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1. INTRODUCTION

In most cell types, calcium signals are highly organized in time and space
f1,2]). After stimulation by an extracellular agonist activating the
phosphoinositide signalling pathway, intracellular organelles such as the
endo- or sarcoplasmic reticulum release calcium into the cytoplasm. Because
of the regenerative properties of the inositol 1,4,5-trisphosphate (InsP3) and
ryanodine receptors that regulate this release, there is a periodic exchange of
calcium between the internal stores and the cytosol. Calcium oscillations are
so widespread that they can be regarded as one of the most significant finding
of the last decade in the field of intracellular organization [3]. Depending on
the cell type and the extracellular agonist, calcium oscillations vary in period
(from a few seconds to tens of minutes), shape (transient spikes or sinusoidal
oscillations), and sensitivity to different drugs. For a given cell, the frequency
of spiking increases with the level of extracellular calcium, while the
amplitude remains roughly constant. Such frequency-encoded signals may be
used to convey information into the cell interior [4,5].

Calcium oscillations are moreover organized spatially at the subcellular
level. Thus, in stimulated cells, the successive calcium spikes do not occur
synchronouly throughout the cytoplasm but originate from a specific locus.
This spatial propagation of an initially localized calcium increase has long
been observed to play a primary role in a variety of eggs after fertilization [6].
The shape and propagation velocity of calcium waves also seem to differ from
one cell type to another. In some cell types, such as cardiac cells [7], waves
propagate as sharp bands with velocities and frequencies that are high
enough to allow for the simultaneous propagation of distinct fronts in a given
individual cell. The latter type of wave has been called type 1 [8]. In contrast,
waves of type 2, also referred to as "tides" [9], have been defined as ones in
which the level of calcium progressively rises along the entire cell before
returning to the basal level in a quasi-homogeneous manner. This behaviour
has been reported for eggs [6], hepatocytes [10], and endothelial cells [11].
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In Xenopus oocytes [12] and in rat cardiac myocytes [13,14], propagation
of intracellular spiral calcium waves has also been observed. In the huge
Xenopus oocyte (1lmm diameter), spiral waves seem to be created by the
interference between multiple circular waves. In contrast, in myocytes, the
calcium front, which is initially planar, transforms into a spiral near a
nucleus. The front then spins around the latter obstacle at a frequency of
about 1 Hz.

From a physico-chemical point of view, intracellular calcium signalling
behaves as an auto-organized phenomenon [3,15]. Through InsP3 synthesis,
the extracellular stimulus transforms the cytosol into an excitable matrix,
able to amplify any local perturbation, or to generate sustained oscillations
when the cellular environment is slightly modified. A first class of models for
calcium oscillations rely on an oscillating level of InsP3 [16,17]. However, as
calcium oscillations can be induced by nonmetabolizable analogues of InsP3,
it is generally thought that an additional regulation must play a key role in
their occurrence. A possible regulation providing a positive feedback
responsible for the oscillatory behaviour would be that the calcium releasing
activity of the channels embedded in the membranes of the intracellular
stores increases with the level of cytosolic calcium. This regulation, which had
long been demonstrated in cardiac cells [I8] is known as calcium-induced
calcium release (CICR). The CICR mechanism is at the core of initial,
phenomenological models for calcium oscillations [19,20,21]. Experimental
studies have later demonstrated that the InsP3 receptor is indeed activated by
cytosolic calcium [22,23]. Molecular models based on a detailed description
of the dynamics of the InsP3 receptor were then developed [24,25]. The
positive feedback exerted by cytosolic calcium on its own increase however
remains the key element providing sustained oscillations. Along that line, the
phenomenological and simple two-variable model [20,21] used in the present
study keeps being a useful and appropriate tool to study the dynamics of
intracellular calcium signalling.

