI.5. Discussion 

To our knowledge, we have presented here the first theoretical study devoted to the spécif ie 
characteristics of the oscillatory Ca^^ signal occurring at fertilization. Our approach relies on the 
expérimental observations performed by Dumollard and Sardet (2001). The modélisation of the 
experiments of flash photolysis of caged InsPj and its analog first allowed us to focus on the events 
downstream from InsPj génération; we were able to 'fit' our équations and parameter values to 
adequately describe the Ca^* dynamics observed experimentally. Moreover, to account for the 
observed spatial characteristics of thèse artificial waves, we were led to make some reasonable 
assumptions about the ER distribution in the cortex and cytoplasm. About this first part of the study, 
we would like to insist on the following results: 
(1) If the ER density is modelled by taking into account the respective volumes accessible to both 

compartments (the ER and the cytosol), it represents a bifurcation parameter that can détermine 
the excitability of a given part of the cell, unlike in other existing models (Wagner et al., 1998; 
Fink et al., 2000, Bugrim et al., 2(X)3; Hunding et al., 2003). Under thèse conditions, the régions 
with higher ER density naturally play the rôle of pacemaker sites. This assumption also allowed 
us to make an expérimental prédiction about the initiation site of the successive waves induced by 
the local release of high doses of gPIP2 (Fig.VI. 6A); this prédiction is corroborated by the 
experiments (Fig. VI.6B). 

(2) We propose for the first time that the spatial distribution of the pacemaker site is in fact a key 
factor in determining the shape of the wave front. In particular, to reproduce the rather flat shape 
of the Ca^* wave front observed in ascidian eggs, it is most appropriate to assume that the ER 
density varies only along the animal-vegetal axis. In the model, we have also assumed a higher 
ER density just below the plasma membrane to support the higher speed of propagation of the 
Ca^* waves in the ascidian egg cortex. Such assumption was also found to be necessary to 
reproduce the correct shape of the fertilization Ca^* wave in frog eggs (Bugrim et al., 2003). 

(3) Simulations highlight the fact that InsPj is not a global messenger in a cell as large as an ascidian 
egg and that it can have a local action. In fact, this was already manifest from the expérimental 
results showing that abortive Ca^* waves are generally induced by localized flash photolysis of 
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InsP3 (Dumollard and Sardet, 2001). In immature Xenopus oocytes, such abortive Ca^* waves in 
response to localized InsP, flashes have also been recorded (Marchant et ai, 1999). 

(4) Significant variations in the Ca'* content of the ER are predicted in the model only in the case of 
high amplitude and long-lasting cytosolic Ca"* increases such as those induced by a massive and 
global gPIPi increase. Moreover, the initial level of Ca'* in the ER much influences the shape and 
duration of thèse long lasting cytosolic Ca"* increases, as it directly modulâtes the InsP3-sensitive 
Ca"* rise in the cytosol. 
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Fig. VI.9. Effect of varying the dose of SF injecled into the egg. Simulations are the same as in Fig. VI.8, except for the 

initial localized rise in [SF], which equals 35 (xM for panel A and 60 jiM for panel B. 

In a second part of our study, we have used our model to investigate in a theoretical manner what 
could be the events upstream from InsP, formation at fertilization. On the basis of the available data, 
we have made the assumption that the SF is a soluble factor like PLC (Swann et al., 2001). While the 
best candidate for the sperm factor in mammals is a new form of P L C (PLC^, Saunders et al., 2002; 
Cox et ai, 2002), the activity of the sperm factor of ascidians can be blocked by the injection of SH2 
domains of PLCy supposed to inhibit any PLCy activity (Runft and Jaf fe , 2000; Runf t et al., 2002). It 
thus seems that the sperm factor of ascidians is a PLC or an activator of it. 

Besides the expérimental évidences in favour of the fact that the SF would be a PLC-like factor or 
its activator, we have ruled out the possibility that the SF in ascidians could be a molécule similar to 
InsPv W e have indeed seen above (section VI.3.1) that InsPj appears to be a local messenger which 
cannot, through a single increase, induce répétitive Ca"* rises. In contrast , a theoretical study of the 
fert i l ization Ca' ' ' w a v e in Xenopus oocyte (Bugrim et al., 2003) conc ludes that an e levated 
concentrat ion of InsPj near the site of ferti l ization appears as the mos t probable mechan ism to 
reproduce the expérimental observations. The contradiction between the latter theoretical results and 
ours can be explained by the fact that the study for Xenopus oocytes simulâtes the unique fertilization 
wave as a switch between a stable state with low cytosolic Ca"* and another stable state with a high 
cytosolic Ca"" .̂ The passage f rom one state to the other can, in this case, be induced by a sufficient 
perturbation, i.e. the initial localized rise in InsP j . This hypothesis cannot hold for fertil ization in 
ascidians or in mammals , where wave propagation must obviously be associated with an oscillatory 
(and not a bistable) dynamics. 
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The main conclusions which can be drawn from the above can be summarized as follows: 
(1) If the SF is a PLC, it must be Ca"* sensitive. Otherwise, only spatially-restricted Ca"* waves 

would propagate when the level of SF becomes too low. The assumption of a Ca"*-sensitive PLC 
appears crucial in the model to avoid the progressive decrease of the ampli tude of the secondary 
Ca"* spikes. In the case of a Ca"*-insensitive P L C (not shown), the extent of the Ca'* wave 
propagation decreases together with the level of InsP,, which itself fo l lows that of PLC activity. 
Thus , the ampli tude of the Ca"* spikes decreases with the level of PLC. This e f fec t is also 
observed for gPlPj injections (Fig. VI.7) and is the same as that observed and simulated with 
différent doses of InsP3 (Fig. VI.3). In contrast, when PLC is stimulated by Ca'^, a Ca"* wave 
always invades the entire egg as the Ca"* front itself générâtes the InsP , required to propagate 
further. A récent study, published after we finished our simulations, reports that PLCÇ is indeed 
Ca'^-sensitive (Kouchi et ai, 2004). Surpris ingly, the characteris t ics of this Ca"* activation 
quanti tat ively match our prédict ions; Kouchi et al. (2004) indeed report that the act ivat ion 
constant of P L C ^ by Câ* lies around lO'^M (KASF = 0 . 1 5 ]XM in our model ) and that this 
activation occurs cooperat ively with a Hill coeff icient of 1.7 (a va lue of 2 was put in equ. 
(VI.5 ')) . On the other hand, our results would also agrée with the other hypothesis that the S F in 
the ascidian could act via a PLCy (Runft and Ja f fe , 2000; Runf t et al., 2002), another Ca^*-
sensitive isoform of the PLC. 

(2) The diffusibi l i ty of the SF must be rather high. In the model , we have assumed a d i f fus ion 
coefficient of 150 [xm2s-l, which is higher that the value that would be predicted on the basis of 
the molecular mass of the PLCÇ (about 70 kDa (Cox et al., 2002), which would correspond to a 
diffusion coeffecient of about 50 ^ m 2 s - l ) . However , our results have been obtained on the basis 
of an egg diameter of 150 ^im (corresponding to an ascidian egg), which is larger than that of a 
mouse egg (about 70 ^im), where the PLC^ has been identified. In the ascidian egg, the molecular 
weight of the st i l l-unknown sperm factor was estimated to lie in a range f rom 30 to 100 kDa 
(Kyozuka et al., 1998). This discordance might suggest that in ascidian eggs, the sperm factor 
could be an activator of a Ca"*-sensitive PLC, with a lower molecular weight than PLC itself. 

(3) Further hypothèses have to be put forward to account for the observed relocalization of PM 1. We 
have not yet simulated the possible movement of a source of SF. Simpler hypothèses such as the 
existence of a région more sensitive to InsP, in the végétal pôle, or a preferential localization of 
the SF in this same région have been tested in our model but did not lead to a good agreement 
with expérimental results. We think however that the modelling of the movement of P M I (and 
thereby the appearance of PM2) would be prématuré. Indeed, although the temporal Ca"* pat tems 
seen at fer t i l izat ion or in response to mass ive gPIP2 release are very similar , the spatial 
characteristics of both Ca"* responses are différent: in the case of gPIP2 release, the second and 
successive Ca~* waves emanate f rom PM3 in the animal pôle, whereas in the case of fertilization, 
the initiation sites of the successive Ca"* waves progressively relocate towards the végétal pôle. 
There is thus obviously a fertilization-related event -probably not mediated by Ca"*- that dictâtes 
the spatial characteristics of the late fertilization Ca^'^ spikes triggered by P M 1 and that needs to 
be better understood. 

(4) The simulations shown here above ail assume that the source of InsP,, i.e. PIP^, is présent in the 
entire egg. This assumption was found to be necessary to allow a correct propagation of the Ca"* 
wave in the entire egg. If PIPj is assumed to be located only in the plasma membrane , the Ca"* 
wave does not reach the center of the egg and does not show the correct wave front . Again, this 
can be explained by the fact that InsP, is not a global messenger in a cell as large as an egg. From 
a physiological point of view, a plausible hypothesis would be that PIPj is in fact associated with 
intracellular organelles (Rice et al., 2000). 

(5) Based on the results of our simulations, we propose that the temporal shape of the first large Ca"* 
wave dépends on the quantity of SF introduced into the egg. Thus , both the duration and the 
appearance of smaller ampli tude Ca"* spikes on the plateau phase can be modula ted by the 
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amount of SF supposed to be introduced into the egg (Fig. VI.9) . Al though such smaller-
ampli tude spikes on the plateau are not observed at the fertilization of PhaUusia mammillata 
(Dumollard and Sardet, 2001; Dumollard et al., 2002), they are clearly visible in other species 
such as Ascidiella aspersa (McDougall et al., 2000) or even in mammal s (Swann et al., 2001). 
However , even though thèse additional spikes have been observed during the ferti l ization Cic* 
wave af ter natural fertil ization, sperm extract or sperm factor R N A inject ions in Ascidiella or 
mouse eggs, no corrélation between the amount of sperm extract or sperm factor injection and the 
appearance of thèse spikes has yet been established. 

In conclusion, our study demonstrates that when InsP, is produced throughout the whole ascidian egg, 
spatial inhomogeneit ies in the ER distribution are responsible for the appearance of the artificial Ca"^ 
wave pacemaker P M 3 in the animal pôle of the egg and dictâtes the spatio-temporal characteristics of 
the Ca^* waves triggered by this pacemaker. This model also predicts that the activity of the natural 
pacemaker PMI induced by fertilization is regulated by a soluble Ca"*-activated PLC which is injected 
into the egg. This PLC should hydrolyse PIP2 in the whole egg and its activity would oscillate leading 
to oscillatory changes in InsP, mediating PMI function. This latter prédiction could only be tested by 
monitoring the spatio-temporal variations in InsP, levels in a single egg undergoing fertilization. In the 
future, the model could be extended to investigate the origins of the detailed characteristics of the Ca"* 
waves in the eggs of différent species as, for example, the periods of the waves, the exis tence of 
pacemaker zones other than those obseved in ascidian eggs or the shapes of the Ca"* spikes. 
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CHAPTER VII 

Theoretical insights into the physiological implications 
of Ca^^ oscillations 
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VII. 1. Introduction 

It is well known that Ca2+ is one of the most important intracellular messenger . A rise in the 
concentration of this ion médiates fundamental physiological processes such as fertilization, sécrétion, 
contraction, synaptic plasticity, gene expression, cell prolifération or apoptosis (Berridge et al., 1998). 
To be able to transmit such diverse types of information, Ca2+ signais are highly versatile, both in t ime 
and space. As Ca2+ rises in response to external stimulation most often take the form of oscillations, 
much information can be encoded in the temporal characteristics of thèse spikes. It was also found 
experimentally that an oscillatory Ca2+ signal can optimize the response of the cell ; this has been 
shown for gene express ion in B- lymphocy tes (Dolmetsch et al., 1998 ; Llopis et al., 1998), 
ferti l ization in mammals (Ozil, 1998), tumor necrosis factor-induced degranula t ion in neutrophils 
(Richter et al., 1990) and exocytot ic sécrétion f rom rat chromaff in cells (Malgarol i and Meldolesi , 
1991). In pancreat ic ac inar cells , in termediate levels of ace ty lcho l ine (Ach) -p roduc ing Ca2+ 
oscillations induce more sécrétion than higher concentrations of ACh inducing a high steady-state 
level of Ca2+ (Kasai and Augustine, 1990). In the liver, the mitochondrial metabolic Ca2+ output has 
also shown to be opt imized by an oscillatory level of Ca2+. Cytosol ic Ca2+ increases are indeed 
rapidly transported into the mitochondria l matrix. This increase in mi tochondr ia l Ca2+ in turn 
stimulâtes varions mitochondrial dehydrogenases. As the uptake mode of the mitochondria is short-
lived, a sustain Ca2+ increase in the cytosol only induces a transient increase in oxidative metabolism. 
In contrast , in the présence of cytoplasmic Ca2+ oscillations, the resul t ing mitochondrial Ca2+ 
oscillations are integrated and produce a sustained increase in N A D H (Hajnoczky et ai, 1995 ; Robb-
Gaspers étal, 1998) 

Besides the optimization of the physiological response by the oscillatory pat tem of the Ca2+ rise, 
within the oscillatory domain, both the level of cellular response and the f requency of oscil lations 
increase with the intensity of the external stimulation. Examples of such a frequency encoding 
phenomenon are numerous. In blowfly salivary gland (Rapp and Berridge, 1981) or in pituitary cells 
(Holl et al., 1988), the sécrétion rate clearly increases with the frequency of the répétitive Ca2+ spikes. 
In the brain, several aspects of neuronal different iat ion are encoded in the f requency of Ca2+ 
oscillations (Gu and Spitzer, 1995). Moreover, diverse neuronal processes such as synaptic plasticity 
and neurotransmitter release exhibit frequency-dependent modulation (Malenka and Nicoll, 1999). At 
the molecu la r level , it has been shown that the au to n o mo u s ac t iv i ty of the w idesp read 
Ca2+/caImodulin-sensitive kinase II (CaMKII) is sensitive to the f requency of Ca2+ oscillations (De 
Koninck and Schulman, 1998). 

The question however arises as how the cellular response can be sensitive to the frequency of Ca2+ 
oscillations. Diverse theoretical mechanisms have early been proposed. In particular, a model based on 
a réversible phosphorylat ion cycle in which the kinase is activated by Ca2+ can induce a h ighly 
nonlinear relationship be tween the f requency of Ca2+ oscillations and the level or phosphorylated 
substrate, assumed to correspond to the level of a hypothetical cellular activity (Dupont and Goldbeter, 
1992b). The existence of eff ic ient f requency coding dépends on the kinetic properties of the kinase 
and phosphatase involved in the phosphorylation cycle ; in particular, low Michaelis-Menten constants 
corresponding to the saturation of the kinase and the phosphatase - cond i t ions that give rise to the 
phenomenon of 'zero-order ultrasensit ivity '(Goldbeter and Koshland, 1981) - favor the existence of a 
sharp threshold in the frequency-activity relationship. An alternative mechanism called 'solitary spike 
détecter ' leads to the conclusion that the cell is sensitive to the number of spikes, rather than to its 
f r equency (Meyer and Stryer , 1991). It assumes the existence of k inases possess ing mul t ip le 
phosphorylation sites. As thèse sites differ by their sensitivity to Ca2+, such kinases would be sensitive 
to the temporal pattem of Ca2+ changes. 

In this chapter, we focus on three spécifie physiological Systems in which the f requency coding 
phenomenon can be studied at the molecular level. In the first section, we theoretically investigate the 
e f fec t of Ca2+ oscillations on the phosphorylation-dephosphorylation cycle controlling the activation 
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of glycogen phosphorylase in hepatocytes (section VII.2 ; Gail et al., 2000). Although the molecular 
pathway leading to glycogen dégradation is wel l -known to be activated by Ca2+, the e f fec t of an 
oscillatory Ca2+ signal is experimentally unknown, due to the lack of techniques a l lowing such an 
investigation. In the second section, we develop a simple model for the widespread CaMKII which 
however quantitatively accounts for the expérimental results obtained by De Koninck and Schulman 
(1998) in in vitro experiments (section VII.3 ; Dupont et al., 2003). One of the main advantage of this 
model is that it provides a ' toolki t ' that can be incorporated in more elaborated models a imed at 
understanding the effect of Ca2+ oscillations in complex signallling cascades. Finally, we présent in 
the last section a more prédictive model that investigates the link between the Ca2+ oscillations seen at 
fertilization in mammals and the resumption of the cell cycle (section VII.4 ; Dupont, 1998). 

V n . 2 . Activation of the liver glycogen phosphorylase by Ca2+ oscillations : a theoretical study 

VII.2.1. Introduction 

In this section (Gall et al., 2000), we theoretically explore the possible rôle of Ca2+ oscillations in the 
régulation of a phosphory la t ion-dephosphory la t ion cycle involved in g lycogen dégrada t ion by 
glycogen phosphorylase in hepatocytes (for review see Bollen et al., 1998). This process plays a vital 
rôle in the régulation of glycaemia, providing glucose for the organism between feeding. Hormones 
control hepatic g lycogen metabol ism through t ransmembrane signall ing pa thways dépenden t on 
c A M P and/or Ca2+. In particular, glycogenolysis can be promoted by hormones , like vasopressin , 
acting primarily through the phosphoinositide signalling pathway (Kraus-Friedmann and Feng, 1996) 
and leading to intracellular Ca2+ mobilization. The corresponding rise in the level of cytosolic Ca2+ 
affects the dynamics of phosphorylase kinase, activating glycogen phosphorylase which controls 
glycogen dégradation (see Fig. VII. 1). On the other hand, it has been shown that répétitive Ca2+ spikes 
occur in hepatocytes in the présence of vasopressin (Woods et al., 1986). Therefore , the control of 
glycogen phosphorylase by Ca2+ provides a prototypic System to study the impact of Ca2+ oscillations 
on cellular régulation. 

Glycogen 
phosphorylase b 

V 

Phosphorylase 
kinase 

Phosphorylase 
phosphatase 

2+ / 
Glycogen 

phosphorylase a 

Glycogen Glucose 

Fig. VII. 1. Scheme of the phosphorylation-dephosphorylation cycle considered for the control of glycogen dégradation. The 

System involves glycogen phosphorylase and its converter enzymes. The activation of phosphorylase kinase by Ca"* is taken 

into account. 

y 11.2.2. Model for Ca2+ control of glycogen phosphorylase 

The funct ion of glycogen phosphorylase is to govern glycogen dégradation. The enzyme acts as a 
sensor of blood glucose level, liberating glucose f rom stored glycogen as needed. The dynamics of the 
Ca2+-associated phosphory la t ion-dephosphory la t ion cycle involving g lycogen phosphory la se is 
illustrated in Fig. VII. 1. Glycogen phosphorylase is converted from the inactive b fo rm into the active 
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a - f o r m by phospho ry l a se k inase , and inact ivated by a phospha tase . P h o s p h o r y l a s e k inase is a 
hexadecamer composed of four différent subunits (04^47404). The ô subunit is identical to ca lmodul in 
and médiates the Ca2+-sensitivity of phosphorylase kinase (Cohen et a/ . , 1978). 

