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CHAPTER ]

Introduction



I.1. Oscillations and waves of cytosolic Ca® : a prototypic example of self-organized system in
cell biology.

The first observation of sustained oscillations of cytosolic Ca®* in non-excitable cells has been
performed about 20 yeas ago (Cuthbertson and Cobbold, 1985). Given the many roles of Ca® as an
universal second messenger, this discovery has influenced a great number of concepts in the field of
cellular physiology. Not only are these oscillations observed in nearly all cell types, but they often
play a key role in vital phenomena such as, for example, fertilization or gene expression. Moreover,
these repetitive Ca™ spikes also possesses a well-defined spatial organization.

Cytosolic Ca™ oscillations in fact provide one example of rhythmic phenomenon occurring in
living systems. The latter’s are present at all levels of biological organization and play a fundamental
role in the maintenance of life (Goldbeter, 1996 ; Goldbeter, 2002). Many of them are very familiar to
all 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 from a molecular point of view. A definitive 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 from thermodynamic equilibrium in open systems governed by
laws characterized by well-defined non-linear relations. Although not specifically aimed at
understanding biological systems —rhythmic phenomena are indeed far from being restricted to living
systems—, this discovery has shed a new light on many biological phenomena (Prigogine er al., 1969)
and, many years later, has certainly played a key role in the uncovering of the mechanism underlying
Ca™ oscillations.

Many biological oscillators rely on a specific type of non-linear regulation known as
‘autocatalysis’ : in this case, the stationary state is destabilized by a positive feedback exerted by one
compound on its own production. Thus, glycolytic oscillations, observed in yeast and muscle cells for
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 fructose monophosphate and
ATP into fructose 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
¢AMP on its own production is at the origin of the periodic generation of cAMP signals that control
the aggregation of Dictyostelium discoideum amoebae after starvation (Goldbeter and Segel, 1977 ;
Martiel and Goldbeter, 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 pulses, thus creating a phenomenon of
wave propagation. Cytosolic Ca®™ oscillations are also based on a positive feedback, namely the
amplification of Ca™ release from the internal Ca® stores (sarco- or endoplasmic reticulum) by
cytosolic Ca™ itself. This regulation is well known under the acronym ‘CICR’ for ‘Ca™-induced Ca®
release’. Interestingly, the existence of such a regulation was first predicted theoretically (Dupont and
Goldbeter, 1989 : Goldbeter et al., 1990) before being confirmed experimentally (Bezprozvanny er 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 elaboration of more sophisticated models. The latter’s are
however still adequately studied in the framework of dynamical systems (Goldbeter, 1996 ; Keener
and Sneyd, 1998; Dupont er al., 1999; 2003b; Schuster er al., 2002).
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1.2. Hierarchical organization of Ca* signals

The concentration of free Ca® in the cytosol is actively kept much lower (100-200 nM) than
extracellular (1-2 mM) and intrareticular (0.5 mM) Ca® concentrations (Berridge, 1997). The cytosol,
with its very low concentration of free calcium, is thus located at the interface between these 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®™ from the extracellular medium or
intracellular storage compartments. As we shall see here below, the detailed study of Ca* dynamics
will lead us to consider dynamical events ranging from the sub-micron scale (elementary events) to
centimetres (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 few grams of free Ca™
are distributed in the extra- and intracellular media. Their regulation, which is the focus of so many
studies, is however crucial for the proper functioning of all 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 er al., 1987). These
oscillations result from a periodic exchange of Ca™ between the cytosol and the internal stores
(endoplasmic reticulum, ER or sarcoplasmic reticulum, SR). Their period ranges from 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 ‘frequency-encoding of Ca®™ oscillations', plays a key role in many physiological processes
(Berridge, 1997; Berridge er al., 2000). Vital phenomena such as secretion, gene expression or
neuronal differentiation (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™ oscillations have also been observed (Dixon er 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 ums™ (Berridge and Dupont, 1995). The appearance of the Ca™
waves much varies from 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 basal level:
such waves, observed for example in hepatocytes or in eggs at fertilization, are often referred to as
*Ca™ tides’ (see Dupont and Goldbeter, 1992a and McDougall and Sardet, 1995 for reviews).

Spatial propagation of the repetitive Ca’* rises from cell to cell has also been observed as, for
example, in the liver, in epithelia or in insect salivary glands (Sanderson er al., 1994). The significance
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 from glial cells
to neurons (Nedergaard, 1994; Braet ef al., 2004).

Oscillations, intra- and intercellular waves all tightly depend on the subcellular properties of the
Ca’ releasing entities, namely the InsP;-sensitive Ca®* channels (see below). The arrangement of these
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® puff’). These elementary Ca®™ signals (Parker er al., 1996) of course involve much smaller time-
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and space-scales than oscillations and waves. Moreover, given the small number of Ca**-releasing
channels involved in their generation, their description requires a stochastic approach.

L.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 specific membrane receptor, the external stimulus (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 from the
stores into the cytosol (Fig. 1.1). Moreover, as Ca™ stimulates the activity of the InsP,
receptor/channel, this release is progressively enhanced in a process known as InsP;-sensitive Ca™-
induced Ca* release (CICR). This self-activation process represents a key element in the instability
mechanism that generates repetitive Ca®™ spiking.

Yyyvyyvyy wvvwvvwvvyvy Agonists vyvyvyvyy vyvyvvyvy
VY VYV VY. VY. A A /5 49 A% S 4 yyveyvyy

Fig. 1.1, Schematic representation of the spatio-temporal organization of calcium signals in a group of connected cells: from
Ca™ blips to intercellular waves. The different levels of organization are discussed in section 1.2. ER, endoplasmic reticulum;
GJ, gap junctions; InsP;R, InsP; receptor-Ca™* channel; N, nucleus, SERCA, specific Ca™ ATPases.

However, Ca™ oscillations are regulated by a variety of other processes that could play an active
role in the oscillatory mechanism itself or in the shaping of Ca™ spikes. A non-exhaustive list of such
Ca™-regulatory processes is given in Table I.1. On the basis of these regulatory processes, a variety of
theoretical models have been developed to account for Ca® oscillations.

1.3.1. Ca**-induced Cd’* release

This regulation, known as CICR, plays a primary role 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 InsP;R (Berridge, 1993), is responsible for Ca** release in muscle and
cardiac cells, as well as in neurons (Endo er al., 1970; Fabiato and Fabiato, 1975; Kuba and Takeshita,
1981). Following its incorporation into theoretical models for InsPy-induced Ca® oscillations
(Goldbeter et al., 1990; Dupont and Goldbeter, 1993), InsP;-sensitive CICR has been experimentally
demonstrated (Wakui er al., 1990). A minimal model based on CICR (Goldbeter er al., 1990; Dupont
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and Goldbeter, 1993) qualitatively reproduces Ca®* oscillations. The equations governing 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 frequency 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 mechanisms

Ca™*-induced Ca™ release

PLC activation by Ca™

-l R

Biphasic regulation of InsP;R by Ca™
Capacitative Ca™ entry

InsP; 3-kinase activation by Ca™
Mitochondrial control of Ca®™

G-protein regulation

et B O M e

Phosphorylation of the InsP;R

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

The CICR regulation, first established for type I InsP;Rs (Bezprozvanny and Ehrlich, 1994),
extends to the other sub-types, although in different Ca®™ ranges. It is by now clear that this variety in
CICR regulation contributes to the diversity of temporal patterns of Ca® signals observed in different
cell types (Taylor er al., 1999; Miyakawa er al., 1999; Haberichter et al., 2002; Hattori er al., 2004).
Nearly all models for Ca™ oscillations rely on InsP;-sensitive CICR. These models mainly differ by
the degree of detail in the description of InsP;R kinetics and by the incorporation of one or the other
regulatory process considered below (for review, see Sneyd er al., 1995; Tang er al., 1996; Dupont,
1999; Schuster er al., 2002).

1.3.2. PLC activation by Ca™*

The first mathematical model for InsP;-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 positive
feedback loop arising from the assumed activation by Ca® of InsP; synthesis catalyzed 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 uM has been
demonstrated for isoforms of the enzyme that have been detected only in a few cell types.

