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Properties of Intracellular Ca?* Waves Generated by a Model Based on
Ca?**-Induced Ca?* Release

Geneviéve Dupont and Albert Goldbeter
Faculté des Sciences, Université Libre de Bruxelles, B-1050 Brussels, Belgium

ABSTRACT Cytosolic Ca®?* waves occur in a number of cell types either spontaneously or after stimulation by hormones,
neurotransmitters, or treatments promoting Ca?* influx into the cells. These waves can be broadly classified into two types.
Waves of type 1, observed in cardiac myocytes or Xenopus oocytes, correspond to the propagation of sharp bands of Ca?*
throughout the cell at a rate that is high enough to permit the simultaneous propagation of several fronts in a given cell. Waves
oftype 2, observed in hepatocytes, endothelial cells, or various kinds of eggs, correspond to the progressive elevation of cytosolic
Ca?* throughout the cell, followed by its quasi-homogeneous return down to basal levels. Here we analyze the propagation of
these different types of intracellular Ca?* waves in a model based on Ca?*-induced Ca?* release (CICR). The model accounts
for transient or sustained waves of type 1 or 2, depending on the size of the cell and on the values of the kinetic parameters
that measure Ca?* exchange between the cytosol, the extracellular medium, and intracellular stores. Two versions of the model
based on CICR are considered. The first version involves two distinct Ca?* pools sensitive to inositol 1,4,5-trisphosphate (IP,)
and Ca?*, respectively, whereas the second version involves a single pool sensitive both to Ca2* and IP, behaving as co-agonists
for Ca?* release. Intracellular Ca?* waves occur in the two versions of the model based on CICR, but fail to propagate in the
one-pool model at subthreshold levels of IP,. For waves of type 1, we investigate the effect of the spatial distribution of
Ca?*-sensitive Ca?* stores within the cytosol, and show that the wave fails to propagate when the distance between the stores
exceeds a critical value on the order of a few um. We also determine how the period and velocity of the waves are affected
by changes in parameters measuring stimulation, Ca?* influx into the cell, or Ca®* pumping into the stores. For waves of type
2, the numerical analysis indicates that the best qualitative agreement with experimental observations is obtained for phase
waves. Finally, conditions are obtained for the occurrence of “echo” waves that are sometimes observed in the experiments.

INTRODUCTION

A large variety of cells respond to extracellular signals such
as hormones and neurotransmitters by a temporally and spa-
tially organized variation in intracellular Ca?* corresponding
to the occurrence of Ca** oscillations or to the propagation
of intracellular Ca®* waves (Berridge and Galione, 1988;
Berridge, 1990, 1993; Cuthbertson, 1989; Cuthbertson and
Cobbold, 1991; Meyer and Stryer, 1991; Tsien and Tsien,
1990; Dupont and Goldbeter, 1992; Amundson and
Clapham, 1993; Fewtrell, 1993; Jaffe, 1993; Rooney and
Thomas, 1993; Berridge and Dupont, 1994). Depending on
the cell type or on the extracellular agonist, Ca>* oscillations
vary in period (from a few seconds to tens of minutes), shape
(transient spikes or sinusoidal oscillations), and sensitivity to
different drugs.

The shape and propagation velocity of Ca?* waves also
seem to differ from one cell type to another. In some cell
types such as cardiac cells (Takamatsu and Wier, 1990),
waves propagate as sharp bands with velocities and frequen-
cies that are high enough to allow for the simultaneous propa-
gation of distinct fronts in a given individual cell. The latter
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type of wave has been called type 1 for convenience (Dupont
and Goldbeter, 1992). In contrast (see Fig. 1), waves of type
2, referred to as “tides” by Tsien and Tsien (1990), have been
defined as ones in which the level of Ca>* progressively rises
along the entire cell before returning to the basal level in a
quasi-homogeneous manner. This behavior has been re-
ported for eggs (Jaffe, 1983, 1993; Cheek et al., 1993;
Galione et al., 1993), hepatocytes (Thomas et al., 1991), and
endothelial cells (Jacob, 1990).