T h e min imal mode l w e use fo r the phosphory la t ion-dephosphory la t ion cyc le is ba sed on the 
bicyclic cascade mode l p roposed by Cardenas and Goldbeter (1996) fo r the control of g l y c o g e n 
phosphory lase and g l y c o g e n synthase by glucose . Th i s model bas proven to be cons i s ten t wi th 
expérimental f indings concerning the sequential changes in the activity of glycogen phosphorylase and 
glycogen synthase observed fo l lowing the addit ion of suprathreshold amounts of g lucose . F r o m the 
original model , we have only retained the équation pertaining to the dynamics of the phosphory la t ion-
dephosphorylat ion cycle control l ing the activation of glycogen phosphorylase . W e have ex tended the 
model to take into account the act ivation of g lycogen phosphory lase by cytosol ic Ca2+ (Z) . T h e 
balance équation g o v e m i n g the t ime évolution of the fract ion of active glycogen phosphory lase {Pha) 
is given by : 

1 + a Pha 

^ - v . ( Z ) ^ ' - 7 ° ^ - V . . < v , u , 
dt Ki(Z) + \-Pha K2 ^ pj^^ 

, Glc 
1 + -

^ a 2 

where Glc represents the intracel lular concentrat ion of glucose. Ail m a x i m u m rates and Michae l i s 
constants fo r the converter enzymes are normalized by division by the total concentrat ion of g lycogen 
phosphorylase. The glucose dependency in equ. (VII. 1) arises f rom the fact that the binding of glucose 
to the act ive site of the e n z y m e makes it more suscept ible to inact ivat ion by dephosphory la t ion 
(S ta lmans et al., 1987). Thus , g lucose is assumed to act on bo th the max ima l veloci ty and the 
Michael is constant of the phosphatase. The sensitivity of phosphorylase phosphatase to glucose a l lows 
the glycogen phosphorylase to act as a glucose sensor. W e focus here on the act ivation of g lycogen 
phosphorylase by Ca2+ (Z). W e assume a constant c A M P level, so that the rates of phosphoryla t ion of 
g lycogen phosphory lase k inase by the cAMP-dependen t kinases are taken as constant pa ramete r s . 
Moreove r , w e cons ider he re a s i tuat ion where the g lucose level is cons tan t and low (10 m M ) , 
p romot ing the act ivat ion of the g lycogen phosphorylase . Concern ing the Ca2+ dependency of the 
p h o s p h o r y l a s e k inase , it has been shown exper imen ta l ly ( D o o r n e w e e r d et al., 1982) that Ca2+ 
st imulâtes phosphorylase k inase activity by increasing its max imum rate and lower ing its Michae l i s 
constant for phosphorylase b. In this model , we assume that Ca2+ activâtes the phosphory lase k inase 
(of m a x i m u m rate VMI and normalized Michaelis constant K] ) by decreasing the K„, of the enzyme , 
with an activation constant ATaô, and further activâtes the enzyme by enhancing its m a x i m u m rate by a 
multiplicative factor y, with an activation constant K^s- In addition, there is a Ca2+-independent te rm 
in the expression for V\ because some basai activity of the liver phosphorylase kinase is still observed 
in the absence of Ca2+: 

1 + 7 
1 Z 

As ca lmodul in is involved, w e as sume that the act ivat ion of phosphory la se k inase by Ca2+ is a 
coopérat ive process (Klee and Vanaman , 1982). The activation constants (A'„5 and were chosen 
to be 0 .5 nM in agreement with the values observed in crude rat liver f ract ions (Khoo and Steinberg, 
1975; V a n d e n h e e d e et al., 1977). In view of the regulatory rôle exer ted by Ca2+ in phys io log ica l 
condi t ions , such values seem plausible , even if lower values have been repor ted fo r the pur i f i ed 
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enzyme (Chrisman and Jordan, 1982). 

VII.2.3. Effect of Ca^+ oscillations on glycogen phosphorylase activity 

Our initial approach is to compare the activation of glycogen phosphory lase by Ca2+ oscillations 
relative to the activation obtained by a stimulation with a constant level of cytosolic Ca2+ (Z) of the 
same average value. To this end, we first have to détermine the response of the model to a stimulation 
by a sustained Ca2+ level. This corresponds to the stable steady-state values for Pha as a function of Z. 
The solution can be obtained analytically and is def ined by dPha/dt = 0 with O^Pha^l [eqns 
(VII. I) and (VII.2)]. The resuit is shown in Fig. VII.2(a). It can be seen that the relation between the 
fraction of active phosphorylase and the cytosolic Ca2+ concentration has a steep sigmoidal nature. 
This resuit is a direct conséquence of the saturation of the converter enzymes by their substrates, 
leading to a phenomenon known as 'zero-order ultrasensitivity' (Goldbeter and Koshland, 1981), and 
of the cooperativity in the kinase activation by Ca2+ (Dupont and Goldbeter , 1992b). Interestingly, in 
the case of muscle glycogen phosphorylase (Meinke et al., 1986), ' zero-order ultrasensit ivi ty ' has 
indeed been demonstrated experimentally. To study the effects of Ca2+ oscillations on the dynamics of 
the phosphorylation-dephosphorylation loop, we investigate the effects of sinusoidal Ca2+ oscillations 
on the phosphorylase a levels. Thus, we describe the level of cytosolic Ca2+ as a function of t ime t as: 

Z = A + Bsiniljtvt) • (VII.3) 

where v stands for the f requency of the sinusoidal variation of Z and the parameters A and B a r e 
chosen to match the observed ampli tudes of Ca2+ oscillations in hepatocytes (A - 0.3 \iM, B = 0.25 
liM). 

Although sinusoidal-shaped oscillations do not resemble the oscillations observed experimentally, 
their temporal characterist ics are easily controlled through the di f férent parameters . This allows a 
c learer analysis of the impac t of the pat tern of Ca2+ osc i l la t ions on the d y n a m i c s of the 
phosphorylation-dephosphorylation cycle. It has been shown experimentally (Woods et ai, 1986) that 
the frequency of the oscillations increases with the level of stimulation while their amplitude remains 
approximately constant. To test whether the activation of glycogen phosphorylase could be sensitive to 
the frequency of Ca2+ oscillations, v , we have compared the phosphorylase a levels averaged over one 
period of the sinusoidal oscillation, <Pha> for différent values of v with the steady-state value of Pha 
corresponding to the mean value Z = A. The <Pha> levels are obtained by numerical intégration of eqn 
(VII. 1) with Z given by eqn (VII.3). The time séries obtained for increasing values of the Ca2+ 
oscil lat ions f requency , v and the corresponding <Pha> are shown in F ig . VII .2(a) and (b), 
respectively. 

At low frequency [dotted curve in Fig. VII.2(a)], the phosphorylation-dephosphorylation dynamics 
is faster than the kinetics of Ca2+ oscillations, thus the kinase and the phosphatase can proceed so 
rapidly that the System stays close to its steady state. Even in this situation, the average phosphorylase 
a levels are higher than those obtained with a stimulation by an équivalent sustained Ca2+ level of 0.3 
|xM [compare solid and dotted curves in Fig. VII.2(b)]. This effect is a direct conséquence of the steep 
sigmoidal nature of the relation between the fraction of active phosphorylase and the cytosolic Ca2+ 
concentration. Indeed, the latter relation allows the increase in Ca2+ concentration occurring during the 
half-period when Z is above its mean value {A = 0.3 ^iM) to switch the System f rom a situation in 
which most of the phosphorylase is unphosphorylated into a situation in which this enzyme is largely 
phosphorylated. 

A s the f r e q u e n c y of Ca2+ osc i l l a t ions increases , the k ine t i c s of the p h o s p h o r y l a t i o n -
dephosphorylation cycle starts to play a substantial rôle. The change in Ca2+ concentration becomes 
faster than the change in phosphorylation. The instantaneous fraction of phosphorylated protein is not 
able to reach its steady-state value. This is illustrated in Fig. VII. 3(b)-(d) where the t ime séries have 
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been plotted in the {Pha, [Ca2+],) plane for différent values of v . Moreover , the kinet ics of the 
converter enzymes allows on its own a further increase of the <Pha> levels. This increase is induced 
by the fact that the maximum rate of the phosphorylase activation by the kinase is higher than the 
max imum rate of inact ivat ion by the phosphatase . Therefore, s igni f icant dephosphory la t ion of 
glycogen phosphorylase is only possible when the time interval between two successive Ca2+ spikes is 
large enough. At higher frequency, dephosphorylation between successive Ca2+ spikes is not complète 
and higher <Pha> levels can be maintained. This dependence of <Pha> levels on the f requency of 
Ca2+ oscil lat ions could allow a dependence of the physiological response of the cell on the sole 
frequency of Ca2+ oscillations, a phenomenon that we refer to as 'pure frequency encoding ' . 
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Fig. VII.2. Effect of a stimulation by a sustained élévation of cytosolic Ca"* concentration and by sinusoidal Ca"* oscillations 

on phosphorylase a levels, Pha. Panel (a) shows the phosphorlyase a levels time séries for increasing values of the Ca"* 

oscillations frequency, v, obtained by numerical intégration of eqn. (VII. 1) with Z given by eqn. (VII.3) with A = 300 nM 

and B = 250 nM. The values of the parameters are Glc = 10 mM, A';^=0.1, A'2 = 0.2, KQ] = Ka2 = '0 mM, Ka5 = Ka6 = 

0.5 nM, a = Y = 0.9. V ^ / = 1.5 min"', = 0-6 min"'. Using the same parameters as in (a) : ( . . . ) v = 0.1 min"', ( ) 

V = 1 min-1, (-) V = 3 min"', (b) Shows the frequency sensitivity of the phosphorylation-dephosphorylation cycle, obtained 

by evaluating the phosphorylase a levels averaged over the period of oscillation, <Pha> as a function of ( ). The Pha levels 

obtained with a stimulation by an équivalent sustained Ca~* level (Z = 350 nM) are shown for comparison (...). The 

shows the effect of a ten-fold decrease in the maximum rates Vyvf/ and Vn^2 on the frequency response of the System : steady 

State (Z = 300 nM), . . . ; oscillations (V)̂ /y = 1.5 min"', Vjvf2 = 0-6 min-l), ; oscillations (Vjv/y = 0.15 min"', 

VM2 = 0.06 min-1) , - - - . 
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Fig. VII. 3. Dynamics of the phosphorylation-dephosphorylation cycle in response to stimulation by a sustained élévation of 

cytosolic Ca"* concentration or by sinusoidal Ca'* oscillations. The shown in (a) gives the stable steady-state values for 

Pha as a function of Z. The values of the parameters are GIc = 10 mM, A'/'= 0.1, = 0.2, Kai = KQ2 - '0 mM, KQ^ = Ku6 

= 0.5 |j.M, a = Y = 0.9, Vyv/y = 1.5 min"'. = 0.6 min"'. The closed curves in (b)-(d) are projections, for increasing values 

of the Ca"* oscillations frequency v, of the time séries obtained by numerical intégration of eqn VII. 1 with Zgiven by eqn 

(Vn.3) (same parameter values as in Fig. VII.2). For increasing v the System moves away from its steady-state values (shown 

in ) and the progressive accumulation of phosphorylase a can be observed. 

W e h a v e a lso inves t iga ted the e f f ec t of the m a x i m u m rates of the p h o s p h o r y l a s e k inase and 

phospha ta se on the relat ion be tween <Pha> and the f requency of Ca.-+ osc i l l a t ions . W e have thus 
varied the parameters VMI and VM2 while keeping their ratio constant , so that the s teady-state values 
for Pha as a funct ion of Z are unchanged. The corresponding resuit is i l lustrated in Fig. VII .2(b) where 
the dashed curve shows the e f fec t of a tenfold decrease of the m a x i m u m rates VMI and VM2 on the 
f r equency response of the system. A s expected intuitively, at low f requenc ies of Cd.-+ osci l lat ions, the 
d i f f é r e n c e be tween the response of the sys tem to a constant Ca2+ increase and the r e sponse to an 
osci l la t ing Ca2+ is larger when the k inase and phospha tase are s lower . A g a i n , th is s low enzymat ic 
kinetics implies that Pha does not adjus t to its steady-state value. Because the k inase is fas ter than the 
phosphatase , Pha remains phosphoryla ted most of the t ime and, in conséquence , the <Pha> levels start 
to inc rease at lower f r equenc i e s in Fig. VII .2(b) . Th i s suggests that p r o c e s s e s charac te r i zed by 
d i f férent intrinsic t ime-scales are sensitive to différent ranges of f requencies of Ca2+ oscil lat ions. 
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VII.2.4. Potentiation of hormonal stimulation of glycogenolysis by Ca2+ oscillations 

As ment ioned above, Ca2+ oscillations that occur in physiological condi t ions in hepatocytes are not 
sinusoidally shaped. Fur thermore , it is interesting to study the impact of Ca2+ osci l la t ions in the 
physiological context of hormone- induced glycogenolysis . Indeed, the level of hormonal stimulation 
affects both the frequency of Ca2+ oscillations and the mean level of Ca2+. Here , we use a theoretical 
approach to investigate if realistic Ca2+ oscil lat ions confer a signall ing advantage in the hormonal 
s t imulat ion of g lycogenolys i s . In hepatocytes , répéti t ive Ca2+ sp ikes can be ob ta ined by the 
appl icat ion of Ca2+-mobilizing agonists , act ing through the phosphoinos i t ide signall ing pa thway 
(Woods et al., 1986). Each transient rises within 3 s f rom basai Ca2+ (about 100 nM) levels to a peak 
of at least 600 nM and has a duration of approximately 7 s. The oscillation per iod varies, f rom 0 .3 to 4 
min, depending on the agonist concentration. In thèse conditions, a rise both in the f requency of Ca2+ 
oscillations and in the average Ca2+ concentration is observed. Several models have been proposed to 
explain the underlying mechanism of thèse simple periodic oscillations (for review, see Sneyd et al., 
1995; Dupont , 1999). In this study, we have chosen to use the minimal model originally proposed by 
Goldbeter et al. (1990) which assumes that the oscillations are caused by the interplay between two 
releasable pools of Ca2+, one sensitive to the Ins{l ,4,5)PT, and the other act ivated by Ca2+ (see Table 
1.2). Even if this model does not represent accurately the exact physiological mechanism underlying 
Ca2+ oscillations in hepatocytes (Thomas et al., 1996), it provides a realistic Ca2+ spike generator. In 
addition, we have checked that the results presented here below remain qualitatively unchanged when 
using another model for Ca2+ osci l lat ions. This is intuitively obvious as there is no feedback of 
phosphorylase kinase activity on Ca2+ oscillations. 

The mode l fo r control of phosphory lase act ivi ty by ho rmone induced Ca2+ osc i l l a t ions is 
constituted by combining eqns (I.l)-(1.4) with eqn (VII. 1). Figure VII .4 shows the t ime courses of 
cytosolic Ca2+, Z, and of the fraction of active phosphorylase, Pha, at a given level of st imulation 
P = 0 .3 , ob ta ined by numer ica l intégrat ion of the équat ions of the mode l . In the p résence of 
incrémental concentrat ions of Ca2+-mobilizing agonist, the increase in lns{l,4,5)P2 leads to a rise in 
the s t imulat ion parameter |3 and, subsequent ly, to a higher f requency of Ca2+ oscil lat ions and an 
increased mean Ca2+ level <Z>. 
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Fig. VI1.4. Cytosolic Ca"* concentration, Z ( ) and phosphorylase a levels, Pha ( ) time courses al a given level of 

stimulation corresponding to \i = 0.3. The curves are obtained by numerical intégration of eqns (I.l)-(1.4) and (VII. 1). The 

values of the parameters are GIc = 10 mM, K}l=0.\. K2 = 0.2. Ka] = Ka2 = \Q mM, KaS = Ka6 = 0.5 nM, a = y = 0.9, 

VM] = 1.5 min-1, Vyvf2 = 0.6 min"', n = m = 2 , p = 4, VQ = 1 fiMmin"', v\ =5.7 (iMmin"', VM2 = 30 ^iMmin"', VM3 = 325 

^Mmin-1, Ki = 0.5 ^M, ATR = 1.7 nM, Kf^ = 0.46 \M. 
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W e have examined if this frequency encoding is more efficient than the encoding based on varying 
the amplitude of a steady level of cytosolic Ca2+. For this purpose, we have numerically evaluated the 
phosphorylase a levels averaged over one period of the Ca2+ oscillation, <Pha>, for increasing values 
of p. The resuit is illustrated in Fig. VII.5(a) where the response of the model to a stimulation by a 
sustained cytosolic Ca2+ concentration is also shown for comparison. It is clear that in the range of P 
values producing oscillations (0.1< P<0.46) the average fraction of phosphorylated phosphorylase is 
larger than in the corresponding steady state situation. Figure VII.5(b) which is based on the same 
results as Fig. VII.5(a), provides a comparison between the <Pha> induced by a constant (dashed line) 
and that by an oscillating level of Ca2+ (solid line) as a function of the average Ca2+. It should be 
noted that as periodic Ca2+ spikes can only be obtained in a limited range of P values, <Pha> values 
are only computed in the corresponding <Z> range. Outside this domain , <Pha> corresponds to 
steady-state values of Pha. For ail values of <Z> where periodic Ca2+ oscillations exist, the <Pha> 
levels are higher than those obtained with an équivalent stimulation by a steady cytosol ic Ca2+ 
concentration. This clearly demonstrates that frequency coding based on Ca2+ oscillations potentiates 
the cell response to a hormonal stimulation. 
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Fig. VII. 5. Potentiation of a hormonal stimulation by Câ * oscillations. In the présence of incrémental concentrations of 

hormone, the increase in ,4,5)^3 leads to a rise in the stimulation parameter p and, subsequently, to a higher frequency 

of Ca"* oscillations and an increased mean Ca"* level <Z>. We compare this frequency encoding to the encoding based on 

varying the amplitude of a steady level of cytosolic Ca"*. Panel (a) shows the phosphorylase a levels averaged over one 

period of the Ca"* oscillations, <Pha>, for increasing values of the stimulation parameter p ( ) and the <Pha> levels 

obtained with a stimulation by an équivalent sustained cytosolic Ca"* concentration (corresponding to the steady-state values 

of eqns (I.l)-(1.4), given by (vO+vip)//:) ( ). Periodic Ca'* spikes can only be obtained in a bounded range of p values. 

For ail values of p where periodic Câ * oscillations occur, the <Pha> levels are higher than those obtained with an équivalent 

stimulation by a steady cytosolic Ca"* concentration. Panel (b) shows the <Pha> values in the limited <Z> range where 

periodic Ca"* spikes are obtained. Except for p, the values of the parameters are the same as in Fig. VII.2: , Ca"* 

oscillations; , steady state. 

VII.2.5. Discussion 

Our minimal model for the control of glycogen phosphorylase activity by Ca2+ suggests that Ca2+ 
oscillations could play an important rôle in the régulation of glycogenolysis in hepatocytes. Indeed, we 
have first shown by simulating sinusoïdal variations of the level of cytosolic Ca2+, Z, that a given level 
of active phosphorylase can be induced by lower average Ca2+ levels when Ca2+ oscillâtes. In other 
words, oscillations decrease the effective Ca2+ threshold for the activation of glycogen phosphorylase. 
In that respect, we recover the expérimental results obtained by Dolmetsch et al. (1998) as to the 
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expression of transcription factors in lymphocytes. It would thus be highly interesting to investigate if 
s imilar expér imenta l t echniques could be used to measure the e f f ec t of Ca2+ osc i l l a t ions on 
glycogenolysis. 