Although many early experimental studies indicated that Ca™ oscillations can be observed in the
presence of a constant level of InsP; (Wakui ez al., 1990; Hajnoczky and Thomas, 1997), some recent
experiments suggest that Ca® oscillations are accompanied by InsP, variations (Hirose er al., 1999;
Nash er al., 2001a and 2001b). However, as will be emphasized below, InsP; oscillations could result
from the well-characterized stimulation of InsP, degradation by Ca™ (Takazawa et al., 1990a; Sims
and Allbritton, 1998), in which case they do not really participate in the core oscillatory mechanism.
Moreover, the above-mentioned 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 role
of the stimulation of PLC activity by Ca™ in the generation of Ca®* oscillations.
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Minimal model based on CICR
Z : cytosolic Ca™
Y : Ca®™ in the endoplasmic reticulum

dz
—_—y B=Vo +Va+ kY —-kZ L1
= vo+viB-Va +V3+k; (LD
dY
— =V, =Va=k.Y 1.2
dt S v

with  v(: basal Ca™ influx from the extracellular medium
B : level of external stimulation
v1p: agonist-stimulated Ca** entry

2
V2 = Vyp ———7 : Ca™ pumping from the cytosol into the ER (1.3)
K5 +Z
& g
V3= Vi3 : Ca™ release from the ER into the cytosol, (1.4)

Ki+Y? K3 +2Z*
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 medium

Table 1.2 : One-pool model for Ca™ oscillations based on CICR (Dupont and Goldbeter, 1993). Formally similar kinetic
equations are obtained in the two-pool model based on CICR (Dupont and Goldbeter, 1989; Goldbeter ez al., 1990).

) J3. e,
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Fig. 1.2. Different patterns of cytosolic Ca™ oscillations generated by the mode! based on CICR (Table 1.2) as a function of
the increasing level of external stimulation. The level of InsP, is measured by parameter [} that gives the saturation function
of the InsP,R. A low (high) steady state of cytosolic Ca™ concentration is obtained for lower (higher) values of f.
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1.3.3. Biphasic regulation of the InsP; receptor by Ca™*

The steady-state open probability of the InsP;R/Ca™ channel presents a bell-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 different states of the InsP;R are given in many reviews (see, for example, Sneyd er al., 1995; Tang
er al., 1996; Schuster er al., 2002). These models reproduce both the oscillations and the equilibrium
bell-shaped Ca® dependence of the InsP;R. One of these models, that will be largely used in the
following chapters of this thesis, is given in Table 1.3. A recent variant of this type of models is based
on the intriguing possibilities that Ca™ binds to the different states of the receptor with nonlinear
kinetics and that Ca®™ binding to the receptor both decreases the rate of InsP; binding and increases the
sensitivity of the receptor to InsP; (Sneyd and Dufour, 2002). These assumptions greatly enhance the
agreement between the observed dynamical behaviour of the channel and the predictions of the model.

Model based on the biphasic regulation of the InsP,R by Ca™

-ﬁ—& IR. {open) s
4 (IRypie=IR*IRy)
RaesRi*IR)

Rdes: fraction of Ca**-desensitized InsP, receptor
Ceyto: cytosolic Ca™

decs = Rd 5

= k+C:."',0-—f-‘—— K_R e (L5)
dt ? C "a
l + (’)ll) )
act
dc coh
%’" =ky(b+ 1R, ) Cayor = Coypo(@ +1)) - Vigp —— (L6)
4 K PeC P
cyio
with IR, fraction of active channels = IR ;. —l—" (L7)
a
1+ Ka(‘I
cyto
; yis g 1Py
IR 11 fraction of ‘activable' channels = (l - Rd,,)—'— (1.8)
K wpt IP3

kib: small basal leak of Ca® through the InsP,R
Caypy - total cell Ca™ concentration (= aCrp +Cyp)

@ : ratio between the ER volume and the cytosolic volume

Table 1.3. Model for Ca®™* oscillations based on the biphasic (activation-inhibition) regulation of the InsP,R by Ca®™ (Swillens
et al., 1994: Dupont and Swillens, 1996).
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The main difference between the model based on a detailed description of the transitions between
the different states of the InsP;R and those simply based on InsP;-sensitive CICR pertains to the
mechanism responsible for the termination of the Ca™ spike. In the models incorporating the inhibition
of the InsP,R by Ca®™, the latter regulation 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 Ca’™* entry

During Ca® oscillations, entry of external Ca™ is somehow controlled by the state of filling of the ER.
Indeed, Ca™ entry is prevented when Ca®™ stores are charged up, but store depletion immediately
promotes Ca™ entry into the cytosol. The mechanism of Ca™ entry into the cytosol is still not totally
understood and probably differs from one cell type to the other (Berridge, 1995: Lewis, 2001; Putney
et al., 2001). By regulating the level of Ca® inside the cells, capacitative Ca™ entry (CCE) has a
profound effect on the overall intracellular Ca®* dynamics. Incorporated into theoretical models, this
regulation has been shown to mitigate the depletion of intracellular stores and favor a stable, high
steady-state level of cytosolic Ca® (Wiesner e7 al., 1996).

1.3.5. InsP; 3-kinase activation by Ca**

The metabolism of InsP; by Ins-1,4,5-P, 3-kinase and 5-phosphatase has been well characterized. It
has been shown that the Ca’™ /calmodulin complex stimulates 3-kinase activity (Takazawa er al.,
1990a; Sims and Allbritton, 1998). Thus, each Ca™ spike provokes a temporary increase in InsP,
degradation, a phenomenon that leads to InsP, oscillations (Borghans er al., 1997; Houart er al., 1999).
Thus, it is not necessary to invoke the stimulation of InsP, synthesis by Ca™ to explain the
experimentally observed oscillations in InsP, (Hirose er 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 precede
the peak of Ca™. The opposite should be true if InsP, oscillations were passively following Ca®™
oscillations through stimulation of InsP; 3-kinase activity by Ca®. Current experimental techniques do
not allow to discriminate between the two situations. The observation that Ca™ oscillations can be
induced by large amounts of InsP; analogs (Wakui er al., 1990; Dumollard er al., 2002) favors the
view that InsP; oscillations originate from the regulation of InsP; degradation by Ca™.

1.3.6. Mitochondrial control of Ca’

Mitochondria play an important role in controlling intracellular Ca** dynamics. Mitochondrial
membranes contain many Ca™ transporters, such as the permeability transition pore (PTP), the Ca™
uniporter and the Na'/ Ca® and H'/ Ca™ exchangers. Through these channels, mitochondria behave as
high capacity, low affinity Ca™ buffers (Jouaville ef al., 1995) and could also play a more active role
in releasing their Ca®* content when overloaded, in a process called mitochondrial Ca®*-induced Ca™
release (Ichas et al., 1997). Also, as a consequence 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 er al., 1998).

Mitochondria have been taken into account in several models for Ca®™ dynamics (Marhl er al.,
2000; Falcke et al., 1999). These models predict that mitochondria can regulate the amplitude and the
frequency of cytosolic Ca™ spikes, and influence the transition from simple to complex Ca®™
oscillations.
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1.3.7. G-protein regulation

G-proteins are involved in the transduction signal cascade between the external hormonal receptor and
InsP, synthesis through the PLC isoform, PLCB. Possible regulations of G-protein by InsP;, Ca™ or
diacyl-glycerol (DAG) have been incorporated into various theoretical models (Cuthbertson and Chay,
1991; Kummer et al., 2000; Lier et al., 2001). In these models, which often display complex Ca™
oscillations, the level of InsP; oscillates together with Ca®. However, solid experimental evidence for
the regulation of G-protein by Ca®™ or InsP; is still lacking.

1.3.8. Phosphorylation of the InsP; 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 InsP;R, 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®™
current, the rate of InsP;R recovery from inactivation crucially depends on the nature of the agonist.
This mechanism might explain the long-period Ca™ spiking observed in these cells after stimulation
by cholecystokinin (LeBeau er al., 1999).

1.4. Aim of the thesis

In the following, we focus on the spatio-temporal organization of calcium signals in non-excitable
cells, from the subcellular to the multicellular level. The general idea of our research work is to use the
synergy provided by a combined theoretical and experimental approach to apprehend complex
phenomena, such as oscillations, waves and gradients from 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 procedure,
clearly coming under the field nowadays referred to as ‘Computational Biology®™ (Fall and Keizer,
2002; Goldbeter, 2002; 2004), has often allowed us and many others to grasp the molecular
mechanisms and functions of Ca™ oscillations and waves. Besides the classical field 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.

Chapters I1 and III are devoted to a detailed study of Ca® oscillations. We first extend the models
initially developed to account for Ca® oscillations —and presented in Tables 1.2 and 1.3- to take into
account the metabolism of InsP;. As InsP; is responsible for the release of Ca®* from the internal
stores, its synthesis and degradation clearly affect Ca* dynamics. In particular, as the activity of one
of the enzymes responsible for InsP; degradation 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 experimental results related to the overexpression of the
InsP;-catabolizing enzymes. It also provides a framework 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 regulation of the InsP; receptor by Ca™ to consider the existence of three
isoforms of the InsP; receptor. It is known from electrophysiological experiments that the latter’s are
differently regulated by Ca’ and InsP,. Taking these data into account, we analyse the effects 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 InsP;R indeed depends on the cell type and on the developmental stage of
the cell.