2. TWO-VARIABLE MODEL BASED ON CALCIUM-INDUCED CALCIUM RELEASE

In building models for calcium oscillations based on CICR, the question arises
as to the molecular entity where activation of calcium release by cytosolic
calcium occurs. In many cells such as Xenopus oocytes [26,27] or Purkinje
cells [22,23], calcium and InsP3 behave as co-agonists for calcium release. On
the other hand, the existence of two types of calcium pools, one sensitive to
InsP3 (possessing InsP3 receptors) and one sensitive to calcium (possessing
caffeine/ryanodine receptors) has been demonstrated in other cells such as
adrenal chromaffin cells [28], pituitary cells [29], Purkinje neurons [30],
acinar cell [31], smooth muscle cells [32] and sea urchin eggs [33]. The
control of calcium-sensitive, InsP3-insensitive pools could be more complex
than what has been considered so far, as it has been demonstrated that the
calcium channel function of the ryanodine receptor can be modulated by
cyclic ADP-ribose [33,34,35].
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In the first model based on CICR, we initially considered the existence of two
distinct types of pools (see Fig. 1A). A detailed analysis of that model has
been presented elsewhere [20,21,36]. Here, we simply recall the kinetic equa-

A Ca2+ B Ca2+

Fig.1. Schematic representation of the two-pool (A) and one-pool (B) models for calcium
oscillations based on CICR. In both cases the level of InsP3 (IP), which increases with the level of
external stimulation, is assumed to remain constant. Cytosolic calcium activates the release of
calcium from an InsP3-insensitive, calcium-sensitive store (A) or from a calcium- and InsPj3-
sensitive store (B).

-tions of the model together with the definition of the parameters. As the
InsP3 level is assumed to remain constant as long as external stimulation is
maintained, the model contains only two variables, namely cytosolic (Z) and
intravesicular (Y) calcium. When taking into account the two-dimensional
diffusion of cytosolic calcium within a planar section through the cell, the
time evolution of cytosolic and intravesicular calcium 1is given by the
following differential equations:
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In these equations, V, represents the total, constant entry of calcium into the
cytosol; it includes the background influx v, from the extracellular medium
and the InsPj3-stimulated calcium influx v from the InsP3-sensitive store (f3
is the degree of saturation of the InsP3 receptor); V, and V, are, respectively,
the rates of pumping into and release from the calcium-sensitive store with
Vumz and  Vy3 denoting the maximum rates of these processes; K,,K; and K,
are the threshold constants for pumping, release and activation while n, m
and p are the Hill coefficients characterizing these processes; k.Y and kZ refer
to the passive efflux from the calcium-sensitive store and from the cytosol; Dz
is the diffusion coefficient for cytosolic calcium. Diffusion is considered in two
spatial dimensions, denoted x and vy.

One-pool version of the model based on InsP3-sensitive CICR

When only one type of calcium pool is considered, with InsP3 and calcium
acting as co-agonists for calcium release (Fig. 1B), the model based on CICR
defined by eqgs. (1) can still account for the existence and for the main
properties of calcium oscillations [37]. The kinetic equations describing the
evolution of cytosolic calcium and of calcium in the store sensitive to InsP3
and calcium are then only slightly modified. To account for the fact that the
same receptor/channel is activated by both InsP3 and calcium, the term V3
which now represents the calcium release from the unique calcium- and
InsP3-sensitive store is given by:

V3 = BV, L z7 (4b)
3T gm Ly kR 4 zp

where [ represents the degree of saturation by InsP3 of this 'bi-activated'
receptor and Vj; the maximum rate of release. The constant calcium influx
into the cytosol is still given by eq. (2) but the meaning of wf has changed: it
now represents a stimulus-activated calcium influx from the extracellular
medium into the cytosol. The consideration of such a regulated calcium
entry, which is supported by recent experimental data (38,39,40], allows one
to keep the property that the mean calcium level increases with the degree of
stimulation. With regard to oscillations the two forms of the CICR model only
differ by the amplitude of the first spike and by its latency, i.e. the time that
separates it from the onset of stimulation [41].