In addition to this effect , a fur ther modulat ion of the <Pha> levels can be induced when the 
f requency of the oscil lat ions reaches a similar t ime-scale as the m a x i m u m rate of the conver ter 
enzymes involved in the phosphorylation-dephosphorylation cycle. This dépendance of <Pha> levels 
on the oscillations f requency could allow 'pure frequency encoding" (i.e. coding by an increase in 
Ca2+ spiking f requency without modificat ion of the mean Ca2+ level). This kinet ic e f fec t leads to 
substantial régulation of <Pha> levels for a large (ten-fold) variation in the oscillation f requency [see 
Fig. VII.2(b)]. In physiological conditions, the [Ca2+], oscillation frequency does vary in such a range 
in hepatocytes (Woods et al., 1986), between 0.3 and 4 min-1. Nevertheless, as shown in Fig. VII.2(b), 
substantial régulation by 'pure frequency encoding" occurs in a defmite f requency interval requiring a 
fine tuning of the kinetic parameters of the phosphorylation-dephosphorylation cycle. In this context, 
it is remarkable that our results, based on an already tested model (Cardenas and Golbeter , 1996), 
show that the interval of f requenc ies of Ca2+ oscillations providing a sizable modula t ion of the 
activation of glycogen phosphorylase lies precisely in the physiological range. Therefore , ' pu re 
frequency encoding' is likely to play a substantial rôle in the régulation of glycogenolysis. 

Another interesting feature of the présent model concerns the fact that the level of activity of the 
phosphorylase kinase oscillâtes in phase with Ca2+ oscillations. That the latter assumption is realistic 
f rom the point of view of the intrinsic t ime-scales of phosphorylase kinase activation is corroborated 
by expérimental observations on pancreatic acinar cells (Craske et al., 1999). In this cell type indeed, 
it has been shown that ca lmodul in translocation into the nucleoplasm by a Ca2+-CaM-dependent 
pathway allows the calmodulin concentration to oscillate in synchrony with Ca2+ spikes in the apical 
région. As the ô subunit of phosphorylase kinase is identical to calmodulin and médiates the Ca2+ 
sensitivity of the enzyme, the variations in the level of activity of the phosphorylase kinase could 
indeed fo l low the hormone- induced Ca2+ spikes. Furthermore, using a mode l for realist ic Ca2+ 
oscillations based on the mechanism of Ca2+ - induced Ca2+ release (CICR), we have explored the 
impact of Ca2+ osci l la t ions on the cell response to hormonal s t imulat ion. An increase in the 
stimulation parameter (P) induces a higher frequency of Ca2+ spiking and also a larger mean value for 
the Ca2+ concentration. In thèse conditions, it appears that both effects are involved in the increase in 
the average f rac t ion of phosphory la ted phosphory lase occurring af ter a r ise in s t imulat ion in 
hepatocytes. Thus, in addition to avoiding potential damage to the cell and increasing the robustness in 
signal détection at low levels of stimulation (Rapp et al., 1981; Rapp, 1987), Ca2+ oscillations seem to 
optimize the effect of hormonal stimulation. In conclusion, this theoretical study suggests that Ca2+ 
oscillations could play a funct ional rôle in the régulation of glycogenolysis at the single-cell level. 
Interestingly, récent expérimental findings plead in favour of this hypothesis, also at the multicellular 
level. The intracellular Ca2+ waves recently observed in intact livers perfused with vasopressin have 
indeed been shown to allow the coordination of the glycogenolytic response at the level of the whole 
organ (Eugenin et al., 1998). 

VII.3. Sensitivity of CaM kinase II to the frequency of Ca2+ oscillations: a s imple model 

VII.3.1. Introduction 

In neurons, muscle and many non-excitable cells, stimulation by a neurotransmitter or a hormone leads 
to the onset of répétitive Ca2+ spikes, sparks, puffs , and waves (Meyer and Stryer, 1991; Berridge and 
Dupont , 1995; Berridge et al., 2000; Bootman et al., 2001; Schuster et al., 2002). Thèse oscil latory 
intracellular Ca2+ signais in t u m médiate varions cellular processes such as gene expression, sécrétion, 
contraction, cell prolifération, fertilization, synaptic plasticity or neurotransmitter release (Berridge et 
al., 2000; Thomas et al., 1996). Many of thèse phenomena have been shown to be inf luenced by the 
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frequency of Ca2+ oscillations, as well as their subcellular location (Holl et al., 1998; Gu and Spitzer, 
1995; Hajnoczky et al., 1995; Dolmetsch et al., 1998; Llopis et al., 1988; Eshete and Fields, 2001; 
Petersen, 2002). A key candidate as molecular link be tween thèse cel lular responses and the 
oscillatory Ca2+ signal is the ubiquitous multifunctional Ca2+-calmodulin kinase II (CaMKII) . This 
multisubunit protein has indeed long been proposed to be a décoder of the frequency of Ca2+ spikes, 
as a resuit of numerous detailed molecular and biochemical analyses of the rules that govern its 
activation and autophosphorylat ion (Braun and Schulman, 1995; Hudmon and Schulman, 1992a). 
More recently, this proposai was tested experimentally, leading to the démonstrat ion that CaMKII is 
indeed able to décode the number and frequency of Ca2+ oscillations (De Koninck and Schulman, 
1998). Such feature of C a M K I I may be involved in the f requency-dependent fo rms of synapt ic 
plasticity, learning and memory that the kinase controls [for reviews, see Malenka and Nicoll , 1999 
and Lisman et al., 2002]. 

Fig. VII.7. Schematic représentation of the structure of CaMKII dodecameric holoenzyme, based on the structural model of 

(Kolodziej et al., 2000). Radiating catalytic subunits are attached to a central core of association domains. Given spatial 

constraints, inter-subunit phosphorylation is expected to occur only between immédiate neighbors, which both bind Ca" -

CaM simultaneousiy. 

CaMKII (Fig. VII .7) is composed of ~12 subunits, made of closely related i soforms that are 
arranged in a unique "hub and spoke" structure, with the catalytic and regulatory sites on the outside 
(spokes) and the supramolecular association domain (hub) inside (Kanaseki et al., 1991; Kolodzie j et 
al., 2000; Morris et al., 2001). Activation of CaMKII corresponds to the suppression of an auto-
inhibitory mechanism. In low Ca2+, the catalytic site is thought to be covered by an inhibi tory 
segment. When Ca2+ rises, b inding of the Ca2+-CaM complex induces a conformat ional change , 
relieving the auto-inhibit ion mechanism. The Ca2+-CaM-bound subunit then becomes ful ly act ive 
(Braun and Schulman, 1995; Schulman et al., 1992; Hanson et al., 1994; Soderling et al., 2001). Such 
a subunit can then phosphorylate various substrates as well as Ca2+-CaM-bound neighboring subunits 
of the same holoenzyme (Hanson et a\., 1994; Mukherj i and Soderling, 1994; Rich and Schulman, 
1998). This inter-subunit reaction occurs at Thr286 or Thr287^ for a - and P-isoforms respectively, and 
disrupts the interaction between the autoinhibitory domain and the catalytic site; in conséquence, an 
autophosphorylated subunit keeps some level of activity (20-80% depending on the substrate) even 
af te r d issocia t ion of Ca2+-CaM. Interest ingly, au tophosphory la t ion also mod i f i e s the ra te of 
dissociation of CaM by an increased factor of 1000 to 10000. CaM is thus said to be ' t rapped ' by the 
multimeric complex (Meyer and Stryer, 1991; Singla et al., 2001). C a M trapping was believed to be a 
key élément in the ability of CaMKII to décode the frequencies of Ca2+ (Meyer and Stryer, 1991; 
Hanson et al., 1994; Holmes, 2000; Coomber, 1998). 
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The complex régulation of this molécule and the attractive hypothesis that it may act as a molecular 
décoder of Ca2+ oscil lat ions have prompted several groups to develop theoretical models to gain 
further understanding in its dynamical behavior. In most models however , the f requency-dependent 
au tonomous activity of CaMKII must be ascribed to the s imultaneous présence of phosphatases 
(Hanson et al., 1994; Holmes , 2000; Coomber, 1998; Prank et al., 1998; Michelson and Schulman, 
1994; Dosemeci and Albers, 1996; Okamoto and Ichikawa, 2000; Lisman and Zhabot insky, 2001). 
Yet, the expérimental results of De Koninck and Schulman (1998) revealed that the isolated kinase 
itself exhibits f requency-dependent autonomy. Indeed, when CaMKII was immobil ized inside PVC 
tubing and subjected to puises of Ca2+-CaM of variable amplitude, durat ion and f requency , the 
kinase 's response was highly sensitive to the frequency, duration and amplitude of Ca2+-CaM spikes, 
even in the absence of phosphatases. A récent model developed by Kubota and Bower (2001 ) accounts 
for the latter results. Here, we concentrate on building a minimal model for the régulation of CaMKII 
by Ca2+-CaM, which quantitatively reproduces expérimental results (Dupont et al., 2003a). Indeed, 
t ightly limiting the parameters of the model to expérimental conditions has first been important to 
properly test its validity. The model then investigates the rôle of several characterized features of the 
kinase - a s well as some that are not easily attainable by exper iments - in its f requency-dependent 
responses. W e find that C a M trapping accounts for only a small effect in the sensitivity of the kinase 
to the f requency of Ca2+ oscillations. Our simulations lead to a novel prédiction on the behavior of the 
kinase when it is exposed to brief f o rms of Ca2+ spikes, such as those obse rved at cel lular 
microdomains (e.g. neuronal synapses, Ca2+ store membranes). Our simple model provides a usefu l 
tool to dissect the regulatory features of CaMKII and should be helpful in the des ign of more 
comprehensive cellular models of Ca2+ signaling. 

VII.3.2. Model description 

In our model for CaMKII activation by Ca2+-CaM, we focus on the t ime-evolution of the amounts of 
subunits in the d i f fé ren t states, regardless of their association to a spécif ie ho loenzyme . Each 
concentra t ion is scaled by the total amount of subunits. In the absence of C a M and prior to 
stimulation, ail the subunits are in the inactive form W j ; after binding of the Ca2+-CaM complex, the 
subunit is called WB- An autophosphorylated subunit is represented by the W p symbol . When Ca2+ 
dissociâtes f rom C a M bound to the phosphorylated form, the form becomes W T (i.e. with 'trapped' 
CaM). Finally, the phosphorylated state of the subunits from which C a M has dissociated (which is 
said to be autonomous) is represented by W A (see Table VII. I). Each possible state of the subunits is 
moreover character ized by an 'activity coeff ic ient ' (cj) that measures its phosphoryla t ion activity 
compared to the max imum Ca2+-CaM-stimulated CaMKII activity, which occurs for the subunits in 
the phosphorylated state (Wp) . As in the case of the expérimental démonstrat ion (De Koninck and 
Schulman, 1998), we are limiting our model to the activation of CaMKII by the Ca2+-CaM complex 
(Ca2+-saturated CaM), without introducing différent binding modes and kinetics of Ca2+ to CaM. 
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Fig. Vn.8. Schematic représentation of the simple model for the activation of CaMKII by the Ca'*-CaM complex. The model 

describes the évolution of the fractions of subunits in each possible state. Thèse states are listed in Table VII.I. Thus, the 

model does not explicitly consider the location of the subunits in the spatially organized holoenzyme. Ail transitions are 

assumed to be réversible, except for the autophosphorylation step (V̂ ^̂ ) due to the absence of phosphatases. 
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Inactive W i no 0 % 

Bound W B 4Ca2+-CaM no 7 5 % 

Piiosphorylated W p 4Ca2+-CaM yes 1007c 

Trapped W T CaM yes 8 0 % 

Autonomous W A yes 80% 

Table VII.l: List of the possible states of the subunits of CaMKII that are considered in the model. The expérimental values 

for the activity coefficients are difficult to obtain with certainty (Hanson and Schulman, 1992; Colbran, 1993). The values 

indicated here above are those used in the model; the effect of changing thèse coefficients is discussed in section VII.3.4. 

T h e t rans i t ions be tween the var ious poss ible states of the k inase subuni t s are s chema t i zed in 
Fig. VII .8. In order to make the model s imple and realistic, we descr ibe the t rans i t ions be tween the 
various states shown in Fig. VII .8 by classical kinetic expressions. 

Binding and dissociat ion of Ca2+-CaM to and f r o m the unphosphorylated f o r m W i are a s sumed to 

be Ca2+-independent react ion s teps character ized by the kinetic cons tants k j B (assoc ia t ion) and kBI 
(dissociation): 

Ca4''/CaM\Wi (VU A) 
dt 

where ^Ca4'*" /CaM represents the concentration of C a M in its mos t act ive f o r m , i.e. bound to 4 Ca2+ 

ions. T h e Ca2+-CaM-bound f o r m W B can both re lease its ligand or be phosphory la t ed . T h e lat ter 

reaction occurs be tween a subunit in the W B fo rm and another Ca2+-CaM-bound subunit ( W B ) , or any 

o ther phosphory la ted subunit ( W p , W j or WA ) . Thus the rate of phosphory la t ion of W B into W p 

dépends on the amounts of subunits in the différent states and can be phenomenologica l ly written as: 

VA=KJ{csWBf+{cBWs){cpWp) + {csWs){cTWT) + {cBWB){cAWA)] ( V I I . 5 ) 

However , as such, equ. (VII .5) does not consider the fact that subunits probably have to be ne ighbors 
wi th in a h o l o e n z y m e (Braun and Schu lman , 1995; H u d m o n and S c h u l m a n , 2 0 0 2 a ; 2 0 0 2 b ) f o r 
phosphoryla t ion to occur. T o incorporate this requirement in Equ. (VII.5), we m a k e KA dépenden t on 
the total f ract ion of active subuni ts ( T = W B + W P + W A + W T ) : if the fract ion T is low, the probabii i ty of 
an arbitrarily selected bound subuni t to be adjacent to an active subunit is very low (and thus K/^ mus t 
be very small) . T h e probabi i i ty increases with T in a non-l inear manner as the subuni ts progress ive ly 
fill the "hub and spoke" structure. A m o n g other possibili t ies, such condi t ions are quali tat ively sat isf ïed 
by a cubic funct ion of T such as: 

= KAI^T + bT~ + c r ^ } ( V I I . 6 ) 

T h e latter empir ica l func t ion a l lows us to keep the model as s imple as poss ib le wi thout cons ider ing 
explici t ly the location of each s imulated subunit . Simpler expressions for the au tophosphory la t ion rate 
V A depending only on W B did not allow us to reproduce the expérimental results. Parameters a, b and 
c are fi t ted to get good ag reemen t with expér imenta l data [Fig. 3A of (De K o n i n c k and Schu lman , 
1998)], with the other parameter values taken f rom the littérature (see below and Table VII.2) . 
T h e évolut ion équat ion for W B thus reads: 
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^ ^ k J c a l ^ l C a M 
dt L 

"^I-kBl^B-VA (VII.7) 

Once phosphorylated, we reason that trapped CaM on the kinase may release Ca2+ when local Ca2+ is 
low. Thus, 

dWp r „ 

dt 
= VA-kpjWp+kjp]^a^^'^ Wj (VII.8) 

If autophosphorylat ion is assumed to be bi-directional (as it is the case in most s imulat ions) , the 
A'^(cgVyg)" term in Equ. VII.5 is multiplied by 2. Other terms are left unchanged as when a Ca2+-
CaM bound subunit is adjacent to a phosphorylated (Wp) , trapped ( W j ) or autonomous (WA ) one, 
only one phosphory la t ion react ion can occur (on W B ) because the o ther subuni t is a l ready 
phosphorylated. However , the values of the phenomenological parameters appearing in the expression 
of KA (Equ. VII.6) have to be changed also as compared to the unidirectional case, as a bound subunit 
can now be phosphorylated by an active neighbor on its right or on its left. Trapping is taken into 
account by assuming that the kinetic constant for CaM dissociation f r o m a phosphorylated subunit 
{kjA) is 1000 times lower than the same reaction f rom a non-phosphorylated subunit (kBi)- Binding 
and dissociation of Ca"* to and f rom the kinase/CaM complex are assumed to be fast react ions (see 
Table VII.2). The last 2 équations of the model describing the reaction scheme illustrated in Fig. VII.8 
thus read: 

dWj 

dt [ - 4 
Ca}^ W-p- kjA + f^AT [CaM] (VII.9) 

^ = kTAWT-kAT[CaM]WA (VII.IO) 
dt 

The latter équation must in fact not be integrated explicitly, as the sum of ail subunit f ract ions must 
remain constant and equal to 1. The value of the kAT constant, which represents the rate of binding of 
naked C a M to an autonomous subunit of CaMKII, is not known but can be assumed to be very small. 
However , as we will see below, this binding does not occur in the simulations of the expér imental 
protocol of De Koninck and Schulman (1998) as the autonomous form (WA ) only accumulâtes once 
the stimulatory protocol has stopped (see Fig. VII.IO), in which case there is no CaM anymore. 

A possible dephosphorylation of the subunits by phosphatases is not considered as thèse were not 
included in the expérimental protocol of De Koninck and Schulman (1998). The effect of Thr305/306 
phosphorylation, which generally follows 1) Th286 phosphorylation and 2) a drop in Ca"* (Patton et 
al., 1990; Hanson and Schulman, 1992) has not been incorporated in our model. Thèse 2 threonines lie 
in the C a M binding site, and thus their phosphorylat ion blocks fur ther CaM binding. Whi le this 
phosphorylat ion reaction has been incorporated in previous models (Coomber , 1998; Dosemeci and 
Albers, 1996; Kubota and Bower , 2001), De Koninck and Schulman (1998) did not observe a 
s ignif icant rôle for this reaction in the sensitivity of the kinase to Ca"* oscil lation f requenc ies 
(unpublished) in their expérimental setting. Nevertheless , we address in the discussion a poss ible 
conséquence of this reaction - k n o w n as "capping"- in our model. 

Thus, the latter set of équations provides a 4-variable System of differential équations, which can be 
easily integrated. Binding and dissociation of Ca'* to and from CaM is considered to be a lways at 
equil ibrium as thèse reactions occur in the pressurized chamber before being in contact with the 
immobilized CaMKII (De Koninck and Schulman, 1998). The Hill coeff icient equals 4 and the KD, 
1 /<M. Thus, at each t ime step, the concentration of bound CaM is given by: 
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(VII. 11) 

Consumpt ion of f ree CaM, and of the Ca"*-CaM complex through binding to the k inase is not 
considered, as in the expérimental conditions where a rapid change of solution every second was 
performed. In the fol lowing, results have been obtained by integrating the model équat ions with a 
variable time step, fourth order Runge-Kutta algorithm. 

Symbol Physiological meaning Value Réf. 

kiB Rate of association of CaM to a non-phosphorylated 
subunit 

0.01 nM-Is -1 1,2,3,4 

kBI Rate of dissociation of CaM from a non-phosphorylated 
subunit 

0.8 s-1 1,2,3,4 

k p T Rate of dissociation of Ca" from CaM bound to a 
phosphorylated subunit 

ls-1 2,4 

kTP Rate of association of Ca" to CaM bound to a 
phosphorylated subunit 

1 /<M-4s-l 2,4 

kTA Rate of dissociation of CaM from a phosphorylated 
subunit 

kBl/1000 2,3 

kAT Rate of association of CaM to a phosphorylated subunit k iB 2,3 

KD Half maximal concentration characterizing Ca" binding 
to CaM 

2,4,5 

K'A Phenomenological rate constant for autophosphorylation 0.29s-1 1,6,7 

Table VII.2: List of the values for the kineiic parameters used in the simulations. Thèse values have been taken from 

biochemical analyses of the enzyme. In the column "Références'. 1: De Koninck and Schulman, 1998; 2: Schulman et al.. 

1992; 3: Ishida et al., 1996; 4: Miller and Kennedy, 1986; 5: Meyer et al.. 1992; 6: Bradshaw et al., 2002; 7: Kubota and 

Bower, 2001. 

VII.3.3. Comparison of the behavior of the model with expérimental results 

W e first test if the simple model presented in the previous section can reproduce the expér imental 
results about the autonomous activity of CaMKII after various stimulation protocols (De Koninck and 
Schulman, 1998). Thus in our simulations, we mimic the number, amplitudes and f requencies of Ca^*-
CaM puises, as produced in the in vitro study; the read-out of the kinase autophosphorylation, namely 
the autonomy, was evaluated as the Ca'^-independent activity and expressed as a percentage of the 
maximal Ca-*-stimulated activity. Only the experiments related to the a isoforms of CaMKII were 
tested with the model. 