Oscillations of cytosolic Ca® are assumed to result from the periodic, coordinated opening of the
whole population of InsP;Rs present 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. These elementary Ca® signals are supposed to result from 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 InsP;R/Ca®* channels which
have been reported in in vitro studies, and these 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 junctions. In a combined
theoretical and experimental approach, we have investigated the mechanism of this intercellular
propagation of Ca® waves, and more specifically the nature of the key messenger flowing through gap
junctions,

The periodic propagation of Ca® waves is also observed in many eggs after fertilization. As these
waves play a fundamental role in the development of the egg into an embryo, it is crucial to grasp with
many details the mechanisms responsible for this early spatio-temporal organization. Focussing again
on one model system, namely the ascidian egg, we start in Chapter VI by modelling some
experimental results that have been obtained by artificially stimulating these eggs in well-defined
conditions. These experiments indeed allow us to validate our model, which can then in a second step
be used to provide some plausible explanations and predictions about phenomena responsible for egg
activation at fertilization.

Finally, the role of Ca™ as second messenger is most emphasized in Chapter VII. More
specifically, we focus on three situations where the oscillatory nature of the Ca™ signal seems to play a
predominant role in its physiological implications. We thus first envisage the problem of the
stimulation by Ca™ of glycogenolysis in the liver, to try to theoretically uncover the possible
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 *plug-in" element in elaborated models of cell signalling in the various
systems in which this kinase is involved. Finally, in a rather speculative manner, we make the link
between the Ca™ oscillations observed at fertilization and the early development of the egg, by
considering the effect of periodic Ca™ increases on a previously proposed model for the cell cycle.



PART 1 : OSCILLATIONS



CHAPTER 1l

Effect of InsP; metabolism on cellular Ca** oscillations
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IL.1. Introduction

As InsP; is directly responsible for the release of Ca™ from the ER into the cytoplasm, InsP;
metabolism appears as a key process that may reshape Ca® oscillations. InsP, is produced by
activation of phosphoinositide-specific phospholipase C (PLC), which catalyzes the hydrolysis of
phosphatidyl-inositol 4,5-bisphosphate (PIP,) to generate InsP; and 1,2-diacylglycerol (DAG). To
date, five classes of PLC have been identified : B, v, d, eand € (Rhee, 2001; Kouchi er al.; 2004). The
dependence of PLC activity on Ca® has been recognized for quite a long time. However, in most
cases, this stimulation of PLC 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 pM has been shown for the y
(Renard er al., 1987), & (Allen et al., 1997) and T isoforms (Kouchi er 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 first mathematical model for InsP;-
induced Ca** oscillations was based on this regulation (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 presence of a constant level of InsP,
(Wakui er al., 1990; Hajnoczky and Thomas, 1997; Dumollard and Sardet, 2001). Some other, recent
experiments however suggest that periodic InsP; variations can be observed during the course of Ca™
oscillations (Hirose er al., 1999; Nash er al., 2001a and 2002b). These observations have reawakened
enthousiasm for models based on an oscillatory production of InsP; (Taylor and Thorn, 2001).
However, as will be emphasized below, InsP; oscillations could result from the well-characterized
stimulation of InsP, degradation by Ca®* (Takazawa er al., 1990; Sims and Allbritton, 1998), in which
case they do not really participate 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 role of the stimulation of PLC activity by Ca® in
the generation of Ca®* oscillations.

In this chapter, we focus on the process of InsP; degradation and on its possible effect on the
existence, frequency and shape of Ca®™ oscillations. We thus extend our model for Ca’* oscillations
presented in Table 1.3 to consider the evolution of InsP; concentration (section I1.2). We then use this
model to investigate the respective importance of the two Ins(1,4,5)P; degradation pathways (section
IL.3; Dupont and Erneux, 1997); this allows us to propose an explanation to the counter-intuitive
experimental observations performed in CHO cells overexpressing one or the other InsP;-degrading
enzyme (De Smedt ef al., 1997). Then, using a combined theoretical and experimental approach, we
examine the possible physiological relevance of InsP; oscillations due to Ca*-stimulation of InsP,
degradation (section I1.4; Dupont er al., 2003c). Finally, we use a somewhat simplified version of the
model for Ca®* oscillations taking InsP, degradation 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 IL5; Borghans et al., 1997; Houart et al., 1999).

I1.2. Model for Ca™ oscillations involving Ca™-activated InsP; degradation
11.2.1. Experimental data concerning the catabolism of Insl 4,5-P;

Ins1,4.5-P; can be inactivated in two distinct ways; it can be either dephosphorylated by the Ins1.4,5-
P; 5-phosphatase to produce inositol 1.4-bisphosphate or phosphorylated by the Ins1,4,5-P; 3-kinase to
yield inositol 1,3.4,5-tetrakisphosphate (Erneux and Takazawa, 1991; Shears, 1992). The latter
Ins1,3.4,5-P, might regulate Ca® concentration either by potentiating Ins1,4,5-P;-evoked Ca™ release
by activating Ca™ entry (for review, see Hughes and Putney, 1990; Irvine, 1992; Wilcox and
Nahorski, 1994) or by inhibiting Ins1,4,5-P,-induced Ca™ release (Bird and Putney, 1996). cDNAs
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encoding various isoforms of Ins1.4,5-P, 5-phosphatase and Insl,4,5-P; 3-kinase have been cloned
(see e.g. Choi et al., 1990; Takazawa er al., 1990a; Takazawa er al., 1991a; Takazawa er al., 1991b).
Type I Ins1,4,5-P; 5-phosphatase (also designated as 43kDa 5-phosphatase) is the most widespread
inositol phosphate 5-phosphatase; it can use both Ins1,4,5-P; and Ins1,3,4,5-P, as substrates. The
apparent Km values of this enzyme, as reported in bovine brain, are equal to 10uM for Insl,4,5-P;
and 1uM for Ins1,3,4,5-P,; the Vmax is about 10 times larger for Ins1,4,5-P; as substrate as compared
to Ins1,34,5-P, (Verjans er al., 1994). The Vmax of bovine brain Insl,4,5-P, 5-phosphatase was
estimated to be about 500 gmol/mg/min (Erneux et al., 1989). High Vmax values for Insl,4,5-P; 5-
phosphatase have also been reported in human placenta or in porcine skeletal muscle (Verjans ef al.,
1992; Laxminarayan er al., 1993). The two major isoforms of Insl1,4,5-P, 3-kinases, known as 3-
kinases A and B, are tissue-specific (Takazawa er al., 1990a; 1990b; Takazawa et al., 1991a; Foster et
al., 1994). Both isoenzymes have a higher affinity for Insl 4,5-P; than 5-phosphatase, but a lower
Vmax. The Vmax of the bovine and rat brain 3-kinases are about 5-10 gmol/mg/min (Foster er al.,
1994; Vanweynberg er al., 1995). A major qualitative difference between 3-kinase and 5-phosphatase
is that most, if not all, Ins1.4,5-P, 3-kinase activities of mammalian cells could be stimulated in vitro
by the Ca™/calmodulin (CaM) complex. The activation factor ranges form 2 (Foster er al., 1994;
Takazawa er al., 1990b; Takazawa er al., 1989) to 17 (Takazawa er al., 1988; Communi et al., 1994).
Moreover, Ins1,4,5-P, 3-kinase A can be phosphorylated by CaM-kinase II, resulting in a 8-10 fold
stimulation of enzyme activity (Li et al., 1989). Thus, upon combination of the two latter stimulation
pathways, the effective degree of stimulation of Ins1,4,5-P; 3-kinase by Ca®™ is probably very high in
many cell types.

11.2.2. Model for InsP; metabolism

Here, we will start from the model for Ca®* dynamics that has been presented in Table 1.3, and
defined by eqs. (1.5)-(1.8). In this model, the concentration of InsP; was considered as a constant
parameter (IP3). In order to consider the various effects of Ins1,4,5-P; metabolism on Ca™ oscillations,
we now assume that the time course of Insl,4,5-P, concentration (/P3) obeys the following differential
equation:

dIP3 IP3 Ceyto™d IP3
—dt -}'Vpl‘. -V Kk TIP3 Klld ;Cm,mnd -V 1 = (".l)
d T K145 — [+1P3
sz

where y represents the level of external stimulation and Vplc the maximal velocity of Insl.4,5-P;
synthesis by PLC. For the sake of simplicity, the possible stimulation of PLC activity by Ca*™ is not
taken into account in eq. (I.1) although it can affect the temporal pattern of Ins1.4,5-P; accumulation;
it has been checked, however, that the results presented below with respect to the respective effects of
3-kinase and 5-phosphatase on Ca™ oscillations, remain qualitatively unchanged if such a feedback is
incorporated in the model. Degradation of Ins1,4,5-P, by 5-phosphatase occurs with a maximal
velocity V,; and a Michaelis constant denoted by K, . K, characterizes the competitive inhibition of
Ins1,4,5-P; 5-phosphatase by Ins1.,3,4.5-P,. The maximal velocity of Insl.4,5-P; 3-kinase is
represented by V, while K| stands for the Michaelis constant of the same enzyme for Insl 4,5-P;.
Activation of Insl.4,5-P; 3-kinase by Ca® is characterized by a threshold constant K, and a Hill
coefficient n,. Calmodulin is not explicitely considered as it can be assumed to be in large excess and
because Ca™ binding to calmodulin is not a kinetically limiting step.
In the same manner, the evolution of the concentration of Ins1,3,4.5-P, (IP4) is given by:



27

n
dZP4 -V, . IPZ;P‘; "Ccyto ‘ — Vs P4 — kIP4 (I1.2)
't +IP: ‘ ]
. o i Kp2 l+ﬂ +1P4
K

in which V,; is the maximal velocity of Ins1,4,5-P; 5-phosphatase with Ins1,3,4,5-P, as substrate. The
last term refers to a small, linear degradation of Ins1,3,4,5-P,; for most parameter values, the latter
does not play any significant role, but it ensures the existence of a steady-state level of Ins1,4,5-P; and
Ins1,3,4,5-P, when the velocity of Insl,4,5-P, production (yVplc) becomes very large. This small
degradation term could correspond to other 5-phosphatase activities as, e.g. the 75kDa S-phosphatase
(Mitchell er al., 1989) or to SHIP (SH2-containing inositol phosphatase) (Damen er al., 1996;
Kavanaugh er al., 1996).