The appearance of type 1 or type 2 waves depends on the
balance between the kinetics of Ca?* exchange processes and
the dimension of the cell, so that a continuum exists between
the two types of waves that differ only by their appearance.
Thus type 2 waves are observed in small cells whose kinetics
are slow enough to generate very wide Ca?* fronts, whereas
Ca®* waves of type 1 are favored in large cells when the
kinetics are so rapid that the Ca?* front remains narrow with
respect to cellular dimensions. A similar distinction between
the two kinds of waves was pointed out by Meyer (1991). On
the other hand, spiral waves are sometimes observed in
Xenopus oocytes (Lechleiter et al., 1991) and cardiac myo-
cytes (Lipp and Niggli, 1993). Intercellular Ca®* waves in-
volving transport through gap junctions have also been re-
ported in glial (Cornell-Bell et al., 1990; Charles et al., 1991)
and airway epithelial cells (Boitano et al., 1992).

The mechanism of Ca?* oscillations and waves has been
extensively studied from both an experimental and a theo-
retical point of view. It is well established that inositol 1,4,5-
trisphosphate (IP;), synthesized in response to external
stimulation, induces the release of Ca?* from intracellular
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FIGURE 1 Schematic representation of the two types of intracellular
Ca’* waves. Waves of type 1 propagate as sharp bands (left side), while
waves of type 2 propagate as tides (right side).

stores (Berridge, 1993). A first class of models for Ca** os-
cillations rely on an oscillating level of IP;, due either to the
activation of its synthesizing enzyme, phospholipase C
(PLC), by Ca** (Meyer and Stryer, 1988, 1991), or to a hy-
pothetical, positive feedback process accompanied by nega-
tive regulation exerted by the activated protein kinase C on
the G-protein that mediates the extracellular signal to PLC
(Woods et al., 1987; Cuthbertson and Chay, 1991).

The fact that Ca?* oscillations can be induced by nonme-
tabolizable analogues of IP, suggests, in contrast, that the
oscillatory mechanism lies beyond the process of IP, syn-
thesis (Wakui et al., 1989). Thus, in a number of cell types,
a key role in the oscillations is played by the positive feed-
back exerted by cytosolic Ca** on Ca** release from intra-
cellular stores (Kort et al., 1985; Busa et al., 1985; Wakui
et al., 1990; Thomas et al, 1991). Such a regulation, known
as Ca?*-induced Ca®* release (CICR), is at the core of models
for Ca®* oscillations in a variety of excitable or nonexcitable
cells (Kuba and Takeshita, 1981; Goldbeter et al., 1990;
Dupont et al., 1991; Somogyi and Stucki, 1991; Wong et al.,
1992; Jafri et al., 1992; De Young and Keizer, 1992; Atri
et al., 1993; Dupont and Goldbeter, 1993). Among all these
models, an important distinction can be made as to the phe-
nomenon responsible for the termination of a Ca** spike.
While some of these models assume that the partial depletion
of the Ca®* store is sufficient to bring down Ca** release
(Kuba and Takeshita, 1981; Goldbeter et al., 1990; Dupont
et al., 1991; Somogyi and Stucki, 1991), others incorporate
the inhibition of Ca®* release by the IP, receptor at Ca?*
concentrations higher than those producing CICR (Jafri et al.,
1992; De Young and Keizer, 1992; Atri et al., 1993). It
should be noted that periodic IP, changes could passively
follow Ca** oscillations because of some coupling mecha-
nism such as the activation of IP, synthesis or degradation
by cytosolic Ca** (Swillens and Mercan, 1990; Dupont et al.,
1991).