We then simulate the exposure of CaMKII to various concentrations of Ca'^-saturated CaM and its 
subséquent steady-state phosphorylat ion activity on a synthetic peptide, autocamtide-3 (AC-3). This 
exogenous substrate competitively prevents CaMKII autophosphorylation. In the experiments, the AC-
3 phosphorylation activity of CaMKII at each concentration of Ca-*-saturated C a M was compared to 
the activity obtained in the présence of a supra-maximal concentration of Ca-*-saturated CaM, and this 
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ratio was plotted as a funct ion of the concentrat ion of Ca"*-saturated CaM. Thus , the équivalent 
quantity of the model is the ratio between C B W B and CB , thus W B - This amounts to the analytical 
solution of Equ. V n . 4 at steady state, thus: 

in agreement with the Hill coefficient equal to 1 obtained experimentally (De Koninck and Schulman, 
1998). Values of the kinetic constants of CaM binding and dissociation have been chosen such that 
their ratio ks/fk/B equals 80 nM, which is the concentrat ion of Ca'*-saturated C a M producing half-
maximal activation of CaMKII in the expérimental study (De Koninck and Schulman, 1998). 

Next, we evaluate the autonomy of CaMKII af ter 6s exposure to various concentra t ions of Ca^*-
saturated CaM. In such case, autophosphorylation induces a coopérative dependence of the activity of 
the enzyme on C a M concentra t ion. This behav ior is reproduced by the m o d e l , as shown in 
Fig. VII.9B. Agreement between experiments and simulations is very good, al though at very high 
levels of CaM, the simulated curve does not quite reach the same maximal autonomy (0.65 versus 0.77 
± 0.4 in the experiment , with the autonomous activity being normalized by the maximal Ca '*-CaM-
stimulated activity). A detailed examination of the évolution of the variables of the model reveals that 
at high CaM levels, the rate of autophosphorylation saturâtes with t ime as the amount of available 
inactive subunits (Wj) progressively diminishes. Thus , if the time of exposure to Ca"*-saturated CaM 
is increased, the level of maximal autonomy also increases. In the same manner, the K ] / 2 of this dose-
response curve (Fig. VII.9B here or Fig. 3A in the experiment of (De Koninck and Schulman, 1998)) 
also highly dépends on the exposure time to CaM, such that longer stimulation leads to a shift toward 
lower Kl /2 . 
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Fig. VII.9. Comparison of the behavior of the model with the expérimental results obtained by De Koninck and Schulman 

(1998). The successive panels show the exact simulation of the expérimental protocols developed by De Koninck and 

Schulman (1998), except for panel F (see below). In ail panels, curves and filled symbols have been obtained by numerical 

simulations of the model, while open symbols represent the expérimental results reproduced from De Koninck and Schulman 

(1998). Ali results shown here (theoretical and expérimental) have been obtained for the a isoform of the kinase. Panel A 

shows the steady-state level of phosphorylation of an exogenous substrale (autocamtide-3) which competitively inhibits 

autophosphorylation (thus, VA = 0 in the model). Panel B shows the level of autonomous activity obtained after a 6s 

exposure to a constant level of Ca -CaM. The Hill coefficient (1.6) and the CaMso (220nM) matches with the expérimental 

values. Panel C shows the level of aulonomy of CaMKII after répétitive puises of Ca'* (500 ^M) and CaM (lOOnM), whose 

duration equals 200ms and frequencies equal 1 (squares), 2.5 (triangles) and 4 Hz (circles). Panel D reproduces the same data 

as panel C, for a 1 Hz (squares) and a 4 Hz (circles) stimulation protocol. For the triangles, CaMKII has been exposed to a 

strong, 300ms pre-pulse of Ca" (500 ;iM) and CaM (1 //M) which "pre-sets" the autonomy level to ~10%. When such 
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partially autonomous CaMKII is then submitted to a 1 Hz stimulation protocol, the increase in autonomy is faster than for the 

naïve form (compare with the dotted line which is the plain curve (squares) reported on the same origin). Panel E shows the 

effect of changing the duration of the Ca^*-CaM puises (triangles: 1000 ms, squares: 500 ms, circles: 200 ms; inverted 

triangles: 80 ms). In each case, the total exposure time of the kinase to the activators equals 6s (500 fiM Ca"*, lOOnM CaM). 

Panel F corresponds to Fig. 4B of (De Koninck and Schulman, 1998), i.e. shows the effect of changing the amplitude of the 

puises. Here, the agreement between model and experiments is qualitative only (see text); the amplitude and the number of 

puises in the simulations are différent from those in the experiments: 10 puises of 400 nM (triangles), 40 puises of 110 nM 

(circles) and 60 puises of 70 nM (squares). In ail cases, the puise duration equals 200 ms. As the protocol is différent from 

that used in the expérimental study, expérimental results are not shown in this panel. 

Ail curves have been obtained by numerical intégration of equ. (VII.4)-(V11.11 ) with the parameter values indicated in Table 

II and a = -0.220, b = 1.826, c = -0.800 . As the sum of the fractions of active subunits (T) is such that 0<Tsl , KA(defmed by 

equ. Vn.6) is always positive. 

W e next e x a m i n e the behav ior of the model when submitted to 2 0 0 m s pu ises of Ca2+-saturated 
C a M (100 n M ) at var ious f r equenc ie s . T h e behav io r of the mode l (Fig. V I I . 9 C ) is in very g o o d 
quanti tat ive agreement with the expér imenta l results (De Koninck and Schulman, 1998). A s shown in 
Fig. VII. 10., at each Ca2+-CaM spike of this durat ion and ampli tude, a s ignif icant por t ion of subuni ts 
b e c o m e act ivated (decrease in W i , increase in W B ) . At high f r e q u e n c y of s t imula t ion (4Hz , lower 
panel) , dissociat ion of C a M is very l imited be tween 2 spikes. In conséquence , W B accumulâ tes and 
af te r a f e w seconds , au tophosphory la t ion can be initiated because the n u m b e r of Ca2+-CaM bound 
subuni t s in c lose p rox imi ty b e c o m e s s ign i f ican t . T h e rate of au tophosphory l a t i on then k e e p s on 
increas ing because 1) the probabi l i ty that 2 act ive subunits are ne ighbors increases in a non- l inea r 
m a n n e r wi th their n u m b e r , and 2) because o n c e phosphory la ted , a subuni t r e m a i n s ac t ive even 
be tween spikes. In conséquence , the fract ion of phosphorylated subuni ts increases in an autocata ly t ic 
manner . In cont ras t , at low f r equency ( I H z , uppe r panel of F ig . VII . 10), Ca2+-CaM near ly total ly 
dissociâtes f r o m C a M K I I be tween 2 spikes: the amount of bound subuni ts W B thus a lways r ema ins 
be low the threshold fo r au tophosphoryla t ion . T h e f ract ions of t rapped ( W j ) and a u t o n o m o u s ( W A ) 
subunits are not shown on Fig. VII. 10 because they are close to zéro in this t ime interval. In fact , thèse 
States of the k inase become prédominan t once the stimulation protocol bas s topped, as ail the b o u n d 
subunits (WB ) progressively lose their Ca2+ and C a M and transform into the au tonomous fo rms . 

As the au tophosphoryla t ion rate shows a non-l inear dependence on W B , it is expected that a g iven 
s t imulat ion pat tern will be more e f f ec t ive if s o m e of the CaMKII subuni ts have a l ready been pre
phosphoryla ted . Th i s was shown exper imental ly [(De Koninck and Schu lman , 1998; inset to Fig. 3B] 
by pre-exposing C a M K I I to a 300ms puise of Ca2+-saturated CaM (1 fiM), fo l lowed by a 4 0 0 m s wash 
and a I s delay. This protocol was reproduced in our simulations and led to ~ 1 0 % au tonomy, in good 
a g r e e m e n t w i t h t h e e x p e r i m e n t s . A s s h o w n in F ig . V I I . 9 D , a I H z - s t i m u l a t i o n of t h i s 
p rephosphory la ted C a M K I I (dashed line with open squares) leads to a faster increase in a u t o n o m y as 
compared to the non-pretreated situation (dashed line, which corresponds to the ful l line wi th squares 
reported on the same origin fo r compar ison) . 

T h e shape of the f r e q u e n c y - a u t o n o m y response has been shown to largely dépend on the sp ike 
ampl i tude and dura t ion (De Kon inck and Schu lman , 1998). Fo r example , it is expec ted that this 
response becomes less s teep if the length of the spike is increased (see Fig. VII .9E, to be c o m p a r e d 
with Fig . 4 A of ( D e K o n i n c k and Schu lman , 1998)). In such case indeed ( 1 0 0 0 m s , t r i ang les , f o r 
example ) , o n e spike p rov ides enough Ca2+-CaM to generate some au tophosphory la t ion . In cont ras t , 
when the spikes are very brief (200 or 80 ms) , shorter intervais are required to a l low for accumula t ion 
of bound subunits suff ic ient fo r autophosphoryla t ion. Therefore , the probabil i ty of coïnc ident b inding 
of C a M to n e i g h b o r i n g subun i t s d é t e r m i n e s the threshold f r e q u e n c y r e q u i r e d f o r s i g n i f i c a n t 
autophosphorylat ion: the lower the probabili ty, the higher the threshold. 

In the case of spike ampl i tude , the expe r imen t tested this intui t ive prédic t ion by increas ing the 
e f fec t ive ampl i tude of Ca2+ spikes, through raising the C a M concentra t ion in the puise System [(De 
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Koninck and Schulman, 1998), Fig 4B]. The results showed that the kinase responded to a broader 
range of Ca2+ oscillation f requency, when CaM concentration was increased. This is consistent with 
the inverse relationship between probability of inter-subunit phosphorylation during single spikes and 
threshold f requency of significant CaMKII autophosphorylation. Our simulation of this exper iment 
qualitatively led to the same conclusion. We exposed the kinase to increasing amounts of C a M and 
observed a decreasing threshold of autonomy (Fig. VII.9F). The quantitative di f férences between the 
experiments and the results of the model mainly lies in the fact that at 30 nM CaM, 200 ms puises did 
not generate autonomy in the model, even at high frequencies. This insensitivity of the kinase to such 
a low-amplitude stimulatory pattern (30 spikes of 200 ms duration and 30 nM ampli tude) is directly 
related to the fact that the parameters for the rate of autophosphorylation (in Equ. VII.6) have been 
chosen such as to get very little autonomy after 6s of continuous stimulation (which can be viewed as 
30 X 200 ms) at low levels of Ca2+-saturated CaM (see Fig. VII.9B). 
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Fig. VII. 10. Temporal évolution of Wj, Wg and Wp for a high and for a low frequency stimulation protocol. The Ca" -CaM 

spikes, normalized with respect to Iheir maximal value (100 nM), are indicated in grey. Results have been obtained by 

numerical intégration of equ. (VII.4)-(VII. 11 ) with the same parameter values as in Fig. VII.9B. 

We conclude f rom thèse results that our proposed simple biophysical model of CaMKII activation 
and autophosphorylat ion can closely simulate the behavior of the kinase measured experimental ly . 
Therefore, such model should be useful to dissect further the mechanistic features of this molecular 
décoder of Ca2+ osci l lat ions as well as predict how CaMKII will behave under Ca2+ oscil latory 
conditions that are difficult to reproduce experimentally, in vitro. 

VII.3.4. Behavioral and mechanistic prédictions from the model 

Rôle ofthe activity coefficients 
The various states of the active CaMKII subunits (Wfi , W p , WA and W j ) are likely to have différent 
activity coefficients (CB, cp, CA and c j ) . While thèse coefficients may play a rôle in the dynamical 
behavior of CaMKII , expérimental data about their values are diff icult to obtain with certainty. W e 
have used our model to gain understanding on how the coeff icient values might af fect the Ca2+ 
oscillation f requency sensitivity of the holoenzyme. Fig. VII. 11A shows the effect of changing the 
activity coefficient of the non-phosphorylated, Ca2+-CaM bound form of the enzyme subunits (WB) 
on the autonomy af ter 6s exposure to various concentrations of CaM. As expected intuitively, higher 
levels of autonomous activity at limited reaction times are favored by higher activity coefficients. 

The more interest ing e f f ec t of this parameter CB is that it a lso plays an impor tant rôle in 
determining the f requency sensitivity of the enzyme (see Fig. VII. 1IB). The higher the coefficient CB, 
the steeper the f requency/autonomy relationship becomes. Thèse results can be explained by the fact 
that increasing the kinase activity of W g favors autophosphorylat ion (which is non-l inear) to the 
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détr iment of Ca2+-CaM dissociat ion (which is linear). As the activity of the non-phosphoryla ted 
subuni ts bound to C a M (WB) is essential in determining the potent ia l i ty of the subuni ts to 
autophosphorylate, the f requency sensitivity of the enzyme will increase with the activity coeff ic ient 
of this form (CB). 

Fol lowing autophosphoryla t ion , we asked whether changing the coef f ic ien ts of t rapped and 
autonomous forms of the kinase affects the frequency-autonomy relationship. Increasing or decreasing 
cx and CA leads to higher or lower absolute levels of autonomy respectively at every frequency tested, 
but the steepness of the response-curves were unchanged (data not shown). One could intuit ively 
expect that CaM-trapped kinase has an increased coeff icient of activity compared to a C a M - f r e e 
autonomous kinase; while the sensitivity of the kinase to Ca2+ s t imulation would be increased by 
trapping, its dependence on oscil lation f requency would remain unchanged . This resuit can be 
explained by the first order dependence of the phosphorylation velocity on the activity coeff ic ients of 
the trapped and autonomous forms (see Equ. V11.5). 

Unidirectional versus bidirectional autophosphorylation 
From an expérimental point of view, it is still unclear whether autophosphorylat ion is a reciprocal 
reaction between adjacent subunits, or if there is some sterical hampenng to this reaction in one of the 
rotation direction of the hub-and-spoke structure [(Kolodziej et al., 2000) and see Fig. VII.7]. U p to 
now, we have considered that autophosphorylation is bidirectional. If we modify this assumption (see 
section VII.3.2 for an explanation of the changes in the équations), the level of autonomy af ter 6s 
exposure at various levels of CaM is altered (plain curve with triangles of Fig. VII . l IC). As expected 
intuitively, less autonomy is obtained for the same level of st imulation if autophosphoryla t ion is 
unidirectional (compare with the dotted curve of Fig. VII . l IC). However , by changing the empirical 
parameters appearing in equ. VII.6 (K'A , a, b and c), one can re-obtain the same autonomy response 
curve as in the case of bidirect ional autophosphoryla t ion (plain curve with f i l led c i rc les of 
Fig. VII . l IC). Applying then ail the protocols of Fig. VII.9 to this unidirectional version of the model 
only shows negligible différences with respect to the previous case (see Fig. VII. l ID for the f requency 
sensi t iv i ty) . That phosphory la t ion in a c lockwise di rect ion or in both a c l o c k w i s e and a 
counterclockwise direction amounts to a slight change in the parameter values was also found in 
another model for CaMKII (Kubota and Bower, 2001). 

Range of frequencies for CaMKII sensitivity 
Fol lowing the expér imenta l data (De Koninck and Schulman, 1998), Fig. VII .9C indicates that 
CaMKII can act as a décoder in a range of frequencies of I to 5 Hz. However , this frequency response 
is highly sensitive to the amplitude of the spikes (Ca2+ and/or CaM levels), as shown experimentally 
and in Fig VII.9F. Furthermore, such frequency range is artificially set by the width of the spikes, 
which were, in Fig VII.9C, 200 ms. Changing them to 80 or 500 ms shifts the frequency-responses in 
either directions (Fig. VII.9E). Another way to présent this data, independently of the spike width, is 
to express it in terms of duty cycle, defined as the ratio between the duration of the spikes and the 
period of stimulation. Fig. VII. 12A shows the same data as Fig. VII.9 (together with the expérimental 
points) but plotted against the duty cycles. It isolâtes the effect of the spike length on the slope of the 
response curves, independent of the frequency shift that the spike length imposes (Fig VII.9E). Hence, 
no f requency dependence would be observed with very long Ca2+ spikes, whereas very brief spikes 
should be sensed by the kinase only near maximal duty cycle, under limiting Ca2+-CaM. This f igure 
i l lustrâtes well the s imilar i t ies between the e f fec t s that the spike length durat ion has on the 
expérimental data versus the simulations. 
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Fig. VII. 11. Impact of CaMKII regulatory properties on frequency decoding of Ca"^ oscillations. A. Effect of changing the 

activity coefficient of WB, the bound and unphosphorylated form of the kinase subunits. The curves have been obtained 

under the same conditions and with the same parameter values (except for CB) as in Fig. VII.9B. B. Effect of changing the 

activity coefficient of WB on the frequency sensitivity of CaMKII. A better sensitivity, i.e. a larger différence in the 

responses to distinct frequencies, is obtained for the largest value of this coefficient (CB = I). Points have been obtained by 

numerical intégration of equ. (VII.4)-(VII. 11 ) with the same parameter values as in Fig. VII.9C; the total number of spikes is 

equal to 30 for curve CB = 1 and 60 for curve CB = 0.5, to get an autonomy at 4 Hz of at least ~15%. If fitted by an y = a 

exp(bx) function, b = 0.86 for a CB of 0.5 and b = 0.98 for a CB of 1. ç Uni- versus bidirectional autophosphorylation. The 

dashed curve is identical to Fig. VII.9B (bidirectional autophosphorylation) while the plain curves .show results obtained by 

assuming that autophosphorylation occurs only in a unidirectional manner; the curve with triangles has been obtained with 

the same parameter values as the plain curve, while the curve with squares has been obtained by changing the parameters of 

the empirical function describing autophosphorylation (equ. VII.6). Thus, for the plain curve with filled circles: K'/^ = 0.45 s" 

' and a = 0.00366, b = 2.013, c = -1.0156. D. Whether autophosphorylation occurs in a uni- or bidirectional manner in the 

holoenzyme does not affect its frequency-sensitivity. The dashed curve is obtained when assuming bidirectional 

autophosphorylation (and is thus identical to the 200ms curve of Fig. VII.9E); the plain curve is obtained when assuming 

unidirectional autophosphorylation, for the same parameter values as the plain curve with filled circles of panel C. 