Parameter values

For Ca™ oscillations, we have considered parameter values previously used in the model defined by
egs. (1.5)-(L.8) (Dupont and Swillens, 1996). The latters do not affect the results of the present study,
as long as the temporal relationship between Ca™ spiking and Ins1.4,5-P; metabolism is not drastically
changed. Thus, to keep internal consistency, we have considered parameter values leading to period of
Ca™ oscillations of a few seconds together with parameter values for Ins1,4,5-P; metabolism issued
from studies performed in brain tissues. A standard set of values for the parameters characterizing the
Ins1,4,5-P; synthesis and metabolism is given in Table II.1. Michaelis constants of 3-kinase and 5-
phosphatase are directly issued from the litterature; 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 concentrations. These apparent maximal
velocities of Ins1,4,5-P; 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 ef al., 1994a) were used
for Ins1,4,5-P; 5-phosphatase, keeping in mind that, in the brain, soluble 5-phosphatase activity
represents about 20% of total 5-phosphatase activity; for 3-kinase, we used the values reported in
(Takazawa er al., 1990b). Thus, assuming a tissular density equal to 1, the apparent Vmax for total 5-
phosphatase can be estimated to be about 15 uMs™', while that of 3-kinase is of the order of 0.17 uMs"
". In the simulations, we used 5uMs™” and 0.5 uMs"' 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 tissues and equals that measured in Chinese hamster ovary cells in which overexpression
experiments have been carried out. The detailed effect of varying this ratio will be further investigated
in the present study.

Ins1,4,5-P; 3-kinase stimulation by the Ca®-calmodulin complex is a cooperative process: thus the
Hill coefficient n, is larger than 1. The precise value of this coefficient, as well as the threshold K,
characterizing the stimulation (egs (I1.1) and (I1.2)), have been chosen, in an empirical manner, such as
to get appropriate stimulation levels of the Insl,4,5-P; 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. (IL1), evaluated, respectively, at the maximal and minimal levels of Ca® reached during
oscillations. In that respect, it should be noted also that the value of V, (maximal velocity of Insl 4.5-
P, 3-kinase) that has to be incorporated in the model must be evaluated from experimental 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 Ins1,4,5-P; (about 0.1 gM).
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Ins1,4,5-P, metabolism
Symbol Definition Standard value References

Vple Maximal velocity of IP3 synthesis 1.3 yMs‘l

Vi Maximal velocity of IP3 3-kinase 0.5 ;4Ms'l [1,2,3.4]
Kk Michaelis constant of IP3 3-Kinase I uM [1,2,3.4]
Kda Threshold for IP3 3-kinase activation by Ca™ 0.3 uM

nd Hill coefficient for IP3 3-kinase activation by Ca™ 2

Vpl Maximal velocity of 5-phosphatase (IP3 substrate) 5 yMs" [2,5,6,7]
Kpi Michaelis constant of 5-phosphatase (IP3 substrate) 10uM [2,5.6,7]
Vp2 Maximal velocity of 5-phosphatase (IP4 substrate) 0.2 M [2,5.6,7]
Kp2 Michaelis constant of 5-phosphatase (IP4 substrate) 2uM [2,5,6,7]
kns Rate constant of linear degradation of P4 0,015

Table 11.1 Standard values of the parameters characterizing Ins1,4,5-P, synthesis and metabolism used in the model for Ca™
oscillations and Ins1.4,5-P, metabolism. For the references: |: Takazawa er al., 1991b; 2: Erneux er al., 1989; 3: Takazawa er
al., 1989; 4: Takazawa et al., 1988: 5: Verjans e7 al., 1992; 6: Verjans et al., 1994; 7: Laxminarayan ef al., 1993.

Typical behaviour of the model for Ca™ oscillations and Ins1,4,5-P; metabolism

Equations (1.5)~(1.8), (IL.1) and (I1.2) represent a system of four ordinary differential equations that can
be numerically integrated. A typical behaviour exhibited by the model is shown in Fig. IL.1. It appears
that cytosolic Ca®* oscillations (Fig. I1.1.A) drive small amplitude variations of the Ins14,5-P, (Fig.
11.1.B) and Ins1,3.4,5-P, (Fig. I1.1.C) concentrations because each Ca®* spike activates Ins1,4,5-P; 3-
kinase, which provokes an increased transformation of Ins1,4,5-P, into Ins1,3,4,5-P,.

Oscillations in the levels of Ins1.4,5-P; have been reported in some experimental studies
(Harootunian er al., 1991; Raha er al., 1993; Hirose er al., 1999; Nash er al., 2001a; 2001b). The
amplitude of the Ins1,4,5-P; and Ins1,3,4,5-P, variations depends on the stimulation level (larger
variations are obtained for smaller values of y), as well as on the maximal velocity and threshold
constant of the Ins1,4,5-P; 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, these oscillations in the level of Ins1.,4,5-P; would disappear. Importantly, the degree of
Ins1.4,5-P; 3-kinase activation by Ca™ also plays a crucial role in that respect; for the simulation
presented in Fig. I1.1, parameters values (K, and n, ) are such that when the level of cytosolic Ca™
rises from its minimal (91 nM) to its maximal (510 nM) value, the stimulation factor is equal to about
9. Cytosolic Ca™ oscillations are barely affected by these small Ins1.4,5-P; variations. If Ins1,4,5-P; is
assumed to be fixed at the mean value corresponding to panel B, simulations of the model defined by
eqs(1.5)-(1.8) lead to a nearly unchanged pattern of Ca®™ oscillations as compared to Fig. I1.1.A (not
shown). When external stimulation is maximal (y = 1), oscillations of cytosolic Ca* disappear and a
high steady-state level of Ca™ (0.32 uM), Insl1.4,5-P; (18.01 uM) and Ins1,3,4,5-P, (11.56 uM) is
established. It is also interesting to note that, in these non-oscillatory conditions. the increase in
Ins1,4,5-P, concentration after stimulation is biphasic: when the level of Insl1.4,5-P; has become high
enough to release Ca® from internal stores, Ins1,3,4,5-P, is produced, resulting in a decreased rate of
net Ins1.4,5-P; accumulation (not shown). Finally, it should be mentioned that for some set of
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parameter values, the model can display complex, bursting-like oscillations in agreement with other
theoretical results (Borghans er al., 1997; Houart et al., 1999; see section 11.4).

06

Cytosolic Ca™,Ceyto (xM)

Ins1A4,5-P,, IP3 (4M)

052 |

05 1 i i

SNV

el JASP , IP4 (M)

v B e 18 2

TIME (s)

Fig. IL.1. Typical oscillations obtained with the model for Ca™ oscillations and Ins1,4,5-P, metabolism. Ins1.4,5-P, and
Ins1,3,4.5-P, oscillations are passively driven by oscillations in cytosolic Ca™, occurring due to the feedback regulation of
cytosolic Ca™ on the Ins1,4,5-P, receptor. The successive panels show the evolution of cytosolic Ca™ (panel A), of Insl.4,5-
P, (panel B) and of Ins1.3,4.5-P, (panel C). Results have been obtained by numerical integration of equations (1.5)-(L.8),
(I1.1), (I1.2), with the parameters values listed in Table IL1. for Ins1.4,5-P, metabolism and y = 0.2, @ = 0.1, Caror = 80 uM,
Vie=4 uMs", K, =035 uM, n, =2, K, =056 yM. K, =0.15 M, n,=3.n,=4, k-=05s". b =710"s", k,=2.57s" and
Ky =1 uM. Initial conditions correspond to a point of the limit cycle.