In a given cell type, Ca** oscillations and waves are
closely related and most likely rely on the same feedback
mechanisms. Therefore, the species whose diffusion plays a
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primary role in Ca®>* wave propagation could be IP, (Meyer
and Stryer, 1991) and/or Ca’*. In cardiac cells, where a
depolarization-induced increase in Ca*" influx from the ex-
tracellular medium is sufficient to trigger the propagation of
a Ca** wave, the major role is certainly played by Ca?*. In
the same manner, tert-butyl hydroperoxyde, a compound that
bypasses IP, formation, can initiate wave propagation in
hepatocytes (Thomas et al., 1991). In Xenopus oocytes how-
ever, Ca®>* and IP, are both required for the propagation of
Ca®* waves. In the latter case it appears that Ca?* excitability
depends on IP, receptor channels that are sensitive to the
surrounding concentration of cytosolic Ca®* (Lechleiter and
Clapham, 1992; DeLisle and Welsh, 1992).

This paper is devoted to a theoretical study of Ca>" wave
propagation in two versions of a model based on CICR pre-
viously proposed for Ca?* oscillations. In the first version of
the model (Goldbeter et al., 1990; Dupont et al., 1991), two
Ca®* pools respectively sensitive to IP, and Ca®* are con-
sidered. The second version (Dupont and Goldbeter, 1993)
assumes the existence of a single pool sensitive to Ca** and
IP, behaving as co-agonists for Ca®* release. To emphasize
the fact that the self-amplified process of CICR release is
each time at the core of the mechanism of oscillations and
waves, these two forms of regulation are respectively re-
ferred to as IP;-insensitive and IP,-sensitive CICR (Dupont
and Goldbeter, 1993).

In the following, after recalling the main features of the
one- and two-pool versions of the model in the next section,
we determine in later sections the conditions for the occur-
rence of waves of type 1 and 2, successively. For both types
of waves, we treat separately the cases of a solitary front (i.e.,
the response to transient stimulation) and of sustained waves.
We illustrate type 1 waves by means of two different simu-
lations aimed at reproducing the situations of cardiac myo-
cytes and of Xenopus oocytes. Of primary importance are the
spatial distribution of CICR domains and the kinetic param-
eters which determine the period and half-width of repetitive
Ca”* spikes. We then focus on qualitative aspects of waves
of type 2 and show that “echo” waves can occur in some
conditions. Such a phenomenon can be related to experi-
mental observations on Ca?* waves in ascidian eggs
(Speksnijder et al., 1990). We discuss these results in the
final section and emphasize that, beyond some differences,
the one- and two-pool versions of the model based on CICR
exhibit similar behavior when the effect of diffusion is taken
into account.

ONE- AND TWO-POOL VERSIONS OF THE
MODEL FOR CA?* OSCILLATIONS
BASED ON CICR

In building models for Ca?* oscillations based on CICR, the
question arises as to the molecular entity where activation of
Ca®" release by cytosolic Ca** occurs. In some cells such as
Xenopus oocytes (Lechleiter and Clapham, 1992; DeLisle
and Welsh, 1992) or Purkinje cells (Bezprozvanny et al.,
1991; Finch et al., 1991), Ca** and IP, behave as co-agonists
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for Ca®* release. On the other hand, the existence of two
types of Ca?* pools, one sensitive to IP, (possessing IP, re-
ceptors) and one sensitive to Ca®* (possessing caffeine/
ryanodine receptors), has been demonstrated in other
cells such as adrenal chromaffin cells (Stauderman and
Murawsky, 1991; Meldolesi et al., 1990), pituitary cells (Law
et al., 1990), Purkinje neurons (Walton et al., 1991), parotid
acinar cells (Foskett and Wong, 1991), smooth muscle cells
(Matsumoto et al., 1990; Blatter and Wier, 1992), hepato-
cytes (Nathanson et al., 1992, 1994), and sea urchin eggs
(Galione et al., 1993; Lee et al., 1993). The control of Ca**-
sensitive, IP,-insensitive pools could be more complex than
what has been considered so far, as it has recently been dis-
covered that the Ca?* channel function of the ryanodine re-
ceptor can be modulated by cyclic ADP-ribose (Galione,
1992; Galione et al., 1993; Lee et al., 1993).