W h a t b o t h t h è s e e x p é r i m e n t a l a n d m o d e l i n g d a t a s h o w is that C a M K I I h a s t h e ab i l i t y t o d é c o d e t h e 

f r e q u e n c i e s o f C a 2 + u n d e r a w i d e r a n g e o f c o n d i t i o n s . T h e m o d e l s h o u l d t h e n b e u s e d t o p r e d i c t h o w 

t h e k i n a s e w o u l d b e h a v e u n d e r o s c i l l a t o r y Ca2+ c o n d i t i o n s o b s e r v e d in c e l l s . In n e r v e c e l l s , w h e r e 

C a M K I I is k n o w n to p l a y a m a j o r rô l e in f r e q u e n c y - d e p e n d e n t f o r m s o f s y n a p t i c p l a s t i c i t y [ r e v i e w e d 

in M a l e n k a a n d N i c o l l , 1 9 9 9 ; L i s m a n et al., 2 0 0 2 ; R o n g o , 2 0 0 2 ] , s e v e r a l f o r m s o f Ca2+ s p i k e s a r e 

v e r y b r i e f , s u c h a s t h o s e f o l l o w i n g a c t i o n p o t e n t i a l s ( f e w m s ) , y e t c a n l o c a l l y r e a c h v e r y h i g h 

a m p l i t u d e , s u c h a s in d e n d r i t i c s p i n e s [ r e v i e w e d in S a b a t i n i et al., 2 0 0 1 ] . F u r t h e r m o r e , C a M K I I 

i n t e r a c t s w i t h Ca2+ i on c h a n n e l s a n d i n t r a c e l l u l a r Ca2+ s t o r e s [ r e v i e w e d in B a y e r a n d S c h u l m a n , 

2 0 0 1 ] , w h i c h p u t s t h e e n z y m e v e r y c l o s e t o Ca2+ s o u r c e s , r e i n f o r c i n g tha t t h e k i n a s e r e g u l a r l y s e e s 

b r i e f a n d l a r g e Ca2+ s p i k e s . M o r e o v e r , if w e t a k e i n t o a c c o u n t t he t i m e n e e d e d f o r Ca"* t o b i n d f r e e l y 

a c c e s s i b l e C a M , w h i c h is t h o u g h t t o b e t h e v e r y l i m i t i n g in c e l l s ( P e r s e c h i n i a n d S t e m m e r , 2 0 0 2 ) , 

C a M K I I m a y c o n c e i v a b l y b e e x p o s e d to Ca2+-sa tu ra t ed C a M fo r a o n l y f e w m s u p o n Ca2+ s p i k e s t h a t 

las t s eve ra l t e n s o f m s . 
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Fig. VII. 12B and VII. 12C show the simulated frequency sensitivity of CaMKII to 100 spikes of 
Ca2+-CaM that ranged from 1 to 10 ms (constant amplitude of 2.5 fiM) in duration and f rom 1 to 5 / /M 
CaM (constant duration of 2 ms) in amplitude (estimâtes for CaM concentrations in cells fall in such 
range (Persechini and Stemmer, 2002). Thèse simulations indicate that significantly high f requencies 
(>10 Hz) are required to induce autophosphorylation when the spikes are very brief, unless very high 
local concentrations of Ca2+-CaM are présent. The model thus shows that the frequency sensitivity of 
CaMKII also opérâtes at much higher frequencies than those investigated in the expérimental study 
(De Koninck and Schulman, 1998). Our simulations thereby suggest that CaMKII may be using its 
Ca2+ spike frequency sensitivity to selectively respond to high-frequency brief stimuli, such as Ca2+ 
fluxes at the mouth of ion channels. 

Fig. VII. 12 Setting the frequency range of CaMKII response by the spike properties. A. Autonomy-response curve with 

différent puise lengths (V = 80ms, A = 200ms, = 500ms, o = 1000ms) as a function of the duty cycle, which represents the 

ratio between the duration of the spikes and the period of stimulation. Filled symbols = modeled values from Fig. VII.9E; 

open symbols = expérimental values (De Koninck and Schulman, 1998). Maximal autonomy at 0.8 duty cycle was 

normalized to 1. B. Frequency sensitivity in response to 100 spikes of Ca2+-CaM of high amplitude (2.5 ftM) and various 

lengths. Ail other parameters are the same as in Fig. VII.9. Q. Frequency sensitivity in response to 100 very brief (2ms) 

Ca2+-CaM spikes of Vcuious amplitudes. Ail other parameters are the same as in Fig. VII.9E. 

Tuning response 
The s imulat ions shown in Fig. VII. 12B and VII. 12C a lso predict that the C a M K I I f r e q u e n c y -
dependence may be tuned to optimal frequencies. As shown in Fig. VII. 13A, tuning is not res tncted to 
Ca2+-CaM spikes of high amplitudes or short duration. It appears however that the longer the spikes, 
the less pronounced is the response tuned to an optimal frequency. T o understand this decrease in 
au tonomy at high frequencies , one must first recall that the total duration of the stimulatory protocol 
always decreases with f requency , because the number of spikes is kept constant . However , some 
autophosphorylation should occur during spike intervais, before Ca2+-CaM fully dissociâtes f rom the 
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enzyme. The tuned response of the kinase to a fixed number of spikes will therefore be observed when 
the following 2 conditions are met: 1) when the spike intervais are becoming short (high frequencies) . 
As the characteristic t ime for dissociation is 1.25 s in the mode! (1/kBl), it is expected that tuning will 
not significantly occur for f requencies lower than 5-10 Hz. 2) fo r significant autophosphorylat ion to 
proceed during spike intervais, a certain level of autonomy is required. In conséquence, the range of 
frequencies at which the autonomy starts to drop is expected to dépend on the actual value of the 
autonomy. Fig. VII. 13B (gathering results f rom Fig. VII. 12B, VII. 12C and VII. 13A) illustrâtes this 
prédiction of the model: the optimal frequency decreases with the level of autonomy at this optimal 
frequency. 

2 4 6 8 10 

(C) Frequency (Hz) 

Fig. VII. 13. Tuned response of CaMKII to Ca'7CaM oscillations. A. Frequency sensitivity in response to 30 spikes of Ca'*-

CaM of 400 nM amplitude and 120 ms duration (x); 50 spikes of Ca-*-CaM of 400 nM amplitude and 80 ms duration (o); 80 

spikes of Ca"*-CaM of 400 nM amplitude and 50 ms duration (+). In ail cases, the highest frequency corresponds effectively 

to continuous stimulation (defmed as the inverse of the spike duration). This arbitrary point was plotted for comparison with 

the expérimental resuit in Fig VII. 13C. Ail other paramelers are the same as in Fig. VII.9E. B. Optimal frequency of 

stimulation shown as a function of the value of autonomy corresponding to this maximum. This figure gathers the results 

shown in Fig. VII. 12B, VII. 12C and VII. 13A. Ç. Expérimental démonstration of the tuning effect. Shown is the frequency 

sensitivity to 80 ms spikes (30), under the same conditions as those defined in the legend to Fig. VII.9E. The maximal 

frequency tested (12.5 Hz) is effectively continuous stimulation (Ca-7CaM solution refreshed every second in the PVC 

tubing (De Koninck and Schulman, 1998). We used this protocol, since the puise device could not produce spike intervais 

shorter than 20 ms. 

To compare this novel prédiction with expérimental data, we combined data f r o m De Koninck and 
Schulman (1998) that 1) compared the f requency response to 30 puises of 100 n M Ca2+-CaM with 
80ms durat ion (total= 6 s) and 2) examined the response to cont inuous 6 s (which is e f fec t ive ly 
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équivalent to 12.5 Hz under this stimulus protocol). Fig VII. 13C shows that indeed, experimentally, 
the response of the kinase is optimally tuned to 10 Hz. 

VII.3.5. Discussion 

After the expér imental observat ions of Ca"* oscillations in electrically non-exci table cells, it was 
rapidly suggested that in many cell types the nature and strength of stimulation could be encoded in 
the frequency of Ca"^ oscillations (Meyer and Stryer, 1991 ; Goldbeter et al., 1990). In excitable cells 
such as neurons, s t imulus f requency-dependent changes in synaptic t ransmission are well known 
[reviewed in (Malenka and Nicoll, 1999)]. Thèse notions imply that the cell is in t um able to décode 
the f requency of Ca~^ oscillations. If true, such frequency coding would show many advantages over 
ampli tude-coded signais (Meyer and Stryer, 1991 ; Goldbeter et al., 1990). For example, f requency 
encoded signais provide an increased robustness with respect to external noise (Rapp and Berridge, 
1981). Also, prolonged elevated Ca"* plateaus during sustained s t imulat ion are known to have 
deleterious effects on the health of cells (Berridge et al., 2000 ; Bootman et al., 2001). 

Several possible mechanisms for the f requency decoding of Ca"* oscil lations have already been 
proposed (Dupont and Goldbeter, 1992 ; Dupont and Goldbeter, 1998 ; Tang and Othmer, 1995). Ail 
thèse Systems di f fer f rom CaMKII by the fact that here, a single enzyme can act as a f requency 
décoder. On the other hand, this frequency décoder can be precisely tuned by the virtually unlimited 
diversity of CaMKII dodecameric holoenzymes that cells can produce via the co-assembly of 4 gene 
products with more than 20 splice variants (De Koninck and Schulman, 1998 ; Bayer et al., 2001 ; 
2002) . Fo l lowing the expér imenta l démons t ra t ion of the Ca"* osci l lat ion f r equency-decod ing 
capability of CaMKII (De Koninck and Schulman, 1998), the présent theoretical study conf i rms that a 
rather simple mode of régulation by Ca"* can account for a finely tuned f requency sensitivity. The 
model emphasizes on the fact that the arrangement of the subunits in a hub-and-spoke structure plays a 
crucial rôle in this respect. Indeed, a good agreement between the model and the exper iments is 
obtained when the rate constant of autophosphorylation dépends in a non-linear manner on the number 
of active subunits (Equ. VII.6), a property which dérives from the hub-and-spoke shape of the enzyme 
and the requirement of coïncident C a M binding to 2 neighbouring subunits for autophosphorylat ion 
(Mukherj i and Soderling, 1994 ; Rich and Schulman, 1998 ; Bradshaw et al., 2002). A comparable 
descript ion of the autophosphoryla t ion rate has been used in a model for C a M K I I / P S protein 
phosphatase 1 switch (Lisman and Zhabot insky, 2001). In that model indeed, the per-site rate of 
autophosphorylation is defined as a step function with 2 différent values: one for phosphorylat ion of 
the f irst subunit (initiation) and another one for phosphorylation of the subséquent subunits of the 
kinase (propagation). 

The phenomenologica l descript ion of the autophosphorylat ion step al lows our model for the 
dynamical behavior of CaMKII to be mathematically very simple (4 ordinary differential équations 
instead of a f ew tens in mode l s taking into account the location of the subuni ts within the 
holoenzyme), while providing a good quantitative agreement with the experiments. The présent model 
could thus be easily re-used as a 'plug-in élément' in larger models aimed at describing physiological 
situations in which CaMKII plays a rôle, as for example, régulation of carbohydrate, amino acid and 
lipid metabol i sm or neurotransmit ter synthesis and release [see (Bayer and Schulman, 2001) for 
review]. However , in some cases, the model might require some changes in order to incorporate 
additional "restrict ions", such as in the case of N M D A receptor-bound CaMKII at synapses, which 
contains a few autonomous subunits (independent of their phosphorylated state) (Bayer et al., 2001). 
Our phenomenological description of the autophosphorylation step is moreover just if ied by the fact 
that careful ly determined values for autophosphorylat ion rate have been lacking, Bradshaw et al. 
(2002) recently reported an autophosphorylat ion rate value of 12s ' under condit ions significantly 
différent than those in the puise protocol (De Koninck and Schulman, 1998). Our value for the rate 
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constant cannot be directly compared to this value as it is not defined in the same manner (see 
Equ. 2 of (Bradshaw et al., 2002)). Yet, in fact, our value of 0.29 s"' for A'^ allows us to reproduce the 
kinetics of increase in autonomy after constant exposure to Ca"*-CaM (Bradshaw et al., 2002) . Using 
this value, we indeed got a theoretical curve for autophosphorylation lying between the expérimental 
curves obtained at 100 and 500 [iM ATP (see Fig. 3 of (Bradshaw et al., 2002)). This is in agreement 
with the fact that our parameter values were chosen such as to simulate exper iments pe r fo rmed at 
250 liM ATP (De Koninck and Schulman, 1998). 

Possible secondary autophosphorylation at Thr , known as capping (Hanson and Schulman, 
1992), was not considered in our model, in part because the experiment [(De Koninck and Schulman, 
1998) and unpublished] did not suggest it would play a significant rôle in the conditions tested (see 
model description). Indeed, in the time course tested (Colbran, 1993) capping likely occurs only on the 
autonomous form (WA ) ; as W A only accumulâtes once the stimulation protocol has s topped (due to 
the long characteristic t ime for CaM dissociation f rom the trapped form), capping could only occur 
afterwards. Finally, our modeling of the rôle of the coefficients of activity of the varions states (section 
VII.3.4) would argue that a change in the coefficient of activity of a capped autonomous subunit is 
unlikely to a f fec t s ignif icant ly the behavior of the kinase in response to Cdr* osci l lat ions. This 
phosphorylat ion could instead play a rôle in CaM-dependent targeting of the kinase (Bayer and 
Schulman, 2001). Also, our s imulat ions suggest that the remarkable ability of C a M K I I to trap 
calmodulin upon autophosphoryla t ion, which has been proposed to be crucial in the f r equency-
dependence of CaMKII autophosphorylation (Hanson and Schulman, 1992), only plays a small part in 
short-term frequency-dependent stimuli. 

As shown theoretically (Lisman and Zhabotinsky, 2001 ; Kubota and Bower, 2001), phosphatases 
are expected to play an important rôle in determining the long-term (asymptot ic) sensit ivi ty of a 
CaMKII/phosphatase system and certainly have to be taken into account to gain a full unders tanding 
of the effect of Ca"* spikes in the post-synaptic density. However, the property of a single enzyme to 
act as a f requency décoder is most probably a unique feature, which requires a deep and thorough 
unders tanding. The f requency-sensi t iv i ty of CaMKII , independent of other decoders , may be of 
particular significance in the short-term (transient) response to brief Ca"* spikes. Appropriate pulsatile 
activation of CaMKII may indeed extend its activity significantly beyond the period of Ca'* élévation. 
We performed a simulation that would mimic very brief Ca'*-CaM spikes (1-10 ms) of high ampli tude 
(1-5 ;^M CaM) . W e reasoned that CaMKII is likely to sensé such brief élévat ions of Ca"*-CaM. 
Indeed, the kinase is thought to target immediately next to Ca'* sources [see (Bayer and Schulman, 
2001) for review]. Furthermore, because I) Ca"'^ is rapidly dispersed and buffered inside cells and 2) 
accessible free CaM is limiting (Persechini and Stemmer, 2002), it is expected that the ef fec t ive Ca"* 
spike (e.g. above threshold for Ca'^^-CaM activation) that the kinase actually sees, when bound, fo r 
instance, to ion channe ls , can be as short as a few mil l iseconds. W e found that high C a M 
concentrations (few / /M, in the physiological range, (Persechini and Stemmer, 2002)) were necessary 
for CaMKII autophosphorylat ion upon stimulation with as much as 100 spikes of 1-10 ms (Figs 
VII. 12B and VII. 12C). Interest ingly, the simulation showed that considerably high f r equenc ie s 
(>10Hz) were required to cause significant CaMKII autophosphorylation under several condit ions of 
spike amplitude and duration. 

CaMKII - a n d its au tophosphoryla t ion- have been shown to play an important rôle in f requency-
dependent changes in synaptic plasticity [see (Lisman et al., 2002) and (Rongo, 2002) for review]. The 
frequency sensitivity of the kinase under such brief spiking conditions theoretically predicted in Figs 
VII. 12B and VII. 12C suggests that this behaviour might be involved in specifically decoding synaptic 
stimuli. Whether CaMKII is actually exposed to such brief and répétitive Ca"* spikes at synapses or at 
other cellular compartments , such as at the membranes of Ca"* stores (Bayer and Schulman, 2001), is 
unknown. That is because we still know little about the précise nature of Ca"* signais in neurones, in 
terms of kinetics, f requencies and amplitude at the submicron scale (Sabatini et al., 2001, Klee and 
V a n a m a n , 1982 ; Verkhra tsky , 2002). There are, however , growing examples of Ca""^ s ignal ing 
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mechanisms in cells that operate via Ca"* microdomains, for example near N M D A receptors, allowing 
spécif ie messages to be t ransduced ail the way down to the nucleus to regula te spéci f ie gene 
expression (Hardingham and Bading, 2003). It is safe to predict that the effect ive Ca"*-CaM that can 
activate CaMKII at any given spike should be very limiting (Persechini and S temmer , 2002). Hence, 
subtle changes in C a M availability at any given subcellular compartment would have a significant 
effect on the local CaMKII frequency-response. 

An intriguing prédiction f rom our model is that CaMKII f requency-dependence may be tuned to 
optimal frequencies (Figs VII. 12B and VII. 12C). In fact, d o s e r look at expérimental data (De Koninck 
and Schulman, 1998) revealed that this behavior has been observed experimentally (Fig VII. 13C). As 
discussed above , this property of the enzyme is likely due to an e f fec t ive pro longa t ion of the 
Ca 'VCaM st imulat ion protocol at optimal f requenc ies . Such feature would e n d o w a means to 
maximal ly act ivate CaMKII without reaching very high spiking f requencies o r a sustained Ca^* 
élévation. This feature would provide 2 advantages: 1) it ensures preferential activation of CaMKII 
over other Ca"* effectors that require sustained Ca"* or higher frequency Ca"^ spikes for activation, 
thus ensuring some specificity in Ca'* -dépendent cascades; 2) it avoids any potential harmful effects 
of excessive Ca"* stimulation. 

In conclusion our model may prove to be useful in understanding the autoregulat ion of CaMKII 
and its funct ions in cells by providing testable prédictions, especially in v iew of the fact that the 
agreement with the expérimental results is quanti tat ive for nearly ail cases tested (in fact ail but 
Fig. VII.9F). The tuned response of CaMKII to a fixed number of spikes, described above, is a good 
example ; a deeper look at the expér imental data indeed conf i rmed the theore t ica l prédic t ion . 
Furthermore, the model may be useful to study other signaling cascades that utilize similar regulatory 
features. One example could be the phosphorylation of C a M kinase IV by CaM kinase kinase, which 
requires co ïnc ident b inding of C a M on both enzymes (Soderling et al., 2001) . Howeve r , the 
autoregulation of CaMKII involves several other factors that should be eventually included in more 
elaborate models , such as A T P binding, the detailed description of the C a M dynamics (Klee and 
Vanaman, 1982 ; Verkhratsky, 2002 ; Craske et al., 1999) or the sub-cellular spatial organization of 
Ca-* signais (Schuster et al., 2002 ; Petersen, 2002). The simplicity of our model , to s imulate the 
behavior of this molecular décoder in isolation, should indeed allow its incorporat ion into more 
elaborate ones to progressively build up comprehensive cell signaling models. 

VII.4. Link between fertiiization-induced Ca"* oscillations and relief from metaphase II arrest in 
mammalian eggs : a model based on calmodulin-dependent kinase II activation. 

VU.4.1. Introduction 

In mammals , oscillations in the level of cytosolic Ca"* are the primary signal responsible for the early 
development of the egg af ter fertilization (Jaffe , 1983 ; Kline and Kline, 1992 ; Swann and Ozil, 
1994 ; McDougal l and Sardet, 1995). Two hypothèses have been put forward to explain how thèse 
Ca"* spikes are triggered by the spermatozoon. First, oscillations could be brought about by a soluble 
protein, called 'oscil l in ' or ' sperm factor ' , introduced by the sperm in the mature oocyte (Parrington et 
al., 1996 ; Saunders et al., 2002) . Altematively, the primary trigger could be the activation of an 
external receptor on the oocyte, which in tum stimulâtes G protein (Miyazaki, 1988 ; Dupont et al., 
1996 ; Snow et al., 1996) or tyrosine kinase activity (Foltz et al., 1993) to generate inositol 1,4,5-
trisphosphate (InsP,), a universal messenger for Ca"* release f rom internai stores. As well as the 
pa thway by which fert i l izat ion triggers répétit ive Ca"* spikes, the signal t ransduct ion mechan i sm 
between Ca"* increases on one hand, and egg activation and entry into mitosis on the other hand is 
much investigated; the latter mechanism is the focus of the présent study. 