I1.3. Theoretical study of the effect of Ins1,4,5-P, 3-kinase and Insl1,4,5-P, 5-phosphatase
overexpression

11.3.1. Simulations

To investigate the respective roles of Insl,4.,5-P; 3-kinase and 5-phosphatase in Insl.4,5-P;
metabolism, it is interesting to simulate situations that would correspond to enzymatic over- or
underexpression. Different cell types indeed display different ratios of activities of the two Ins1,4,5-P;-
metabolizing enzymes. For example, Insl,4,5-P; 3-kinase activity is particularly low in rat
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pancreatoma cells AR42J or these cells may overexpress the 5-phosphatase which degrades Ins1,4,5-
P; into Insl1,4-P, (Menniti and Putney, 1990). On the other hand, the latter approach provides
theoretical predictions that can be tested experimentally. The role of 3-kinase and 5-phosphatase
activities on the pattern of Ca’™ responses has indeed been appreciated by under- or overexpressing
one or two of these enzymes in fibroblasts (Balla er al., 1991), Xenopus oocytes (Verjans et al., 1994),
rat Kidney cells (Speed er al., 1996) and Chinese hamster ovary cells (De Smedt er al., 1997). It was
shown that 3-kinase overexpresssion has very little ~if no- effect on internal Ca** mobilization in
response to external stimulation (Verjans er al., 1994a; De Smedt er al., 1997). In contrast 5-
phosphatase underexpression significantly increases the level of resting Ca™ (1.9 fold) in rat kidney
cells, an effect which is triggered by an increase in the level of Ins1,4,5-P; (Speed er al., 1996). In
Chinese hamster ovary cells, overexpression of the native 5-phosphatase clearly abolishes any
oscillatory Ca® activity in response to stimulation (De Smedt er al., 1997).
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Fig. I1.2. Effect of a 10-fold overexpression of Ins|,4,5-P, 3-kinase (panel A) and of a 3-fold overexpression of Insl 4,5-P, 5-
phosphatase (panel B) on Ca®™ oscillations. Overexpression of S-phosphatase has a much more drastic effect on Ca™
oscillations. Both panels have been obtained as in Fig. I11, except for V,, =5 uMs ' in panel A, and V=15 uMs" and
V,2=0.6 uMs" in panel B.

Overexpression is simulated in the model by increasing the appropriate maximal velocity. The effect
of a 10-fold increase in the maximal velocity of Ins1.4,5-P; 3-kinase is shown in Fig. IL.2.A., in which
all parameters —except the maximal velocity of 3-kinase— have been kept the same as in Fig. IL1.
Sustained cytosolic Ca™ oscillations still occur, with a decrease in both frequency and amplitude, due
to a lower mean level of Ins1.4,5-P;. In fact, for the situation considered in Fig. I1.1, sustained
oscillations disappear for a ~16 fold increase of Ins1,4,5-P, 3-kinase maximal velocity. In contrast, a 3
fold increase in the maximal velocity of Insl4,5-P; 5-phosphatase (with both Insl,4,5-P, and
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Ins1,3,4,5-P, as substrates) already leads to the disappearance of Ca®™ oscillations (Fig. I1.2.B). The
occurrence of an oscillatory pattern of Ca’™ response is therefore very much depending on the maximal
velocity of Insl,4,5-P, 5-phosphatase. It also suggests that non competitive inhibitors of the 5-
phosphatase would have pronounced effect on the pattern of Ca™ oscillations.

11.3.2. Explanation based on the modulation of enzymatic activities

The reason why overexpressing Ins1,4,5-P; 3-kinase or 5-phosphatase has different effects on Ca™
oscillations can be understood by looking at Fig. IL.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. I1.3.A), the activity of 5-phosphatase always exceeds that of 3-kinase, as shown by
measurements performed in total brain tissues (Erneux er al., 1989; Vanweyenberg er al., 1995;
Takazawa er al., 1989) in which it has been shown that this ratio can vary from 10 to 100. Moreover,
in the simulations, it clearly appears that 3-kinase only plays a significant role at the peak of a Ca™
spike. A 10-fold overexpression of 3-kinase has two consequences (Fig. 11.3.B). First, the activity of
the latter enzyme is increased; due to the stimulation of enzymatic activity by Ca™, this effect is fully
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 competitive inhibition by Ins1,3,4,5-P, —~the mean level of which here equals
6.56 uM- on Ins1,4,5-P; degradation by 5-phosphatase. Thus, interestingly, the overall effect of an
overexpression of 3-kinase on the global Ins1,4,5-P; metabolism remains relatively small. In contrast,
the assumed overexpression of S-phosphatase has a direct effect as to increase its enzymatic activity.
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Fig, 113, Effect of the overexpression of Insl,4,5-P, 3-Kinase 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 I1.1.; Fig,
IL.1.). Panel B shows the same enzymatic activities when 3-kinase is overexpressed 10 times (V, =5 uMs™ ; Fig. I11.2.). 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 difference in scale as compared to panel A) and second the 5-
phosphatase activity (in Ins1.4,5-P, degradation) is much decreased due to competitive inhibition by Ins1,3,4,5-P,.

A more exhaustive view of this phenomenon can be obtained by looking at the dependence of the
average levels of Ins1,4,5-P; and Ca® on the maximal velocity of both 3-kinase and 5-phosphatase
(Fig. I1.4.). The two curves of Fig. IL.4.A represent the changes in average Ins1,4,5-P, concentrations
when varying one of the maximal velocity while keeping the other one identical to the standard
conditions (Table I1.2.). In this view, the situation illustated in Fig. II.1 corresponds to the arrows
indicated (1) in Fig. IL.4.A, while (2) corresponds to 3-kinase overexpression (Fig. I1.2.A) and (3) to 5-
phosphatase overexpression (Fig. IL.2.B). It clearly appears again that the Ins1,4,5-P; 5-phosphatase
primarily controls the mean level of Insl,4,5-P, and thereby the existence of Ca® oscillations,
occurring for Ins1,4,5-P; levels comprised between both horizontal lines of Fig. I1.3.A (<Insl,4,5-
P> =0.239 uM and <Ins1,4,5-P;> =4.32 uM). It is interesting to mention that the increase in
Ins1.4,5-P; associated with a decrease in S-phosphatase maximal velocity —that could be associated
with 5-phosphatase underexpression— results in an increase in the cytosolic Ca® level (Fig. 11.4.B.), in
agreement with experimental results obtained in rat kidney cells transfected with the cDNA encoding
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Fig. IL4. Effects of varying the maximal velocity of Ins1,4,5-P; 3-kinase (filled dots) and Ins1,4,5-P; 5-phosphatase (open
squares) on the mean Ins1.4.5-P, (A) and Ca™ (B) levels. Results have been obtained by numerical integration of egs. (1.5)-
(L.8), (IL1) and (I1.2) with the same parameter values as in Fig. IL.1., 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. IL.]1. Sustained Ca™ oscillations exist for average Insl 4,5-P,
concentrations comprised between the two horizontal lines indicated on the graph A. Fig. Il.1 corresponds to the points
marked (1), while Fig. I.2.A and 11.2.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 Ins1.4.5-P, 3-kinase
(filled dots) and Ins1,4,5-P, S-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. 11.4.B), in agreement
with experimental results obtained in Chinese hamster ovary cells (De Smedt er al., 1997). Finally, the
present results suggest that the very high level of cytosolic Ca™ observed after tetanic stimulation of
hippocampal CA1 pyramidal cells (Petrozzino et al., 1995) could be partly ascribed to the fact that, in
these cells, Ins1,4,5-P; metabolism is principally carried out by Ins1,4,5-P, 3-kinase (Mailleux er 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. 11.4.B).

11.3.3. Theoretical predictions

A first prediction relates to the change in period of Ca® oscillations for different levels of
overexpression of both Insl,4,5-P;-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
Ins1,4,5-P; metabolizing enzymes is increased: however, the effect on the period is much more
pronounced for 5-phosphatase than for 3-kinase (inset to Fig. [1.4.B).

The quantitative aspect of the curves shown in Fig. IL.4 as well as the precise values of the
overexpression factor leading to the disappearance of Ca™ oscillations depend on a given choice of
parameter values. Clearly, two quantities play a primary role in the control of Ca™ oscillations: the
stimulation factor of Ins1,4,5-P, 3-kinase by Ca®, and, second, the ratio between the maximal
velocities of 3-kinase and 5-phosphatase supposed to correspond to the situation of an intact cell.
Increasing any of these two quantities reinforces the dissimilarity between 3-kinase and 5-phosphatase
in regulating the mean level of Ins1,4,5-P,, and thereby the existence of Ca’ oscillations. As a direct
corollary of that, it is clear that results qualitatively similar to the ones presented above using
parameter values corresponding to the brain (Fig. I1.2) 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 these two
quantities is large enough. A low stimulation factor can be compensated by a large gap between
Ins1,4,5-P; 3-kinase and 5-phosphatase and vice-versa. Such a variety of situations most probably
occurs in the different cell types. The stimulation factor of the Ins1.4,5-P, 3-kinase indeed varies
among its three known isoenzymes, differently expressed in various tissues (Vanweyenberg er al.,
1995; Communi er 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 Insl.4,5-P, 3-kinase
activity is particularly high and this contrasts to the activity that is detected in rat liver cells (Erneux,
unpublished data).