3. TEMPORAL OSCILLATIONS

When global intracelfular calcium changes in response to external stimulation
are measured, the variations in the level of this second messenger represent
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Fig.2. Behaviour of the spatially homogeneous two-pool model based on CICR (eqs. (1)-(4a)
without diffusion of cytosolic calcium) for increasing levels of stimulation (8 =0, 30, 60 and 90
% from top to bottom). LEFT: evolution of cytosolic (plain line) and intravesicular (dashed line)
calcium as a function of time. In all panels, the initial condition corresponds to the stationary
state in the absence of stimulation (B8 = 0). RIGHT: the stationary state or the limit cycle (bold
line) is shown together with the null-clines dZ/dt = 0 (plain line) and dY/dt = O (dashed line).
Results have been obtained by numerical integration of egs. (l)-(4a) with the following
parameter values: vg =1 uM/s, vi = 73 uM/s, KR =2 pM, VM2 = 65 pM/s, K2 =1 pM, VM3 =500
uM/s, Ko =09 uM, k = 10 s 1, kf =1 s-1. Null-clines have been obtained by numerical
resolution of dY/dt = O and dZ/dt = 0, with dZ/dt and dY/dt given by egs. (1).
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spatially average values. Thus, to account for this kind of experiments,
diffusion of cytosolic calcium (i.e. the last term of the first equation of system
(1)) can be neglected. The temporal evolution of both cytosolic and
intravesicular calcium at different levels of stimulation (f) is shown in Fig. 2
(left panel). In the absence of stimulation, a stable steady state is established,
corresponding to a low level of cytosolic calcium. Upon increasing the value
of 8, the steady state becomes unstable and sustained oscillations develop; in
agreement with experimental results, the frequency of these oscillations
increases with the level of CICR. In the present model, oscillations stop
because the level of calcium in the calcium-sensitive pool (Y) becomes too
low. However, as the calcium concentration in the pool is defined with respect
to the total cell volume (which 1is, approximately, ten times larger than the
volume of the intracellular stores), in the model, the level of Y never
approaches zero. Recent experimental work has shown that, in hepatocytes, a
cytosolic calcium spike corresponds to a decrease in the stores of less than
half of its calcium level [42]. Another possibility for spike termination, put
forward in other models [24,25], is that release stops because of the inhibition
of the channel activity at levels of cytosolic calcium higher than the ones
activating release [22,23]. Finally, when stimulation is too high (lower panel),
oscillations stop and a high steady-state value of cytosolic calcium is
established. This sequence of behaviours seen upon increasing stimulation is
in agreement with observations in many cell types. Interestingly, in some cell
types, physiological activity in response to calcium increases, has been shown
to be lower for a constant high level of calcium than for an oscillatory
calcium concentration in the cytosol [43].

One advantage of two-variable models is that one can follow their evolution
in the phase space (Fig. 2, right panel). In such a representation, one plots the
value of Y as a function of Z. The plane is divided in four distinct regions
delimited by the two so-called "null-clines”, dY/dt and dZ/dt=0. The
intersection of these null-clines correspond to the steady-state. In the present
model (eqs. (1)-(4a) or (4b)), one can show [44] that this steady-state is
unstable if located on a region of sufficiently negative slope on the Z null-
cline. Thus, in the upper panel, the steady state is stable. When stimulation is
increased, the location of the steady-state enters a region of negative slope of
the Z null-cline and thus becomes unstable. As the system is globally stable
(dZ/dt and dY/dt tend to zero when Z and Y tend to infinity), the system can
only quit this wunstable steady-state to evolve towards a limit cycle
corresponding to sustained oscillations. Finally, when stimulation becomes
too high, the steady state is stable again, because the slope of the Z null-cline
is then not sufficiently negative.