Mammal ian eggs are ovulated in metaphase II (MIT) of meiosis, ready to be fertilized. In this state, 
the eggs are characterized by high levels of cyclin B and maturation promoting factors (MPF) . The 
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latter heterodimer, made of p34cdc2 kinase (or cyclin dépendent kinase 1) and of a B-type cyclin, is a 
key component of tiie cell cycle oscillatory meciianism: the level of M P F indeed peaks at each cellular 
division. M P F itself possesses a histone H l kinase activity leading to ch romosome condensa t ion , 
nuclear envelope breakdown and spindle assembly. From a practical point of view, it is interesting to 
remember that the capacity of the oocytes to phosphorylate histone H l can be used to est imate their 
level of MPF. Exit f rom metaphase and entry into anaphase results f rom M P F inactivation, which 
generally occurs through cyclin proteolysis (Murray and Hunt, 1993). Cycl in dégradat ion occurs 
through the formation of an ubiquitin-cyclin complex (Glotzer et al., 1991). The ensuing re tum to a 
basai level of M P F activity allows the fertilized egg to enter in interphase, as marked by the formation 
of pronuclei. 

Mi l arrest is mediated by an activity referred to as cytostatic factor (CSF), a c-mos protooncogene 
product that prevents ubiquitin-dependent dégradation of cyclins, and thus inactivation of MPF. C S F 
activity was first discovered in Xenopus eggs (Sagata et al., 1989 ; Watanabe et al., 1991) and was 
later shown to be responsible for Mi l arrest in mammalian eggs as well (Verlhac et al., 1994). 
Translat ion of c -mos is induced by progestérone; the level of c -mos protein increases dur ing 
maturation, reaching a max imum at Mi l . Then, CSF activity remains at a high stable level that 
prevents cyclin dégrada t ion . Just how CSF restrains the act ivation of the ub iqu i t in -dependen t 
proteasome pathway responsible for cyclin dégradation remains unclear, but this process probably 
involves the control of the dynamics of the microtubule network (Kubiak et al., 1993 ; Moses and 
Kline, 1995 ; Winston et al., 1995). It is known moreover that C S F arrest is mediated by enzymes of 
the mitogen-activated protein (MAP) kinase family (Verlhac et al., 1996). In conséquence, the level of 
CSF activity can be estimated by assaying the oocytes for their capacity to phosphorylate myelin basic 
protein (MBP), a well-known substrate for MAP kinases. 

Although CSF prevents the dégradation of cyclin, the inactivation of C S F itself is not required for 
the proteolysis of the cyclin subunit of M P F and for the resulting exit f rom meiotic metaphase . In 
cytosolic extracts f rom M i l arrested eggs of both amphibians and mammals , M P F is inactivated before 
CSF (Watanabe et al., 1991 ; Verlhac et al., 1994). However , the t ime scale appears to be very 
différent in both types of organisms; the lag time between MPF and C S F inactivation is of the order of 
10 min in Xenopus oocytes (Watanabe et al., 1991) but of 3 h in mouse oocytes (Verlhac et al., 1994). 

Both M P F and C S F can be inactivated by the CâVcalmodulin-dependent protein kinase II 
(CaMKII) upon ferti l ization. A truncated, constitutively active form of CaMKII indeed suff ices to 
induce cyclin dégradat ion and p34cdc2 kinase inactivation in cytosolic extracts f rom Mll -a r res ted 
Xenopus eggs (Lorca et al., 1993 ; Morin et al., 1994). In the same manner , activation of mouse eggs 
is significantly delayed in the présence of the calmodulin antagonist W-7 (Xu et al., 1996). 

There is little doubt that the Ca""̂  rise brought about by fertilization is the primary event responsible 
for early egg activation. In non-mammalian species, for which Xenopus eggs are a good prototype, a 
large, but unique increase in cytosolic Ca"* is observed at fertilization and suffices to activate the egg. 
The quest ion thus remains as to the possible funct ion of Ca"* oscil lat ions in CaMKII -med ia t ed 
activation of mammalian eggs. In a more gênerai context, it has been suggested that the répétitive rises 
in cytosolic Ca"^ observed in a large variety of cell types are a means by which information carried by 
the extracellular signal is conveyed into the cell interior in a f requency-encoded manner (Rapp and 
Berridge, 1981 ; Meyer and Stryer, 1991 ; Dupont and Goldbeter, 1992). Thèse studies, which do not 
focus on any spéci f ie s ignall ing system, remain rather spéculat ive. In the case of m a m m a l i a n 
fertilization, the rôle of Ca^* oscillations has been experimentally approached in great détail, a l lowing 
for the development of a spécifie theoretical model. 

Sophisticated methods of cell membrane electroporation by electrical field stimulation allow one to 
study the effect of submitting mature, unfertilized mammalian eggs to répétitive Ca"* spikes of various 
periods and amplitudes (Ozil, 1990 ; VituUo and Ozil, 1992 ; Ozil and Swann, 1995). Ail thèse studies 
report that eggs are most successfully activated by répétitive Ca"* spikes. In mouse eggs, the rate of 
pronucleus format ion, which marks the entry of the fertilized egg into interphase before the first 
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mitotic division, increases with the frequency of the artificially induced Ca'"' spikes (Ozil and Swann, 
1995). However, oscillations of Ca"* are not a prerequisite for egg activation. In mice, parthenogenetic 
activation by high levels of ionophore can also be achieved (Vincent et al., 1992); it is interesting to 
mention that activation by such a monotonous Ca"* increase can only be carried out on ' o ld ' eggs, in 
which the level of active M P F has started to decrease spontaneously. Equally interesting is the fact 
that after intracytoplasmic sperm injection of human eggs (ICSI), a non-oscillatory Ca"* response is 
sometimes produced, and is compatible with the development of two pronuclei. No data however exist 
to assess the developmental potential of such zygotes (Tesarik, 1994). In summary, it appears that in 
mammals early par thenogenet ic development of eggs is favoured by an oscillatory pat tern of Ca"* 
increases, although such répétitive spikes are not absolutely required. 

A récent study performed on rabbit oocytes provides some biochemical d u e to the unders tanding 
of the rôle of oscillatory Ca""^ dynamics at fertilization in mammals . It is shown indeed that the H l 
kinase activity, which directly reflects the level of active MPF, rapidly decreases a f te r the first , 
artificially induced Ca"* spike. However, this inactivation is only transient. Répéti t ive Ca~* increases 
are necessary to keep M P F inactivated on an extended period of time (Collas et al., 1995). 

In the présent study (Dupont, 1998), we propose a theoretical model that could account for the fact 
that egg activation is optimized by an oscillatory Ca"'' signal. W e assume that CdT* oscil lat ions are 
generated independently f rom the cell cycle oscillator, but that Ca"* affects the behaviour of the cell 
cycle at varions levels. The model is based on the activation of CaMKII by cytosolic Ca"*. The latter 
activated protein in tum possesses a dual rôle: on one hand, it triggers a decrease in C S F activity at 
each Ca""̂  spike and on the other hand, active CaMKII indirectly induces M P F inactivation through a 
CSF-independent pathway. As the molecular mechanisms by which CaMKII governs M P F and C S F 
inactivation still remains to be elucidated, we assume in the présent study that the différent processes 
occurr ing in response to Ca"* élévat ions are brought about by a cascade of pos t - t rans la t ional 
modifications. The dual effect of Ca'* on M P F activity (direct or mediated by CSF) is at the basis of 
the temporal pattern of M P F inactivation reproduced by the model; although a few Ca'* spikes suff ice 
to decrease transiently M P F activity, M P F can be kept inactivated for an extended period of t ime only 
if the total number of Ca"* spikes is sufficient to bring C S F below a threshold level. The model also 
accounts for egg activation af ter ionophore application in appropriate conditions, as well as for arrest 
in metaphase III (MIII). The latter MIII arrest can be experimentally observed when an insuff ic ient 
number of Ca'* spikes is applied to the System or if a low dose of ionophore is given to a f reshly 
ovulated egg (Vincent et al, 1992). Finally, the présent analysis predicts that no cellular division can 
occur as long as the egg is subjected to stimulation by répétitive Ca""^ spikes, a property of the model 
which could be easily tested experimentally. 

In the fol lowing, we use a model previously developed for the embryonic cell cycle in Xenopus 
oocytes (Goldbeter, 1991). Our results however remain qualitatively independent f rom the detailed 
mechanism supposed to underlie periodic variations in M P F (Tyson, 1991). On the other hand, in the 
numerical s imulat ions, the Ca"* spikes are generated at regular t ime intervais by a mathemat ica l 
funct ion, to get, in a simple way, spikes of appropriate characteristics. Any biochemical model for 
Ca-* oscillations (see (Sneyd et al., 1995) ; (Tang et al, 1996) and (Schuster et al, 2002) for reviews) 
could also be used without altering the following results, as we do not assume any feedback of the 
species governing the cell cycle machinery on the mechanism generat ing the Ca"* spikes . The 
important assumptions of the model concem the relationship between Ca"* and M P F inactivation. 

VII.4.2. Model 

Overview ofthe minimal model previously proposed for the cell cycle 
Unfert i l ized m a m m a l i a n eggs are arrested in the metaphase of the second meios is , in a state 
characterized by a high level of cyclin, and thus also a high level of the dimeric complex made of 
p24cdc: j^jpggg cycl in, called MPF. Here, it is assumed that except for the rôle of Ca"*, the 
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termination of the second meiosis is governed by the same essential biochemical processes as the 
metaphase-anaphase transition in the mitotic cell cycle. 

The periodicity of the cell cycle relies on a biochemical oscillator in which M P F plays a central 
rôle, each division being driven by a peak in M P F activity. The grey-shaded région of Fig. VII. 14 
provides a schematical représentation of the minimal model for M P F oscillations proposed previously 
(Goldbeter, 1991), and used in the présent study. The model considers three variables, namely the 
concentrat ion of cyclin B (C) , the fract ion of active cdc2 kinase (M) and the f ract ion of act ive 
proteolytic complex (X). Cyclin B (C) is synthesized at a constant rate. It activâtes a phosphatase , 
called cdc25, which brings the inactive cdc2 (M+) in an active, dephosphorylated state (M). In reality, 
the active species is made of a complex between cyclin B and cdc2, but the inclusion of a step 
accounting for the formation of such a heterodimer does not qualitatively affect the behaviour of the 
model (Romond et al., 1994). Phosphorylation (deactivation) of cdc2 is mediated by the wee l kinase. 
Unphosphorylated cdc2 (M) tr iggers the activation of a proteolytic complex (X) known as A P C 
(anaphase promoting complex) , which labels cyclins for dégradation through the ubiquitin pa thway. 
Inactivation of A P C occurs through dephosphorylat ion by a phosphatase . The négat ive f eedback 
exerted by X on the level of cyclin is at the core of the oscillatory mechanism. Autocatalytic activation 
of cdc2 kinase, reported by some expérimental studies (Cyert and Kirschner, 1988 ; Strausfeld et al., 
1991) and considered in other models (Tyson, 1991), can also be incorporated in the présent model but 
appears unnecessary for the occurrence of oscillations (Goldbeter, 1993). 

The temporal évolution of the three variables of the minimal model is thus given by the fo l lowing 
ordinary differential équations (see Refs. (Goldbeter, 1991 ;1993) for a detailed présentation of the 
model) : 

In the above équations, C represents the concentration of cyclin B and is thus expressed in \iM. In 
contrast, M and X both represent fract ions of active protein, i.e. the concentration of the active f o r m 
divided by the total concentrat ion of the protein considered. In conséquence, thèse quanti t ies are 
dimensionless and (1 - A/) and {\ - X) represent the fraction of inactive cdc2 kinase and of inactive 
APC, respectively. As to the parameters, represents the constant rate of cyclin B synthesis, while Vj 
is its maximal dégradation rate by X. dénotes the Michaelis constant for cyclin dégradation. A non-
specific dégradation of cyclin B, characterized by a first order rate constant k^, is also considered. 
Activation (dephosphorylation) of cdc2 kinase occurs at a maximal velocity noted VMI. and is activated 
by cyclin through a michael ian process characterized by a constant K^. Vj stands for the maximal 
velocity of cdc2 deactivation (phosphorylat ion). Both V^i and V, have been scaled by the total 
concentration of kinase. V^s and V4 are the scaled maximal velocities of the kinase and phosphatase 
supposed to activate and deactivate APC (X), respectively. The (i = 1 ^ ) represent the Michael is 
constants characterizing the activation and deactivation processes, divided by the total amount of 
kinase (for AT, and K^^ or of A P C complex (for and K^). 

K^ + C K^+l-M " K2 + M 
2 

(VII. 12) 

(VII. 13) 

(VII. 14) 
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Fig. VII. 14. Schematic représentation of the mathematical model proposed lo account for the effect of Ca"* oscillations on 

Mil arrested mammalian eggs. The grey-shaded région represents the model proposed previously for the early embryonic cell 

cycle (Goldbeter, 1991). Eggs are arrested in Mil due to a high level of CSF, which inhibits the activation of the APC 

complex which initiâtes the dégradation of cyclin. Ca"* is supposed to activate CaMKII (W). The active form of this enzyme 

phosphorylates a hypothetical mediator protein (5 into S*). S deactivates the anaphase promoting complex X, while S* 

indirectly leads to CSF inactivation. The différent loops represent réversible phosphorylalion pathways. Dashed arrows 

indicate activations, while the dashed line terminated by a hyphen stands for an inhibition. C stands for cyclin, M for MPF, X 

for the ubiquitin-dependent APC and W for CaMKII. Other letters represent unknown, hypothetical protein substrates. The * 

indicates the inactive form of the protein in ail cases, except for the mediator S for which both forms are assumed to be active 

in différent pathways. See text for détails. 

Sustained oscillations occur in the model provided that thresholds exist in the dependence of M on 
C, and of X on M\ thèse sharp dependences are fulfilled as long as ail the ATj's are considerably smaller 
than 1. Oscillations in the level of cyclin B, M P F and APC complex as obtained with the model 
defined by Eqs. (VII. 12-14) are shown in Fig. VII. 15A. Thèse oscil lat ions can be suppressed by 
appropriate changes in the maximal velocities characterizing the diverse activation and deactivation 
processes. Unfert i l ized mature eggs are arrested in a state of high cyclin and M P F because C S F 
prevents the dégradation of cyclin. Of particular interest for modelling the Mi l arrest in the System 
defined by Eqs. (VII. 12-14) is the fact that decreasing the maximal velocity of activation of the A P C 
complex (VMI) in the model described above, allows the system to quit the oscillatory domain; a steady 
State characterized by high levels of both cyclin and M P F is then established (Fig. VII. 15.B; see also 
Strausfeld et al., 1991). As to the mammal ian Mi l arrest , we a s sume that C S F inhibits the 
transformation of the A P C complex into an active form. This inhibition could be indirect, i.e. C S F 
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could have an effect at various stages of the ubiquitin pathway, but, for sake of simplicity, we consider 
that C S F directly inhibits the t ransformation of X* into X (see Fig. VII. 14). In the fo l lowing, the 
situation shown in Fig. VII. 15B will be considered as an initial condition for studying the effect of an 
oscillatory Ca^^ signal on M i l arrested eggs. 

rime (min) Time (min) 

Fig. VII. 15. (A) Sustained oscillations of cyclin, active MPF and active APC in the minimal model for the cell cycle 

(Goldbeter, 1991). Results have been obtained by numerical intégration of Eqs. (VII.12-14) with the following parameter 

values: V; = 0.003 nM min = 0.18 M^tmin ', = 0.05 nM, k, = 0.0012 min ', V„| = 0.36 min ', = 0.5 jiM, V, = 0.186 

min ', V„3 = 0.072 min ', V4 = 0.048 min ', K, = K. = Kj = Kt = 0.005. The total concentrations of MPF and APC are both 

supposed to be equal to 4 ^M. (B) Arrest of the cell cycle in a stale characterized by high levels of cyclin and active MPF, 

and by a low level of APC complex X, which corresponds to the situation observed in Mil arrest. Cyclin concentration also 

evolves to a stable sleady state (C = 2.4 (xM). Results have been obtained by numerical intégration of Eqs. (VII. 12-14) with 

the same parameter values as in (A), except for V„, = 0.0045 min '. 

Full model for the resumption ofthe cell cycle in MU arrested eggs : rationale. 
The model proposed to account for the Ca"*-induced relief of mammal ian eggs f rom M i l arrest is 
schematized in Fig. VII. 14. As ment ioned above, the grey shaded région represents the minimal 
mechan i sm previously p roposed to account for periodic M P F act ivi ty (Goldbeter , 1991); the 
remaining part indicates how Ca"^ and C S F are supposed to a f fec t this oscil latory activity. It is 
assumed that Ca^* and C S F both interfère with the cell cycle machinery by af fec t ing the cyclin 
dégradat ion pa thway, i.e. the characteris t ics of the réversible phosphory la t ion loop of the A P C 
complex noted X. 

The first assumption is that C S F inhibits the transformation of X into the active state. T o consider 
that C S F activity has reached its maximum in the mature egg ready to be fertil ized, we assume in the 
model that C S F is initially at a high arbitrarily chosen value, and that this level can only decrease in 
response to Ca"*. There is no renewal of C S F once fertilization has occurred. The latter level of C S F 
inhibits cyclin dégradation. 
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Fig. VII. 17. Numerical simulation of the full model for the resumption of the cell cycle schematized in Fig. VII. 14. Results 

have been obtained by numerical intégration of the System defined by Eqs. (VII. 12-13), (VII. 15-20) using a simplified 

mathematical représentation of the Câ * dynamics (see text for détails). Parameters values are the same as in Fig. VU. 15A 

with VM, = 0.072 min ', V'^i = 0.048 min AT, = 0.5 mM, V, = 8.0 min V, = 0.2min K, = Kf,= ], K^ = 0.7 ^M, Wj=lO 

(xM, V^ = 0.0045 min '. V^, = 0.03 min ', AT, = /fg = 0.05, V ,̂, = 0.015 [xM min ', Kg = 0.5, = 0.0001 min ', = 0.2 min ', 

V„|, = 0.14 min ', V„|, = 0.02 min ', V ,̂,, = 0.014 min ', K,^ = K„ = K,. = /f,, = 0.01, Sj =Qj = Qyr=^ HM. The Ca'* 

dynamics is characterized by a period equal to 10 min, a basai level and a maximal amplitude equal to 0.1 and 1 \iM, 

respectively, a half-width for exponential decay equal to 1.5 min and a total number of spikes equal to 24. The Ca'*-

independent decrease in CSF (term -k^ CSF in Eq. VII.19) begins at time 0, i.e. simultaneously with the onset of the first Ca^* 

spike. 

An increase in cytosolic Ca"* then deactivates CSF: according to expér imental results (see section 
VII .3) , it is assumed that Ca-* act ivâtes CaMKII {W), which itself t r iggers the activation of a 
hypothetical protein substrate, called S. The latter species must be v iewed as a still unident i f ied 
'media tor ' between CaMKII and the activity of the A P C complex. The phosphorylated form of this 
substrate, denoted S-i-, triggers the dégradation of CSF through two réversible phosphorylation loops. 
Thèse loops introduce t ime-delays in the model, a phenomenon that will al low us to account for the 
observation that CSF isinactivated well after M P F (see below). 