11.3.4. Discussion

In the present study, we have adressed the problem of the effect of Ins1,4,5-P; metabolism by Insl 4,5-
P, 3-kinase and 5-phosphatase on Ca™ oscillations. To that end, we have extended a model for Ca®*
oscillations to incorporate the evolution of Ins1,4,5-P; and Insl,3,4,5-P, concentrations. As a
prototype, the kinetic constants associated with these new equations have been taken from
experimental data in brain tissues. Thus, the two main differences between both Insi.4,5-P,
metabolizing enzymes appear to be their rates of Insl14,5-P; conversion as well as the level of
stimulation of 3-kinase activity by the Ca™-CaM complex, much documented by in vitro studies
(Takazawa er al., 1988; 1989; 1990b; Communi et al., 1997; Li et al., 1989). Moreover, in mouse
thymocytes, the rate of phosphorylation of Ins1,4,5-P; to Ins1,3,4,5-P, is increased 7 fold when the
free Ca™ in the lysate is increased from 0.1 to | uM (Zilberman er al., 1987). The rate of
phosphorylation of Ins1.4,5-P, to Ins1,3.4,5-P, has been also shown to be Ca®-sensitive in rat aortic
smooth muscle (Rossier er al., 1987). Finally, another indication that this stimulation effectively
occurs in vive conditions 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 from less
than 100 nM to more than 1M (Sims and Allbritton, 1998).

However, it is clear that the present model is oversimplified at least in two respects. First, we have
not considered any role for Ins1,3,4,5-P, in Ca™ mobilization, in disagreement with experimental
results in some cell types. Though, this simplified model proved to be sufficient to recover
experimental observations and to make predictions on the basis of well-identified parameters and
regulations. In addition, preliminary theoretical results indicate that, if Ins1,3,4,5-P, is supposed to act
as a positive feedback on Ca™ influx into the cytosol, 3-kinase overexpression has a much more
pronounced effect on Ca® oscillations; in that case indeed, although the Insl,4,5-P, level remains
primarily controlled by the Ins1,4,5-P; 5-phosphatase, Insl1.3.4,5-P, much affects the mean level of
Ca® which becomes high and inhibits the Ins1,4,5-P, receptor when 3-kinase is overexpressed. Thus,
preliminary simulations suggest that Ins1,4,5-P; 3-kinase overexpression would have different effects
depending on whether or not Ins1,3.4,5-P, stimulates Ca™ entry.

The second simplification comes from the fact that we have neglected the spatial aspects concerning
the distibution of enzymatic activities. De Smedt ez al. (1997) have clearly shown that the intracellular
distribution of Insl.4,5-P; 5-phosphatase plays a crucial role in the observed pattern of Ca™
oscillations in cells overexpressing the latter enzyme. In particular, isoprenylation of the Ins1.4,5-P; 5-
phosphatase and its targeting to the plasma membrane (De Smedt et al., 1996) appears to be important
in that respect. Moreover, the competitive inhibition of Insl,4,5-P; 5-phosphatase by Insl,3.4,5-P,,
which plays an important role as to decrease the effect of an overexpression of Insl,4,5-P; 3-kinase on
Ca™ oscillations in the present theoretical results, also depends on the respective localization of
Ins1,4,5-P; and Ins1,3,4,5-P, production. However, the present theoretical study has allowed us to gain
a different, complementary understanding of the role played by the Insl,4,5-P; 3-kinase and 5-
phosphatase activities on Ca™ oscillations, on the sole basis of their intrinsic, temporal enzymatic
properties.

The most straighforward prediction of the model is that, due to the stimulation of Insl,4,5-P; 3-
kinase activity by Ca™, Ca®™ oscillations are accompanied by in-phase, small amplitude oscillations in
the levels of Ins1,4,5-P; and Ins1.3,4,5-P,. Although the experimental confirmation would require
further technical progress, some indications in favour of such an oscillatory level of messengers
already exist (Harootunian er al., 1991; Raha er al., 1993; Hirose er al., 1999; Nash et al., 2001a;
2001b). Moreover, it should be mentioned that, theoretically, oscillations in Insl,4,5-P; —due to
various mechanisms— have been obtained in other models for Ca®™ oscillations (see, e.g. Schuster et
al., 2002 for review).

The model also predicts that the mean level of Insl 4,5-P,, and thereby the existence of Ca®™
oscillations and their frequency, is primarily controlled by the Insl,4,5-P; 5-phosphatase. In that
respect, we recover experimental results over 3-kinase and 5-phosphatase overexpression in different
cell types. In particular, the recent study by De Smedt ef 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. We predict, moreover, that
this behaviour can be ascribed to a combined effect of dissimilar maximal velocities of these two
enzymes and to 3-kinase stimulation by Ca™. This could be tested by overexpressing to different levels
the various isoforms of Insl.4.5-P, 3-kinases and comparing their Ca’* activities. Theoretical
simulations can moreover provide a useful tool to predict how these two effects might counterbalance
in various cells as well as to understand how the maximal velocities of both Ins1,4,5-P, 3-kinase and
5-phosphatase reported in the different cell types can generate various modes of enzymatic control of
the temporal pattern of Ca® oscillations.
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IL.4. Possible role of the modulation of InsP, 3-kinase activity by Ca® on Ca* oscillations :
theoretical and experimental investigation in hepatocytes

11.4.1.Introduction

It has recently become possible to detect changes in InsP, levels in single cells (Hirose et al., 1999;
Nash et al., 2001a and 2001b). The observation that Ca® and InsP; oscillate in synchrony suggests that
feedbacks at the level of InsP; synthesis or/and catabolism might play a key role in the regulation of
Ca™ dynamics. As presented in sections I1.2 and I1.3., pathways of InsP, synthesis and degradation
have been well characterized. To summarize (Fig. I1.5), upon binding to its specific membrane
receptor, the external stimulus (A) triggers the activation of receptor-associated G-proteins. This in
turn stimulates a phospholipase C (PLC) which catalyses the hydrolysis of membrane-bound
phosphatidyl inositol-4,5-bisphosphate (PIP;) to form InsP; and diacylglycerol (DAG). Already at this
level, InsP; oscillations could arise either through regulation of protein kinase C (PKC), a Ca®- and
DAG-dependent kinase that could exert a negative 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 er al., 1991; Kummer et al., 2000). Note that this effect does not seem to
occur in hepatocytes (Renard et al., 1987). These 2 mechanisms could generate InsP; oscillations due
to negative or positive regulation of InsP; synthesis; Ca®* oscillations would thus be driven by InsP,
oscillations.

In contrast, if Ca® regulates InsP, catabolism, InsP; oscillations would follow Ca** oscillations,
themselves produced by the above mentioned biphasic regulation of the InsP;R. InsP; can be
transformed either by Ins 1,4,5-P; 5-phosphatase-mediated dephosphorylation to yield inositol 1,4
bisphosphate, or by Ins 1,4,5-P; 3-kinase-mediated phosphorylation to yield inositol 1,3,4,5
tetrakisphosphate (InsP,) (Shears, 1992). InsP, is also a substrate for 5-phosphatase and thus acts as a
competitive inhibitor of the InsP, dephosphorylation. The binding of Ca*/calmodulin (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®/CaM, whereas the B isoform is stimulated up to 10 fold (Takazawa et al., 1990a; Sims and
Allbritton, 1998b).

Fural and

Fig. IL5. Schematic representation of the intracellular Ca® dynamics and of the InsP, signalling pathway in a
doublet of connected hepatocytes.
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Mathematical modelling (Kummer er al., 2000; Dupont and Erneux, 1997; Mishra and Bhalla,
2002) has confirmed the intuitive prediction that this well-characterized Ca® stimulation of InsP,
catabolism can generate InsP, oscillations. However, the physiological significance of these InsP;
oscillations can be questioned. Basically, one could conceive 2 effects of these catabolism-induced
InsP, oscillations. First, an active role of these oscillations in the pacemaker mechanism of Ca®
oscillations is suggested by studies performed in hepatocytes (Chatton ez al., 1998) and smooth muscle
cells (Fink er al., 1999). It is there shown that the Ca™ signal following uncaging of poorly-
metabolized InsP; analogs decays more slowly than the signal following InsP; uncaging. The
interpretation of Fink er al. (1999) is that InsP; degradation is a prerequisite for Ca™ recovery. The
control of InsP, removal by a Ca*-stimulated 3-kinase would provide an ideal mechanism to fulfill
this requirement. Second, even if InsP; oscillations are not required for Ca® oscillations, one could
argue that the enhanced degradation of InsP; following a Ca® spike plays a role 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
InsP;R. Consequently, the long period would correspond to the time necessary to rebuild the level of
InsP, necessary to activate Ca”™ release through the receptor.