Second World Congress of Nonlinear Analysts 1787

4. PROPAGATION OF TYPE | AND TYPE 2 CALCIUM WAVES

When taking cytosolic calcium diffusion into account in the one- or two-pool
model based on CICR, one can easily obtain propagating calcium waves.
Waves of type 1, i.e. fronts for which the wave length is smaller than the
typical cell dimension, are illustrated in Fig. 3. Parameter values have been
chosen to simulate the situation encountered in Xenopus oocytes [12,26,45]
expressing receptors to acetylcholine. The latter transformation of the natural
system has to be performed because these oocytes only exhibit one large,
transient increase in cytosolic calcium upon fertilization, as most non-
mammalian eggs. However, the properties of these artificially induced
repetitive calcium waves have been extensively studied in that handy
experimental system. In the conditions used in Fig. 3, numerical simulations
show the propagation of waves characterized by a periodicity of 83 s and by

T

1000pm

= .

Fig.3. Modelling calium waves of type 1 in Xenopus oocytes. The figure has been obtained by
numerical simulations of the two-pool model based on CICR defined by eqs (1)-(4a) with vg =3.1
uM/min, KR = 2 pM, VM2 = 65 pM/min, K =1 uM, VM3 = 455 uM/min, Kp = 0.9 pM, k = 10 min-1,
kf =1 min-l and Dz =40 umzls. The concentration of cytosolic calcium is represented by the
grey level, with white corresponding to O uM and black to 1.5 pM. For simulating diffusion, the
system is discretized into a grid of 64 x 64 points. Constant stimulation (v{8 =0.72 pM/min) is
applied in the central third part of the 2 first rows of points.

a propagation velocity equal to 7.8 um/s, in good agreement Wwith
experimental data [12,26,45]. In our simulations, these waves of type |
correspond to successive fronts initiated by an oscillatory pacemaker located
in the central left part of the system and propagating in an excitable
medium.

In the model, both the period and the velocity decrease upon increasing
the level of stimulation at the pacemaker site. In contrast, when increasing
the excitability of the cytoplasm (by raising the rate of calcium entry from
the extracellular medium, vg), the period decreases while the propagation
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velocity increases. This latter theoretical result is in agreement with
experimental observations [46]. On the other hand, the relationship between
stimulation level and propagation velocity remains unclear and seems to
differ from one cell type to another. A plausible explanation for this
discrepancy could be that in some cell types, calcium stores are
homogeneously distributed in the whole cytoplasm, while other cells possess
discrete calcium stores separeted by regions in which the calcium can only
diffuse through nonexcitable cytoplasmic regions. In such cases, the distance
between two successive stores determines the average velocity of calcium wave
propagation [8,36].

Cylosolic Ca** (uM)

0 20 40 60 80 100 120
Time (s)

Fig.4. Modelling calium waves of type 2 in hepatocytes. The figure has been obtained by
numerical simulations of the two-pool model based on CICR defined by eqs (1)-(4a) with vg = 1.8
uM/min, KR =2 uM, VM2 =93 pM/min, K3 =1 pM, VM3 = 500 pM/min, Kz =0.66 uM, k = 5.6
min-1, kf=1 min-! and Dz = 400 um2/s. The level of cytosolic calcium is represented by the
grey level, with white corresponding to 0 uM and black to 1.0 puM. For simulating diffusion, the
system is discretized into a grid of 60 x 60 points. Constant stimulation (vi8 =22.8 uM/min) is
applied in the central third part of the 2 first rows of points. The curves represent the time
evolution of cytosolic calcium concentration in the middle of columns 1, 11, 21, 31, 51 and 60 of

the spatial grid.