In principle, the latter model (i.e. Fig. VII. 14 in which the dashed line marked * is ignored) could 
account on its own for the fac t that a sufficient increase in cytosolic Ca"* can résume the cell cycle. 
Af ter an appropriate Ca^^ increase indeed, the inhibition of APC activation would be relieved and the 
cell cycle machinery could résume. It can be intuitively foreseen, however , that this mechanism in 
which CSF is the only brake to cell cycle resumption is not able to account for at least three main 
expérimental observations. First, such a model would predict that the decrease in M P F activity always 
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fol lows that in CSF, whi le the opposi te séquence is experimental ly observed (Watanabe et al., 1991 ; 
Verlhac et al., 1994). Second, such a scheme cannot explain why, in rabbit oocytes, the Ca"*-induced 
decrease in the level of active M P F is only transient if the number of Ca"* spikes applied to the egg is 
too low (Collas et al., 1995). Final ly, this System cannot account fo r the so-cal led MII I arrest , a 
pathological state result ing f r o m an incomplète activation of the egg (Vincent et al., 1992 : Kubiak , 
1989). In this case indeed, extrus ion of the second polar body is obse rved , a p h e n o m e n o n which 
ref lects a decrease in the level of M P F activity, but, af terwards, a new metaphase spindle is f o r m e d , 
sugges t ing that M P F act ivi ty has r isen again; this arrested eg g can be reac t iva ted . T h e second 
assumption of the model is that there is some CSF-independent pa thway for egg activation by CdC*. 
The central idea of the full model is to assume that C a M K I I has a dual rôle, and af fec ts the level of 
act ive A P C both indirect ly through C S F inact ivat ion and directly th rough act ivat ion of the A P C 
complex (see Fig. VII. 14). W e thus consider that the mediator S, whose phosphorylat ion finally results 
in C S F inac t iva t ion , a lso p o s s e s s e s some intr insic act ivi ty w h e n it is u n p h o s p h o r y l a t e d : the 
t ransformat ion of the A P C f r o m its active (X) to its inactive (X*) f o r m is assumed to be act ivated by 
the unphosphory la ted fo rm of the mediator . As 5 is high in the absence of Ca"* and dec reases in 
response to Ca'*^ spikes, increasing cytosolic Ca'* triggers a decrease in the rate of inactivation of X. 
The resulting higher level of active A P C in tum triggers cyclin dégradat ion. This mechanism provides 
a rapid and CSF-independent control of the level of active M P F by cytosolic Ca"*. 

Mathematical équations ofthe full model 
In addi t ion to the three var iables of the basic cell cyc le model , f i ve o ther var iables need to be 
considered in the full model . As the detailed kinetics of the events occurr ing at cell cycle resumption is 
far f rom being identified, the model is phenomenological . The dynamics of ac t ivat ion-deact ivat ion of 
C a M K I I {W) is descr ibed by a réversible phosphoryla t ion loop, the in terconvers ion be tween both 
forms being catalyzed by a kinase and a phosphatase acting with Michae l i s -Men ten kinet ics (Dupont 
and Goldbeter , 1992b ; Goldbeter and Koshland, 1981). Thus , the évolut ion of the f rac t ion of act ive 
CaMKII is given by the fol lowing differential équation: 

— = V5 — V f , — — — ( v n . i 5 ) 

dt K^+\-W K(, + W 

in which : V5 = Vyŷ s 

In thèse équations, W is def ined as the concentration of CaMKII in the active fo rm, with Wj be ing the 
total amount of protein substrate. The fract ion of inactive CaMKII is thus given by ( l -W) . Moreover , 
VM5 and V j dénote the e f fec t ive maximal rates of the kinase and the phosphatase , divided by Wj, 
and K(, are the normal ized Michael i s constants of the two latter enzymes . Kp^ dénotes the threshold 
constant of act ivation of the kinase by cytosolic Ca"*. The Hill coef f ic ien t taken as equal to 4 a l lows 
for the observed high level of cooperativi ty in the activation of C a M K I I by Ca""^ (Schulman, 1988). 
Active C a M K I I {W) triggers the phosphorylation of S into S*. Thus: 

f ^ = V V g - ^ (VII.16) 
dt K-j+\-S K^+S 

in which V^ = VMS and where S represents the fraction of unphosphorylated mediator protein. V^ and 
dénote , respect ively, the maximal rates of phosphorylat ion and dephosphoryla t ion, divided by the 

total amount of substrate {Sj). K^ and are the normalized Michael is constants associated with thèse 
processes. The phosphorylated form of S (5*) allows another protein to become active. If Qj is the total 
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concentrat ion of this substrate , Q and Q* (=\-Q) represent the f rac t ion of prote in into the act ive and 
inactive state, respectively. T h e évolut ion of the fraction of substrate in the act ive fo rm is given by: 

^ = V , o - ^ ^ - V u - ^ (VII.17) 

in which V,o = V ; v / l o ( l - ' ^ f 

VMIO and V,, indicate, respect ively, the maximal rates of activation and inact ivat ion, divided by Qj. K,o 
and are the normalized Michael i s constants associated with thèse processes . Act ivat ion of Q by the 
phosphorylated form of the media tor S is assumed to be highly coopérat ive. In the same manner , 

^ = V , 2 — ^ V , , ^ ^ (VI I . I8 ) 

in which V,2 = V^i2!2-

Parameters related to Eq. VII. 18 have been defined in the same manner as in Eq. VII . 17. 
T h e ul t imate e f fec t of the pa thway def ined by Eqs . VII . 15-18 is to t r igger C S F inact ivat ion. Th i s 

phenomenon is supposed to obey the fol lowing kinetics: 

^ ^ = VM9Q2—^ l^9CSF (VII .19) 
dt ^ Kg + CSF 

where V^y stands for the maximal velocity of CSF inactivation and is the half-saturat ion constant of 
this process . W e also a s s u m e that CSF can be inact ivated in a Ca"*- independent manne r with first-
order kinet ics (kg). Th i s t e rm, wh ich is much smal ler than the Ca"*-activated dégrada t ion of CSF, 
ref lects that, as t ime goes on, less Ca^^ is needed to activate the egg; fo l l owing Eq. VII . 19 indeed, the 
level of CSF will spontaneous ly decrease , thus al lowing the A P C complex to s lowly react ivate. For 
simplici ty, the level of CSF activity is represented by the concentra t ion of the still u n k n o w n species 
assumed to play that rôle. 

Final ly, we have to t rans form Eq. VII. 14, which gives the évolut ion of the f ract ion of act ive A P C 
c o m p l e x , to incorpora te the régu la t ions of its a c t i va t i on -deac t i va t i on loop by CSF and by the 
unphosphorylated mediator S. Eq. VII . 14 becomes: 

^ = V / 3 _ b ^ V 4 ^ ^ (VII .20) 
dt K2+I-X K4+X 

in which V3 = V ^ ^ s M — ; ; ; — ' • and VA = VKAAS. 
Kj+CSF^ 

K, s tands f o r the cons tant charac te r iz ing the inhibit ion by CSF of A P C act ivat ion. Eqs . VII . 12-13, 
VII . 15-20 represen t a System of e igh t ord inary d i f fe ren t ia i équa t ions w h i c h can be numer i ca l l y 
integrated. In the s imula t ions , fer t i l izat ion is a ssumed to cor respond to the t ime at which Ca"* is 
increased in a s tepwise manne r up to a f ixed, maximal amplitude. Ca"* is then decreased fo l lowing an 
exponent ia l law back to its basai level. This artificial procédure to généra le a Ca"^ spike is repeated 
periodical ly. T h e Ca^* dynamics is thus character ized by a resting level [Ca"*]o, a max imal ampl i tude 
A, a period 7 and a half - t ime for exponential decay f rom A to [Ca"*]o, x. 
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VII.4.3. Simulations of Ca^^-induced relief front metaphase II arrest in mammalian eggs 

After fertilization, mouse oocytes display Ca"* oscillations with a period typically equal to 10 min , 
although a high variability can be observed among différent individuals of the same species (Vitullo 
and Ozil, 1992). Thèse oscillations can last for up to 4 h. Fig. VII. 16A shows the temporal pa t tem of 
répétitive Ca'* spikes which has been chosen to mirror the physiological situation (24 Ca"* spikes of 1 
[iM amplitude, with a periodicity of 10 min and a half- t ime for exponential decay equal to 1.5 min). 
According to Eq. VII. 15, thèse répétit ive Ca"* increases lead to successive spikes in the level of 
activated CaMKII (Fig. VII. 16B). The high level of cooperativity in CaMKII activation by Ca"'' al lows 
the fraction of active CaMKII to follow the same temporal pattem as the level of Ca"*. It is important 
to note that CaMKII does not re tum to basai activity between two successive Ca"* spikes; this is due to 
the fact that has been taken smaller than (i.e. the rate of dephosphorylation of CaMKII is low, as 
compared to the rate of phosphorylation). Such a partial deactivation of CaMKII is important in the 
behaviour of the fuU model, as we will see below. Thèse peaks in CaMKII activity in tum induce the 
progressive transformation of S into S* (see Eq. VII. 16 and Fig. VII. 16C); the maximal velocity of the 
latter transformation is such that only a small fraction of this mediator protein can be converted in 
response to a Ca^* peak (low value of V^s compared to the Ca"* dynamics). Moreover, it is assumed 
that the system has no t ime to reverse between two spikes, a phenomenon which al lows the C S F 
dégradation pathway to integrate the total number of Ca"* spikes. The absence of transformation of S* 
into S between two Ca"* spikes is due both to the assumption that is smaller than VMS and to the fact 
that the fraction of CaMKII in the active form remains relatively high (about 0.4) between two Ca"* 
spikes. 

Crucial to the behaviour of the model is the fact that the CaMKII- induced changes in the balance 
be tween the S and S* fo rm of the mediator has two effects . First, the decrease in the f ract ion of 
substrate in the S form directly affects the activity of the APC complex (X), responsible for cyclin 
dégradation (Fig. VII. 16G). As Sdecreases , the balance between the active (X) and inactive (X*) forms 
of the APC complex switches towards the active form. As a direct resuit, the level of cyclin drops 
(Fig. VII. 16H), and consequently, the level of M P F (Fig. VII. 161). This stage corresponds to the entry 
of the fertilized egg in interphase. On the other hand, the increase in the amount of mediator in the S+ 
form leads to a progressive decrease in C S F activity (Fig. VII. 16F). Owing to the existence of two 
réversible phosphorylation loops between S* and the décline in C S F activity (see Fig. VII. 16D for Q 
and Fig. VII. 16E for Qj), C S F inactivation is delayed with respect to the primary Ca""^ increases. 
Finally, when both C S F activity and Ca"* have come down to their basai levels, M P F can rise again 
and induce the first mitosis of the embryo. 

The complex dynamics of this eight-variable System can be better understood when resorting to the 
analysis shown in Fig. VII. 17. There, the région of oscillations in the minimal , three-variable cell 
cycle model (defined by Eq. VII12-14) is shown as a function of V^s and V4 (see also (Goldbeter and 
Guilmot, 1996)). The other variables of the full model interfère with the minimal model through thèse 
two maximal velocities characterizing the réversible phosphorylation loop of the A P C complex (X). 
Thus, différent typical situations of the full model can be visualized in this VM3/^4 stability diagram, 
thus allowing for a qualitative understanding of the dynamics of the eight-variable system. In fact, to 
visualize a given state of the full model in the stability diagram of the three-variable model, one has to 
consider that VM3 is given by 

Kw3 -^—^ T and V4 is given by V ^ 4 5 . 
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Fig. VII.17. Stability diagram of the minimal model for the cell cycle defined by Eq. VII.12-15, in the (V^, V^^) parameter 

space. Thèse maximal velocities characterize, respectively, deactivation and activation of the APC complex. The évolution of 

the fuU, eight variable model in the same conditions as in Fig. VII. 16 is successively represented by four points referred to as 

(1) to (4). (1) is the initial state of the System in Mil arrest, characterized by a high levé! of CSF and a basai levai of Ca^*. (2) 

represents the situation after eight Ca'* spikes. APC has been activated, allowing the active MPF to decrease and the egg to 

enter in interphase. CSF is still active. (3) represents the situation after 20 Câ * spikes; CSF is inactivated. (4) represents the 

state of the System once Ca"* oscillations have stopped. This state is oscillatory, corresponding to the resumption of the cell 

cycle. The points indicated (3') and (4') stand for the situation simulated in Fig. VII. 18, in which the number of Ca"* spikes is 

not sufficient to restart the cell cycle. The values of the variables at the various points have been obtained by numerical 

intégration of the full model. 

The values of CSF and S are numerically evaluated at various characteristic stages. The initial state 
of the System simulated in Fig. VIL 16 corresponds to a M i l arrested egg characterized by a high level 
of CSF (1 |xM) and a basai level of Ca"* (0.1 [iM). In such a state, S is high. The location of this point 
in the stability d iagram (point (1) in Fig. VII. 17) corroborâtes the fact that this state is stable and 
characterized by a low value of the fraction of active A P C complex (X) and a high value of act ive 
M P F (M). Fert i l izat ion is s imulated by applying to the system a séries of Ca"^ spikes which 
repetitively activate CaMKII . Their first effect is to decrease S (and thus V4). After this rapid décline, 
the state of the system corresponds to the point marked (2) in the stability diagram. This point is jus t 
on the opposite side of the oscillatory domain and corresponds to a stable state with a high fraction of 
active APC complex (X) and a low level of active MPF. This si tuation is reminiscent of wha t is 
observed during interphase. The second and slower effect of the Ca~* spikes is to gradually decrease 
CSF activity. Thus, the value of VM3 progressively increases up to the point marked (3) in the stability 
diagram. The corresponding levels of cyclin, APC complex (X) and M P F are not significantly altered 
by the latter change. In contrast, when the Ca"^ spikes finally stop, V4 rapidly increases again up to the 
point (4) which is in the oscillatory domain and thus corresponds to the resumption of the cell cycle. 

The results shown in Fig. VII. 16 have been obtained when assuming that most loops in the model 
(M, X, S, Q and Q2) exhibit a threshold-like behaviour. In Fig. VII. 16, thèse thresholds originate f r o m 
the fact that the various kinases and phosphatases act in their région of zero-order kinetics (Goldbeter 
and Koshland, 1981), meaning that the enzymes are saturated by their substrates. Other assumptions as 
high levels of cooperativity or the inclusion of intermediate loops could however much relax thèse 
constraints on the parameter values, at the expense of an increased complexity of the model. 

VII.4.4. Effect of the number, frequency and amplitude of Cc^* spikes 

Reducing the number of spikes at a given frequency 

The theoretical model presented above can be used to investigate how the number of Ca"* spikes 
affects the évolution of MPF. In Fig. VII. 18, the number of Ca"* spikes has been reduced as compared 
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to the situation shown in Fig. VII. 16 (14 spikes in Fig. VII. 18 as against 24 in Fig. VII. 16); the period 
of Ca"* oscillations remains unchanged. In the case of a low number of Ca'* spikes, although M P F 
drops after eight Ca"* spikes, this décline is only transient. The fraction of active M P F progressively 
rises back to a stable, elevated level when Ca^* retums to its steady-state value. The dashed line in Fig. 
VII. 18 indicates that C S F has only decreased by ~40% in response to 14 Ca'* spikes, which explains 
the high stable level of active MPF. This situation is reminiscent of both the transient decrease in 
active M P F observed, in vitro, in rabbit eggs (Collas et al., 1995) and of the MIII arrest reported in 
vivo for mouse eggs (Vincent et al., 1992). From a theoretical point of view, one can understand this 
behaviour by resort ing to the stability diagram shown in Fig. VII. 17. In this f igure , the points 
représentative of the simulation shown in Fig. VII. 18 are indicated by (1), (2), (3 ' ) and (4 ' ) . Because 
of an insufficient C S F inactivation (i.e. a too low increase in VM.I f rom (2) to (3 ' )) , the System does not 
end up in an oscillatory state when Ca"* retums to its basai level. 
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Fig. VII. 18. Simulation of MIII arrest in an egg which has been stimulated by an insufficient number of Ca^* spikes. The 

dashed région shows the time during which the System has been stimulated by rejietitive Ca"* increases with a periodicity of 

10 min. MPF activity (plain line) decreases in response to Ca"* spikes, but, as the number of Ca"* spikes is too low, CSF 

activity (dashed line) does not décline to the basai level. Thus, MPF activity rises again when Ca"* oscillations stop. Results 

have been obtained as in Fig. VU. 16, except for the fact that the total number of Ca'* spikes characterizing the Ca"* dynamics 

is here taken as equal to 14. 

Experiments performed with Ca"* ionophores indicate that mature eggs can sometimes be activated 
in response to one Ca"'^ spike. Such a situation can in principle be accounted for by the model , as 
shown in Fig. VII. 19. In this f igure, the half-time for exponential decay of the level of cytosolic Ca"* is 
70 min. A detailed numerical investigation of the behaviour of the model shows that, to decrease C S F 
back to the basai level and thus to allow for irréversible cell cycle resumption, Ca"* has to remain 
elevated above a threshold value of 0.5 ^iM for 70 min (either continuously, or repetitively with a 
period which is short as compared to the intrinsic évolution of the A P C compiex (X), as we wili see 
below). From a biological point of view, such a sustained Ca"* increase would be lethal for the cell. In 
the model, a Ca"* spike of much shorter duration can however activate the egg if it is assumed that the 
initial levé! of C S F activity is lower than in Fig. VII. 16 (not shown). The latter situation could 
correspond to an 'o lder e g g ' , in which the level of C S F has spontaneously declined, due to some 
endogenous protease activity. In that respect, it is interesting to mention that, in some cases, old eggs 
can even spontaneously activate. In summary, the présent simulations suggest that egg activation by a 
non-oscillatory Ca"* increase can be obtained either with a long-lasting stimulation by Ca"*, or by 
assuming that CSF activity at t ime of activation is low, as it could be the case in old eggs. 
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Fig. VII. 19. Simulation of cell cycle resumption by a unique, long-lasting Ca"* spike. The évolution of cytosolic Ca'* is 

.shown by the plain line, while the dashed line indicates the conresponding évolution of the level of active MPF. Results have 

been obtained as in Fig. VII. 16, except for the fact that the number of Ca~* spikes characterizing the Ca"* dynamics is here 

equal to I and that the half-time for the exponential decay of this spike is taken as equal to 70 min. 

Varying the frequency or the amplitude ofthe répétitive Ca^* spikes 
The effect of changing the f requency or the amplitude of Car* oscillations is shown in Fig. VII .20. 
T w o aspects must be considered. First, one can compute the time necessary to decrease MPF, which 
would correspond to the entry in interphase. In Fig. VII.20A, Ca"* spikes of varions frequencies are 
applied to the System. There is no restriction in the number of spikes, i.e. the latter are applied as long 
as necessary to inactivate M P F . In this case, the t ime to decrease M P F increases in a roughly 
exponential manner with the period of Ca"* oscillations. The latter relation ref lects the ba lance 
between activation and deactivation in the various loops involved in the transduction pathway between 
Ca"* and cyclin dégradation. As long as during a spike Ca^* remains above the threshold value for 
CaMKII activation, the results are barely affected by the amplitude of oscillations. Thèse results can 
be compared with the exper iments performed by Ozil and Swann (1995) in which they varied the 
period of artificially induced Ca"* spikes in mouse oocytes; in that System, the t ime for the pronucleus 
to become visible, a phenomenon which marks the entry in interphase, and thus the décline in the level 
of MPF, clearly increases in parallel with the period of the Ca'* spikes. No attempt was made in the 
latter experiments to vary the amplitude of thèse artificially induced Ca"* oscillations. 

Second, one can compute the t ime between the first Ca"* spike and the first peak in MPF, which 
would correspond to the first mitosis, as a function of the period of Ca"* oscillations. In Fig. VII .20B, 
it is considered that the System is stimulated during 4 h by Ca~* spikes of various f requencies . In 
conséquence, the total number of spikes also varies f rom one numerical simulation to the other. The 
reason why such a 'p ro tocol ' has been adopted (and not the same as in Fig. VII .20A) is that, in our 
simulations, there is no cell cycle resumption as long as Ca"* is spiking, as it will be discussed in the 
following section. Fig. VII .20B clearly shows that the t ime laps between the onset of stimulation and 
the first peak in M P F is little affected ( - 4 % ) by the frequency of the Ca"* spikes. This time interval is 
merely imposed by the time taken by the cyclin to increase after the retum of Ca"* to its basai level, i.e. 
after the 4 h of stimulation. The time taken by cyclin to increase is itself dictated by the choice of 
parameter values character izing the kinetics of the cell cycle but is practically independent of the 
parameters characterizing the preceding Ca~* dynamics. In fact, the t ime for the first peak in M P F 
slightly decreases when the period of Ca"* oscillations increases because the final level of C S F activity 
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increases in parallel with the period, due to the fact that the total number of Ca"* spikes received by the 
System during 4 h becomes lower. The final rate of APC activation (V3) is thus lower when the period 
of Ca"* oscillations is larger. The latter change somewhat accélérâtes the increase in cyclin. 