In the following (Dupont et al., 2003c), we eliminate both hypotheses and show that the Ca™-
controlled catabolism of InsP; does not play any significant role in the triggering of Ca®* oscillations in
hepatocytes nor in their characteristics.

11.4.2. Material and Method

Preparation of hepatocytes

Isolated rat hepatocytes were prepared from fed female Wistar rats by limited collagenase (from
Boehringher) digestion of rat liver, as previously described (Combettes er al., 1994). In these
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 maintained functional polarity [26]. After isolation, rat hepatocytes were
maintained (5.10° cells/ml) at 4 °C in Williams' medium E (GIBCO) supplemented with 10% foetal
calf serum, penicillin (100,000 units/ml) and streptomycin (100 gg/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' medium E modified as
described above, then plated onto dish glass coverslips coated with collagen I, and incubated for 60
minutes at 37°C under an atmosphere containing 5% CO,. After cell plating, the coverslips were then
washed twice with a saline solution (20 mM HEPES, 116 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,, 0.8
mM MgCl,, 0.96 mM NaH,PO,, 5 mM NaHCO,, and glucose 1g/l, pH 7.4). Dish coverslips were put
onto a thermostated holder (36°C) on the stage of a Zeiss Axiovert 35 microscope set up for
epifluorescence microscopy.

Wit dact

Microinjection was performed using an Eppendorf microinjector (5242), as described previously
(Combettes er al., 1994). Micropipettes with an internal tip diameter of 0.5 gm (Femtotips, Eppendorf)
were filled with test agents together with 5 mM fura2 in a buffer solution containing 100 mM KCl, 20
mM NaCl, 10 mM 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 manipulation and checking the ability of the cell to retain injected fura2 and low
[Ca™],. Purification and determination of activity of the recombinant type 1 InsP; 5-phosphatase
(19umol/min/ml in this study) was performed as described previously (Tordjmann er al., 2000;
Dupont er al., 2000a). InsP; 5-phosphatase was inactivated at 90°C for 20 minutes. Cells were
microinjected either with inactivated InsP; S-phosphatase or with InsP; 5-phosphatase (activity :
120nmol/min/ml in the pipette) as described above.

Ca™ imaging was as described previously (Tordjmann er al., 1997).

11.4.3. Theoretical prediction as to the role of the Ca’*-stimulated InsP; catabolism

The model for Ca®™ oscillations (section I1.2; Dupont and Swillens, 1996; Dupont and Erneux, 1997)
relies on the biphasic regulation of the InsP;R 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, InsP, competes with InsP; for S-phosphatase (Fig. IL.5).
When the concentration of agonist (and thus of InsP;) increases, cells typically display: (1) low
constant levels of Ca®™, (2) sustained Ca™ oscillations, the frequency of which increases with the
agonist concentration and (3) high sustained levels of Ca®™.

Numerical simulations also show that the level of InsP; oscillates in phase with Ca™ (Fig. IL.6.A).
As these oscillations rely on the Ca™-stimulation of InsP; catabolism by 3-kinase, it can be expected
that their amplitude would be much reduced if the relative importance of the other degradation
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 all 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 reduction in the level of InsP, (Fig. IL6.B). If the external stimulation is then increased,
Ca™ oscillations are recovered, but now occur in the presence of a nearly constant level of InsP, (Fig.
I1.6.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. IL6.A.

Interestingly, these results predict that the characteristics of the repetitive 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, degradation 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. I1.6 Theoretical prediction as to the possible role 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 agomst.

Curves have been obtained by numerical simulations of the model definded by egs. (L5)-(1.8), (IL1), (I1.2) with:
K..=0.5 uM, n=3, K_=0.17uM, n=4, k=05s", k,;=2.57 5", b=0.0007 5", K,=1uM, Vyu=6 uMs", K,=0.35 uM , a=0.1,
Catot=80 uM, V,, =4 uMs", V,=5 uMs "', K,;=1 uM., K=0.3 uM, n,=2. For panel A: y=0.12, V ;=5 uMs "', V_=0.2 uMs"', for
panel B: y=0.12, V, =125 uMs ', V ,=5 uMs ', and for panel C: y=1, V,,=125 uMs ", V=5 uMs". These parameters only aim
at qualitatively representing the situation encountered in hepatocytes. as most parameters are expenimentally unknown. Scales
are in seconds and puM.

11.4.4. Experimental results: effect of injecting InsP; 5-phosphatase into one cell of an hepatocyte
doublet

In liver, hepatocytes are tightly coupled by gap junctions (Spray er 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. IL7.A and see (Tordjmann er al., 2000)
for review). Previous work suggests that calcium spikes are coordinated by the diffusion of small
amounts of InsP, between cells that slightly differ in their sensitivity to the hormonal stimulus (Dupont
et al., 2000a) (but see also (Hofer, 1999)).
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Fig. IL7. Effect of 5-phosphatase on InsP, dependent agonists induced [Ca™], 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, 0.1uM or 10 uM) for the time shown by the horizontal bar. Results are
representative of those obtained using 4 (A) and S (B) doublets. For technical convenience, tracings were interrupted (the gap
represents 3 minutes).

The fact that these coupled cells show very similar Ca®™ oscillations provides an ideal tool to
evaluate the role of InsP, metabolism in the regulation of Ca® dynamics (see Fig. IL.5 for a schematic
representation of the experiments). Indeed, injection of an enzyme that acts specifically on InsP,
catabolism in the injected cell but cannot diffuse through gap junctions makes it possible to observe
the effect of InsP; 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 er al., 1988), while the activity of
InsP; 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 InsP; 5-phosphatase in only one cell of hepatocyte
doublets. This isoform is the most widespread of InsP; 5-phosphatases and it is not stimulated by Ca™
(Verjans er al., 1994a).

Together with InsP; 5-phosphatase, fura2 was microinjected; diffusion of this dye via gap junctions
revealed that the two cells were indeed coupled. As shown in Fig. I1.7.A, control injection in one cell
of InsP; S-phosphatase that had been previously inactivated did not result in any difference between
the two cells as regards noradrenaline induced Ca®™ oscillations. The two cells showed similar Ca™
responses both at low (0.1xM) and maximal (10xM) noradrenaline concentration. In contrast, Ca*
signals in the two cells were different when active InsP; 5-phosphatase had been injected into one cell
of the doublet, whatever the concentration of the agonist (Fig. I1.7.B), consistent with the reduction of
the InsP; concentration in the injected cell anticipated by the model (Fig. I1.6.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 InsP;, but the injected cell displays low-
frequency Ca™ oscillations, typical of an intermediate level of InsP; (Fig. I1.7.B, right panel). Thus, as
predicted by the model (Fig. I1.6.C), an hepatocyte that has been made silent by injection of 5-
phosphatase can become responsive again by increasing the concentration of the agonist. The critical
observation is that oscillatory Ca’ signals can be observed at high enough agonist concentrations,
despite the massive Ca**-independent InsP; catabolism induced by the injection of 5-phosphatase.

11.4.5. Discussion

The present results show that, although InsP, oscillations probably arise in intact cells due to the
stimulation of 3-kinase activity by Ca®, these oscillations do not play a predominant role neither in the
triggering nor in the main characterisitcs 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 role for hepatic Ca™
oscillations (Kummer er al., 2000). Yet the observation (Hajnoczky and Thomas, 1997) that InsP,-
dependent cycles of Ca™ release and re-uptake can be reproduced in permeabilized hepatocytes with
InsP, clamped at submaximal concentration, suggests that the Ca® feedback on the InsP,R might well
be the central oscillatory mechanism in this cell type. This suggestion is corroborated in a more
indirect manner by 2 other studies. The first one shows that type 2 InsP;R, which is the most abundant
in hepatocytes (Wojcikiewicz, 1995), is required for the normal Ca™* oscillations, while types | and 3
do not sustain Ca®™* oscillations on their own (Miyakawa er 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 predominant role in the generation of Ca®™ oscillations (see also
Chapter III). The other study also strongly suggests that the InsP;R 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 role of the InsP;R in the generation of Ca™
oscillations, the origin of the long periods observed in hepatocytes and other cells still remains
unsolved. The present study demonstrates that the clue for these long periods can probably not be
found in the Ca™-dependence of InsP; catabolism, and thus emphasizes the necessity for investigating
alternative mechanisms.