In most cell types, the calcium increase in response to stimulation invades
the whole cell, before declining homogeneously back to the basal level. These
type-2 waves can also be obtained in the model, when one considers smaller
cells or/and cells in which the kinetics of calcium exchange between the stores
and the cytosol is rather slow, in comparison with type-1 waves. Such a
system is shown in Fig. 4, aimed to simulate the situation encountered in
hepatocytes, whose length is here supposed to be 4 times smaller than in
oocytes. In contrast with Fig. 3 in which successive "pictures" of the system
are shown, Fig. 4 shows the temporal evolution of the calcium level at
increasing distances from the stimulation level. It is clearly visible that the
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return of the calcium concentration to the basal level occurs more or less
uniformly in the whole system, in agreement with experimental observations
on hepatocytes [10]. The period and velocity of the calcium waves are equal
to 4ls and 353 um/s, respectively. Interestingly, the best qualitative agreement
with experimental observations performed on type-2 waves is obtained when
all parts of the system are spontaneously oscillating, i.e. for phase waves.
That some cell types may in certain conditions display calcium phase waves
has also been suggested by another theoretical study [47].

5. SIMULATION OF SPIRAL CALCIUM WAVES AS OBSERVED IN CARDIAC MYOCYTES

In numerical simulations, spiral waves are generally created by somewhat
artificial ways, i.e. by an appropriate choice of initial conditions, or through

Fig.5. Spiral calcium wave propagation around a region impermeable to calcium diffusion, in a
system whose geometry resembles that of a myocyte. The cell is supposed to be 100 x 27 um, and
the obstacle 25.5 x 9 pm. The system is discretized into 200 x 60 grid points for numerical
integration, The distance between the left part of the plasma membrane and the obsacle is 4 um
and, vertically, it is just in the middle. Stimulation (v{B) is applied in the top left corner. The
figure has been obtained by numerical simulations of the two-pool model based on CICR defined
by eqs (1)-(4a) with vg = 3.3 uM/s, v| = 2.3 uM/s, KR =2 uM, VM2 = 80 uM/s, K2 =1 pM, V(M3 =
455 uM/s, Ka = 093 pM. k = 10 5L, kf = 1 sl and Dz = 225 um2/s. The level of cytosolic calcium
is represented by the grey level, with white corresponding to 0 uM and black to 1.5 uM. Time is
increasing from left to right and from top to bottom; time interval between two successive panels
is 80 ms. Sustained wave propagation is characterized by a period of 80 ms and a mean velocity
of 132 pm/s.
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breaking concentric waves by making some region of the system transiently
refractory. These mechanisms have been used to simulate spiral calcium
waves resembling those observed in Xenopus oocytes [24,25,45,47).

Following careful observation of waves propagating in calcium-overloaded
myocytes, Lipp and Niggli [13] have suggested that, when spirals are initiated,
they result from the collision of a planar front on a cell nucleus. Initial
theoretical results have shown that calcium fronts of type 1 can be obtained
on the basis of the CICR mechanism when considering a thin, elongated cell
resembling a cardiac myocyte. When choosing parameter values such as to get
periods of the order of a few seconds, these waves naturally appear as type 1
waves propagating with velocities of the order of 100 um/s [8]. Using the
same CICR model, we have recently shown that, in appropriate circumstances,
a spiral wave can be initiated, regardless of initial conditions, when a calcium
front of type-1 encounters a region lacking calcium pools [48]. Alternatively, a
barrier to diffusion may also suffice to initiate the spiral wave (see Fig. 5).
From an experimental point of view, whether cytosolic calcium can diffuse
inside the nucleus of the myocyte remains an unresolved question. Numerical
simulations indicate, however, that, for spirals to occur, the obstacle must be
well-placed with respect to the pacemaker region. This might explain why
planar waves are much more commonly observed than spirals [13,14].

6. CONCLUSION

Calcium signalling provides an excellent prototype of temporally and
spatially auto-organized system at the cellular level. Most properties of
oscillations and waves can be qualitatively understood by resorting to a
simple autocatalytic mechanism, whereby calcium activates its own release
from intracellular stores. Much work however remains to be done to clarify
the physiological significance of such a highly developed mode of
intracellular signalling.
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