0 s 10 15 20 25 30 

Period of Ca' * spikes (min) 

Period of Ca' * spilces (min) 

Fig. VII.20. Theoretical investigation of the influence of the Ca"* dynamics on the kinetics of cell cycle resumption after 

fertilization. (A) shows the influence of the period of Ca"* spiking on the time at which the level of active MPF drops. This 

stage corresponds to the entry of the activated egg in interpha.se. The various curves have been obtained for différent 

amplitudes of Ca"* spiking, as indicated. Ca"* spikes are applied for 600 min. (B) shows the influence of the period of Ca"* 

spiking on the time at which MPF reaches its first maximum, after the initial drop. This stage would correspond to the first 

mitosis. Ca"* spikes are only applied during 4 h, which implies that the total number of Ca"* spikes varies with the period. For 

comparison, the time taken for the first drop in MPF in thèse conditions (slightly différent from (A)) is also indicated (dashed 

line). Results have been obtained as in Fig. VII. 16. 

For comparison, the time needed for the initial decrease in the level of active M P F in response to 
activation by Ca"^ is also shown in Fig. VII.20B. This relationship is not exactly the same as in Fig. 
VII.20A because in Fig. VII.20B, Ca"* spikes are only applied during 4 h. The model thus predicts that 
the time taken by the egg to enter in interphase or to undergo the first division are differently affected 
by the Ca"* dynamics. Pronucleus formation is accelerated when the f requency of the Ca"* spikes is 
increased. In contrast, the time for the first division remains roughly independent f rom this frequency. 

Increasing the number ofCcP* spikes at a given frequency 
An interesting property of the présent model is that it suggests that the level of M P F cannot increase in 
the présence of a high level of Ca"*, even in the absence of C S F activity as Ca"* indirectly increases the 
activity of the A P C complex (see Fig. VII. 14). Furthermore, oscillations in the level of cyclin and 
active M P F can only occur when the Ca"* level is low. This property can be understood by looking at 
the stability diagram shown in Fig. VII. 17. There, it can be seen that oscillations cannot occur for low 
values of V4, which correspond to minimal values of the mediator protein in the 5 form, and thus to 

http://interpha.se
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maximal Ca~* concentrations. Thus, numerical simulations of the model schematized in Fig. VII. 14 
predict that the time required for resumption of the cell cycle will increase if the total stimulation time 
by Car* is extended. The latter prédiction is illustrated in Fig. VII.21. In comparison to Fig. VII. 16, the 
number of Ca^* spikes bas been doubled (with the same frequency): simulations show a delay of nearly 
4 h in the appearance of the first peak in MPF, as compared to Fig. VII. 16. Such a prédiction could be 
tested experimentally by activating the eggs by a very large number of artificial Ca"* spikes. 

Two expérimental observations indirectly corroborate the latter theoretical prédiction. First, it has 
been reported that after fertilization of mouse oocytes, Ca"* oscillations cease during entry in 
interphase, at the time when pronuclei are forming (Jones et al., 1995 ; Jellerette et al., 2004). The 
second relevant observation comes from ascidian eggs, although the activation process is somewhat 
dif férent in this species. In a récent study, the intracellular Ca"* level has been measured 
simultaneously with histone HI activity (Russo et ai, 1996); it appears that, at the second meiosis, 
MPF activity increases after the arrest of the Ca"* spikes. 

0 2 0 0 « 0 0 eOD 800 1000 

Time (RWI) 

Fig. VII.21. Theoretical prédiction of the mode! for cell cycle resumption schematized in Fig. VII. 14: the time for the first 

mitosis is delayed when the egg receives a number of Ca"* spikes that largely exceeds the number that is necessary for 

activation. Here, the egg is assumed to be activated during 8 h (with Ca"* spikes of 10 min periods); as compared with the 

similar situation in which the number of Ca"* spikes is equal to 24 (Fig. VII. 16), the time for the first mitosis is delayed of 

about 4 h. Results have been obtained as in Fig. VII. 16, except for the number of Ca"̂  spikes which here equals 48. 

VII.4.5. Discussion 

In the présent study, a model which qualitatively accounts for the Ca"*-induced relief f rom Mi l arrest 
at fertilization of mammalian eggs has been developed. The central idea of the model is that the 
elevated Ca""̂  level first overcomes inhibition of cyclin dégradation by CSF, and later induces C S F 
inactivation. Activation of both pathways is mediated by CaMKII. Thus, the model assumes that the 
oscillatory level of CaMKII that follows the Ca"^ spikes has two effects, characterized by différent 
time-scales. The first pathway simply counteracts the CSF-mediated arrest by directly activating the 
APC complex which initiâtes cyclin dégradation, an effect that disappears when Ca'* returns to its 
basai level. The second, irréversible and slow process activated by CaMKII is the inactivation of CSF. 
Thus, upon combination of thèse two effects, Ca"* oscillations first decrease the level of active MPF, 
which allows the egg to enter in interphase, and later inactivate CSF. When CSF is sufficiently low 
and when Ca"* oscillations stop, the egg can undergo the first mitosis. 

Noteworthy is the fact that the model presented here remains qualitative. No attempt has been made 
to closely match the time scales of the events occurring in the simulations in response to Ca"* spikes, 
with the experimental ly determined time laps in the early development of the eggs f rom any 
mammalian species. Also the concentrations of the various chemical species appearing in the model 
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have been chosen rather arbitrarily. A quantitative approach would indeed be prématuré both because 
some parts of the model are spéculative and because the kinetics of the events occurr ing be tween 
CaMKII activation by Ca"* and the decrease in M P F is largely unknown. The aim of the study is both 
to provide a mechanism that can qualitatively account for many expérimental observat ions and to 
emphas ize the fac t that the tempora l pattern of early act ivation by Ca"* clearly a f f ec t s the 
developmental potentiality of the egg (Ozil, 1998). 

The understanding of the rôle of the Ca"* changes at fertilization is of great interest, particularly in 
the view that it might provide some insights into the causes of unsuccessful in vitro fer t i l izat ion 
procédures in humans (Homa et al., 1993). Although the présent model is the first one to specifically 
investigate the link between Ca'"^ oscillations and resumption of the cell cycle at fert i l izat ion, the 
relations between Ca"* and the mitotic cell cycle have already been approached in a theoretical manner . 
As in the présent model , thèse theoretical studies assume that CaMKII activâtes the dégradat ion of 
cyclin. The first model relates the dynamics of cytosolic Ca^* to progression through mitosis, G, and 
Gt phase of the cell cycle, on the basis of the assumption that high levels of M P F trigger the release of 
InsP, (Baran, 1994 ; 1996). In that study, the Ca'* dynamics is tightly coupled to the cell cycle 
oscillator, with a one to one peak corrélation between Ca^* and MPF. Such a situation cannot account 
for the coexistence between a basai level of Ca"* and a high level of active MPF, as seen in M i l 
arrested eggs, nor for the fact that numerous Ca"* spikes are necessary for the egg to enter in interphase 
after fertilization. 

Another theoretical investigation of the rôle of Ca"* in the early embryonic cell cycle suggests that 
Ca"* oscillations drive M P F activation cycles (Swanson et al., 1997). Interestingly, the authors suggest 
that the Ca"* dynamics could be autonomously oscillatory, while the M P F System would be excitatory 
or bistable. In that scheme, Ca"* is assumed to activate both cyclin dégradation and phosphorylat ion of 
cdc25, the phosphatase responsible for M P F activation. In the absence of additional assumptions, this 
model cannot account for the relief f rom Mi l arrest in response to a Ca^* increase, as Ca"* cannot 
induce an initial decrease in M P F activity in the présence of a high level of inhibit ion of cyclin 
dégradation by CSF. However , it must be stressed that various relations between the Ca"* dynamics 
and the M P F oscillator most probably prevail in différent situations; in particular, it is reasonable to 
assume that mitosis is not regulated in the same manner as resumption of meiosis at fertilization. 

Given the lack of expérimental data, some of the regulatory pathways introduced in the model have 
been chosen rather arbitrarily. Other régulations could indeed lead to a behaviour similar to the one 
presented in Fig. VII. 16. For example, the APC inactivation by the unphosphorylated form 5 of the 
mediator (V4 on Fig. VII. 14) could be substituted by the assumption that the Ca"^-activated CaMKII in 
fact inhibits M P F activation (V, on Fig. VII. 14). This possibility has been discarded because an 
opposite effect , namely the activation of cdc25 by Ca"*, has been reported by an in vitro expérimental 
study (Whitaker and Patel, 1990). In the same manner, the rather complex séquence of loops leading 
to a slow inactivation of C S F can be transformed into a CaMKII-activated, slow dégradat ion of C S F 
which is inhibited by M . The reason why we have favoured the first possibi l i ty ( séquence of 
activation-deactivation loops) is that MIII arrest is very difficult to simulate with the second pathway. 
Finally, that CaMKII can autophosphorylate and thus act as a biochemical switch (Meyer et al., 1992) 
is another possibility that could explain the transition f r o m a stable to an oscillatory M P F system. 
Again, we have not favoured this possibility on the basis that the variations in the level of M P F 
activity have to be réversible quite rapidly (MIII arrest or mitotic cell cycle). 

In contrast, some assumptions of the model cannot be removed without affect ing drastically the 
qualitative behaviour of the model. In particular, the results shown in Fig. VII. 16 imperatively dépend 
on the assumption that CaMKII has two différent effects on the cell cycle. Moreover, the effect of Ca'* 
on C S F activity has to be slow and irréversible, while the pathway that can overcome CSF-media ted 
arrest must be fas ter and réversible. Until now, there is no expérimental évidence in favour of the 
existence of two différent pathways targeted by CaMKII at egg activation. 
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In a first approximation, we have neglected any possible feedback of the cell cycle on the Ca"* 
dynamics. Although such an effect most probably occurs (McDougall and Sardet, 1995 ; Kubiak et al., 
1993 ; Winston et al., 1995), its inclusion in a theoretical model would be quite complex as it appears 
f rom the expérimental data that it is mainly the reorganization of the microtubular network associated 
with the early development of the egg that interfères with the Ca~* dynamics. Moreover , the interplay 
between the cell cycle machinery and the mechanism for Ca"* release is bidirectional. Of particular 
interest in that respect is the observation that CaMKII might be associated with the spindle and could, 
in conséquence be activated only as long as the latter microtubular organiza t ion remains intact 
(Winston étal, 1995). 

The présent model provides an example of a System in which an oscillatory pat tem of stimulation 
optimizes the cellular response in the absence of any frequency coding. This optimization in fact stems 
f r o m the natural constraints of the System: to respond properly, the System indeed needs the long-
lasting présence of the stimulus to fully deactivate CSF. Given the regulatory properties of the Ca"* 
dynamics inside the cell, such a sustained increase in the level of Ca"* is most successfully approached 
by oscillations. Although rapid Ca"* spiking accélérâtes the activation process, there appears to be a 
large range of frequencies able to activate the egg. In that respect, the model recovers the expérimental 
observation that egg activation is a very robust phenomenon which appears to be unaffected by large 
variations in the oscillatory pattem of Ca"* increases. 



CHAPTER VIII 

Conclusions and perspectives 
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Oscillations and waves of cytosolic Ca"* have been observed in varions cell types, and extensively 
studied from both an expérimental and a theoretical point of view. In this thesis, we have fol lowed a 
computational modelling approach to tackle a large variety of problems related to both the molecular 
mechanisms and the physiological implications of this often spectacular spatio-temporal organization. 
It is interesting to ment ion that this approach appears part icularly wel l -adapted. An appropr ia te 
description of the detailed Ca"* dynamics can indeed in most cases be obtained with a small number of 
variables (2 or 3 in most models) . In conséquence, the number of processes and parameters remains 
limited, which, among other advantages, allows the approach to be semi-quanti tat ive. This greatly 
faveurs a f rui t ful collaboration with experimentalists. Moreover, expérimental observat ions remain 
basical ly l imited to the moni tor ing the cytosolic Ca^* concentra t ion under d iverse condi t ions . 
Measurement of InsPj and ER Ca"* indeed remains technically very difficult , if not impossible. Thus, 
another advantage of models , is to predict the temporal évolution of the other important messengers 
closely linked to cytosolic Car*. 

Computational modelling of Ca"^ dynamics requires the development of spécifie models. Although 
basic CICR models such as the one summarized in Table 1.2 share many similarities with the classical 
Fi tzugh-Nagumo équations, the analogy already disappears when di f fus ion is taken into account. As 
another example , the mechan ism proposed to be responsible fo r the générat ion of complex Ca"* 
oscillations (nameiy the self-modulation of the oscillator) is rather unusual for biochemical Systems. 
There indeed, it is the interplay between two endogenous oscillatory mechanisms, or the external 
forcing of an oscillator, that most often leads to complex phenomena such as bursting or chaos. Let us 
still mention the f requency-encoding phenomenon. Although this is a classical concept in Systems 
involving the réversible desensitization of a target-receptor, it needs to be revisited in the case of Ca"* 
where oscil lat ions are abie to ampl i fy the sensitivity of the pa thway involved be tween the Ca"* 
increases and the physiological response. 

In this thesis, we have contributed to a better understanding of varions current problems related to 
Ca"* dynamics. Let us very briefly summarize thèse contributions, and mention at the same t ime the 
possible remaining open questions that need to be further investigated. 

As far as oscillations are concemed, we have studied the effect of taking InsP, metabol ism into 
account. This study was initially motivated by expérimental observations related to the distinct ef fects 
of overexpressing one or the other of the 2 enzymes responsible for InsP, catabolism, one being Ca^'^-
sensitive and the other one Ca~*-insensitive. As quantitative data were available for thèse enzymes, we 
could provide a simple explanation for the apparent paradoxical expérimental results. Moreover , this 
extended model suggested that the Ca'*-stimulation of InsP, dégradat ion could be the mechan i sm 
responsible for the complex Ca"* oscillations in the form of bursting or chaos that had been reported in 
some cell types. Thèse complex behaviours have been analyzed in the f ramework of the theory of 
dynamical Systems. 

As récent expér imenta l observa t ions suggested that Ca'* osc i l la t ions could some t imes b e 
accompanied by InsP3 oscillations, we investigated if the small-amplitude InsP, oscillations observed 
in our model could be significant in this respect. This led us to suggest a simple expérimental protocol 
a l lowing to test easily the s igni f icance of InsP, osci l la t ions due to Ca '^-st imulat ion of InsP , 
catabolism. 

As to the possible future directions of research in the field of Ca"* oscillations, it is quite sure that 
the spécifie effects of the varions InsP,R isoforms need to be investigated. W e have already performed 
some simple analysis in this direction. The latter suggests that type 2 InsP,R is the most robust 
oscillator, which agrées with the observation that the cell types which are very rich in this isoform 
display Ca'* oscil lat ions in a very large set of condit ions. However , it makes no doubt that our 
phenomenologica l descr ipt ion of the dynamics of the 3 InsP,R subtypes is overs impl i f ied . T h e 
development of a spécif ie molecular model for each isoform is clearly an important task to be 
undertaken. 
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T o my opinion, the most challeging problem related to Ca"* dynamics is to make the link between 
the elementary Ca"* signais (blips and puffs) on one hand and Ca"* oscillations and waves on the other 
hand. We have shown here that we are able to reproduce semi-quantitatively most of the properties of 
thèse small-scale Ca"* increases with a detailed stochastic model of a small g roup of InsP,Rs. Our 
initial aim was to consider in a further step the coupling between a group of puff sites to generate 
propagating waves and, hopeful ly , periodic oscillaions. W e must say that our tentatives remain up to 
now unsuccessfu l l . The p rob lems are clearly related to the d i f fu s ion of cytosol ic Ca"* as the 
incorporation of realistic parameters values for this process can indeed not lead to a fast enough 
dissipation of the Ca"* gradients. This is particularly interesting in view of the fact that, based on what 
he calls the 'approximation methods for stationary Ca"* profi les ' , M. Falcke (2003a ; 2003b) was able 
to generate puffs and répétitive propagating waves in the same simulation System, just by changing the 
InsPi concentration. Another very interesting question in this respect is to understand how a regular 
periodicity can be generated by the small number of InsP^Rs (a few hundreds) présent in a cell of 
about 10 ^im diameter, such as an hepatocyte or an HeLa cell. 

As far as Ca"* wave propagation is concemed, we have shown that the apparent intercellular waves 
propagating among connected hepatocytes can best be described as phase waves. The phase shift 
between the adjacent cells can be explained by the observed gradient of sensitivity to the external 
agonist. Moreover, we predict that InsP, is the most probable molecular species travelling through gap 
junct ions to coordinate Ca"* signais. Although the multiplet of hepatocytes provides an excel lent 
model System, the final aim of thèse studies is clearly to uncover the mechanism at the basis of Ca"* 
wave propagation throughout the whole liver. Is this still a phase wave ? Does the diffusion of small 
amounts of InsP, through gap junctions still suffice to coordinate Ca'* spiking on distances as long as a 
few centimeters ? An extended modelling approach is clearly required to answer thèse questions. T o 
go a step further, it would also be interesting to extend this study of intercellular Ca"* waves in the 
liver to the case of other tissues where thèse waves propagate f rom one cell type to the other, as for 
example in the brain. This rather new phenomenon would however require the deve lopment of 
innovative simulation techniques. 

Our modelling approach of the fertilization Ca"* waves in ascidian eggs has al lowed us to make 
prédictions about the nature of the ER inhomogeneity that characterizes a mature egg. Again , thèse 
results need to be extended to other eggs displaying other pacemakers and other types of f ronts . A 
remarkable fact is that, based on this study, we were able to predict quantitatively the Ca"*-sensitivity 
of the sperm factor (i.e. the species injected by the sperm into the egg, and responsible for the Ca"* 
waves and the resulting resumption of the cell cycle). 

Focussing finally on the physiological implications of thèse Ca"* oscillations, we have shed light on 
3 différent possible advantages of Ca"* oscillations. In the case of liver glycogenolysis , the model 
predicts that Ca"* oscillations increase the sensitivity of the target system. The same mechanism had 
already been shown to occur in a totally différent context, namely that of gene expression. As far as 
CaMKII is concemed, it looks as if the very unique mode of activation of this kinase by Ca"* (based on 
intramolecular autophosphorylation) was designed to be sensitive to high frequency Ca"* oscillations. 
Thus , in this case, there seems to be an adéquation between Ca"* dynamics and the enzymat ic 
properties of the target protein to optimize the signalling pathway. Finally, our rather spéculat ive 
approach of the link between Ca"* oscillations and the cell cycle suggests that, in this case, the system 
would be sensitive to the number , rather than to the frequency, of the répétitive Ca"^ increases. Ca"* 
oscillations would there serve to allow for an apparently prolonged Ca"* increase, without damaging 
the cell. There are still many Systems - such as sécrétion, gene expression or neuronal d i f fe ren t ia t ion-
where the oscillatory nature of the Ca"^ signal is known to play a fundamental rôle. For many of them, 
modell ing could most probably help uncovering the key molecular mechanisms responsible for this 
frequency sensitivity, and thereby improve our understanding of thèse vital processes. 
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