IL5. Complex Ca™ oscillations originating from the self-modulation of the inositol 1,4,5-
trisphosphate signal

I11.5.1. 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
stimulation by specific agonists (Green et al., 1993; Marrero er al., 1994). As these cells are not
electrically excitable, it is likely that these 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 er al., 1995; Shen and Larter, 1995;
Borghans ez al., 1997). Among these models, the one based on the interplay between CICR at the level
of the InsP; receptor and the Ca™-stimulated InsP, degradation (Borghans er al., 1997) appears to be of
particular 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 er
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 bursting type that much resemble
experimental observations (see Figs. | and 8 of Borghans er al. (1997) for a comparison between
experimental and theoretical oscillations).

11.5.2. Simple model for Ca’* oscillations involving Ca’*-activated InsP, degradation

The model used in the present study (Houart er 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 extracellular stimulation. The original model only involves two variables, namely
cytosolic and intravesicular Ca®* concentrations. The release of Ca®* from the internal stores into the
cytosol is activated by InsP; and cytosolic Ca™; such an autocatalytic process of InsP;-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
repetitive Ca’* spikes may occur in the presence of a constant level of InsP, (Wakui er al., 1990;
Berridge, 1993). However, although it is highly plausible that CICR is the primary oscillatory
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 external
stimulation and metabolized into InsP, by a 5-phosphatase and into InsP; by a 3-Kinase (Takazawa er
al., 1990a; Berridge, 1993). An oscillatory variation of InsP, could result from the control of any of
these three enzymes by Ca’*. In support of such a possibility, some experiments report that the activity
of PLC is stimulated by Ca®* (Renard er al., 1987); the activation of the 3-kinase by Ca® is even better
documented (Takazawa er al., 1989; Takazawa et al., 1990a).

Fig. IL.8. Schematic representation of the model based on the interplay between CICR and the Ca™-stimulated degradation of
InsP; (see text for details). 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 these models (Shen and
Larter, 1995) can exhibit bursting-type oscillations (also called mixed-mode oscillations) as well as
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chaos; the level of cytosolic Ca’™ returns in both cases to its basal value between successive Ca™
spikes. Such a temporal pattern does not resemble the behavior seen in hepatocytes stimulated by
various agonists such as cAMP (Capiod er al., 1991), taurolithocholate 3-sulfate (Marrero er al.,
1994), diadenosine 5',5"'-P'P*-tetraphosphate (Green er al., 1993), ATP or both ATP and cAMP
(Dixon er al., 1993, 1995; Green er al., 1994). With these agonists, bursting in hepatocytes takes the
form of a switch between a silent phase and an active phase made of small-amplitude Ca™ oscillations
around an elevated Ca™ level. The latter type of complex oscillations can be obtained in numerical
simulations when extending the model based on CICR to take into account the stimulation of InsP; 3-
kinase activity by the Ca/calmodulin complex, as shown by Borghans er al. (1997). The present
paper aims at investigating in further detail the occurrence of complex oscillations in this extended
model, which also incorporates Ca** pumping into the stores, Ca®* exchange with the external medium,
as well as stimulus-activated Ca™ entry (Dupont and Goldbeter, 1993; Borghans et al., 1997).

The model, schematized in Fig. 1.8, contains three variables, namely the concentrations of free
Ca™ in the cytosol (Z) and in the internal pool (Y), and the InsP; concentration (A). The time evolution
of these variables is governed by the following ordinary differential equations:
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Equations (I1.3)-(I1.4) are the same as in the original one-pool model (see Table 1.2). In contrast to
the model used in sections (I1.3)-(I1.4), InsP; metabolism is considered in a simplified manner. The
fact that the 3-kinase is stimulated by Ca®™ is taken into account through a term of the Hill form, with a
threshold Ca® level equal to K,. That InsP; can also be metabolized in a Ca™-independent manner by
the 5-phosphatase is reflected by the term -£A, which can be assumed to be of the first-order given that
the latter enzyme has a low affinity for its substrate, of the order of 10 uM (Verjans er al., 1992). This
term is significant when the level of cytosolic Ca™ is very low, i.e. when the term V, becomes
negligible in equation (I1.5). Equations (I1.7)-(I1.9) allow for cooperativity in the kinetics of Ca™
release, Ca™ pumping and InsP; phosphorylation by the 3-kinase; m, n and p are Hill coefficients
related to these cooperative processes. Experimental evidence indicates that the 3-kinase behaves as a
Michaelian enzyme with respect to its substrate InsP;, hence p=1 (Takazawa er al., 1989). The results
indicate that complex oscillations, including chaos, can occur both in the presence (p>1) or absence
(p=1) of cooperativity in the kinetics of 3-kinase.
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11.5.3. Dependence of the frequency of simple periodic Ca’* oscillations on the degree of stimulation

Intracellular Ca™ oscillations take the form of abrupt spikes, sometimes preceded by a gradual
increase in cytosolic Ca®™. They only occur in a range bounded by two critical values of the stimulation
level, with the frequency of the spikes increasing with the intensity of the stimulus. These properties
are well accounted for by the model, as illustrated in Fig I1.9. Panel (a) shows typical Ca’ oscillations
generated by the model. Here, in contrast to the original model (Dupont and Goldbeter, 1993), these
oscillations are necessarily accompanied by periodic variations in the level of InsP;. As can be
expected from the regulations considered, the peak in InsP; slightly precedes the peak in cytosolic
Ca™. The bifurcation diagram (panel b) shows the steady state value of cytosolic Ca® (Z), when it is
stable, or the maxima and minima reached during oscillations when it is unstable. As in the minimal
model for Ca™ oscillations (Dupont and Goldbeter, 1993), the steady state value of cytosolic Ca™
increases with the level of stimulation, f, and the amplitude of the oscillations remains practically
constant over the whole oscillatory domain bounded by two supercritical Hopf bifurcation points. The
frequency of oscillations increases with the level of external stimulation (panel c).

The relationship between the level of stimulation and the frequency of Ca®™ oscillations shown in
Fig. 11.9 (panel ¢) is in good qualitative agreement with experimental observations. However,
numerical simulations of the model defined by equations (11.3)-(I1.9) show that this is not always the
case. For example, depending on the maximal rate of phosphorylation of InsP; by the 3-kinase (Vys),
we observe that the frequency of the oscillations increases monotonously with the degree of
stimulation f (as in Fig. IL9 and in Fig. IL10, curve a, where the value of Vs is small) or may pass
through a minimum as a function of f (as in Fig. I1.10, curve b, in which Vs is larger). In the model,
increasing the level of stimulation triggers a rise first in the rate of synthesis and then in the rate of
degradation of InsP; (due to the enhanced stimulation of the 3-kinase by Ca®™). This explains why,
depending on relative parameter values, qualitatively distinct relationships between the degree of
stimulation and the frequency of Ca™ oscillations can be obtained.
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Fig. IL.9. Simple oscillations of Ca™ and InsP, in the model based on the interplay between CICR and the Ca™-stimulated
degradation of InsP,. Panel (a) shows the temporal evolution of the concentrations of cytosolic calcium (Z, solid line) and
InsP; (A, dashed line). They have been obtained by numerical integration of the model defined by egns. (11.3)-(1L9) with the
following parameter values: f=0.6, e=0.1min’, k=10min’, K=0.1uM, K ,=0.2uM, K=0.4uM, k=Imin', K =1uM,
K,=0.2uM, K,=0.5uM, V=V =2uM/min, Vg, =5uM/min, V,,,=6uM/min, V,,=20uM/min, V.=2uM/min, 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 (¢) shows the relationship between the frequency of Ca®™

oscillations and the level of sumulation in the same conditions.

These different relationships are illustrated in Fig. I1.10, for distinct values of parameter Vs
which represents the maximum rate of InsP; degradation by 3-kinase. For high values of Vs (curve
b), the latter enzyme significantly regulates the level of InsP, which does not vary much with the level
of stimulation (). The Ca™ concentration indeed rises as a function of B, and thus InsP; metabolism 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 Ca® due to the rise in  produces a slight decrease in InsP;: the rate of Ca™
release then decreases as B rises and, as a consequence, the frequency decreases. Beyond f=0.16,
however, a switch occurs: the synthesis of InsP; rises more with f§ than the Ca™-induced degradation
of InsP;, so that the frequency of oscillations rises as f increases. For another set of parameter values,
the frequency 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 Vs (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 frequency always increases with 3, in agreement with experimental observations. As an
inverse relationship between the frequency of Ca® oscillations and the level of stimulation has never
been experimentally reported, the present theoretical results suggest that Ca™ oscillations are not
primarily affected by variations in the level of InsP; due to the stimulation of 3-kinase activity by Ca**.
This result corroborates the view that in most cell types (except some cells like hippocampal neurons —
see Mailleux er al., 1991), in physiological conditions, InsP, metabolism is mainly carried out by the
InsP; 5-phosphatase - the action of which is reflected by the term —£A in equation (IL.5) - because of
the high maximum activity of this enzyme relative to that of the 3-kinase (De Smedt er al., 1997;
Dupont and Erneux, 1997). The present results suggest, however, that unusual relationships between
the level of stimulation and