Two-pool version of the model based on CICR

The existence of two distinct types of Ca** stores is taken
into account in the two-pool model based on CICR. A de-
tailed analysis of that model has been presented elsewhere
(Goldbeter et al., 1990; Dupont et al., 1991). Here, we simply
recall the kinetic equations of the model, together with the
definition of the parameters. As the IP, 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) Ca**. When taking into account the
two-dimensional diffusion of cytosolic Ca** within a planar
section through the cell, the time evolution of cytosolic and
intravesicular Ca®* is given by the following differential
equations (see Fig. 2 A):

aZ °Z 9*Z
E=Vin—V2+V3+ka—kZ+DZ W-FW
1)
dy
E=V2—V3—ka
with
V'in=VO+VIB (2)
V= Vo )
2 M2K3+Zn
Vo= Vg o2 (4a)
= a
P O WKR+ YKL+ ZP

In these equations, V;, represents the total, constant entry of
Ca?" into the cytosol; it includes the background influx from
the extracellular medium, v, (this term may include a pos-
sible contribution from some IP,-insensitive intracellular
stores), as well as the IP;-stimulated Ca** influx v, 8 from the
IP,-sensitive store (B is the degree of saturation of the IP,
receptor); V, and V;, are, respectively, the rates of pumping
into and release from the Ca**-sensitive store with V,,, and
Vus denoting the maximum rates of these processes; K,, Ky,
and K, are the threshold constants for pumping, release, and
activation, while n, m, and p are the Hill coefficients char-
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FIGURE 2 Schematic representation of the two-pool (A) and one-pool
(B) models for Ca®* oscillations based on CICR. In both cases, the level of
IP,, which increases with the level of external stimulation, is assumed to
remain constant. Cytosolic Ca®" activates the release of Ca** from an IP;-
insensitive, Ca®*-sensitive store (A) or from a Ca®* and IP,-sensitive store
(B). The two variables of the minimal model are Z, the cytosolic Ca®*
concentration, and Y, the concentration of Ca?* in the pool sensitive to Ca**
(A) or to IP, and Ca*>* (B) (see Goldbeter et al. (1990), Dupont et al. (1991),
and Dupont and Goldbeter (1993) for detailed presentation and analysis of
the two versions of the CICR model).

acterizing these processes; k;Y and kZ refer to the passive
efflux from the Ca®*-sensitive store and from the cytosol; D,
is the diffusion coefficient for cytosolic Ca?*. The rate of
release of Ca** from the Ca**-sensitive store, V,, incorpo-
rates the activation by cytosolic Ca®* at the basis of CICR,
but not the inhibition seen at higher Ca>* levels.

One-pool version of the model based on
IP;-sensitive CICR

When only one type of Ca** pool is considered, with IP, and
Ca®" acting as co-agonist for Ca®* release (Fig. 2 B), the
model based on CICR defined by Eq. 1 can still account for
the existence and for the main properties of Ca®* oscillations
(Dupont and Goldbeter, 1993). The kinetic equations de-
scribing the evolution of cytosolic Ca?* and of Ca®* in the
store sensitive to IP, and Ca** are then only slightly modi-
fied. To account for the fact that the same receptor/channel
is activated by both IP; and Ca*, the term V;, which now
represents the Ca>* release from the unique Ca**- and IP,-
sensitive store, is given by:

ym z"
Vv, =BV,

WKR+ Y "KL +Z° (4b)

where B represents the degree of saturation by IP, of this



2194

“bi-activated” receptor and V), the maximum rate of release.
The constant Ca?* influx into the cytosol is still given by Eq.
(2) but the meaning of v, 3 has changed: it now represents a
stimulus-activated Ca?* influx from the extracellular me-
dium into the cytosol. The consideration of such a regulated
Ca?* entry, which is supported by recent experimental data
(Putney, 1991; Hoth and Penner, 1992; Randriamampita and
Tsien, 1993; Parekh et al., 1993), allows one to keep the
property that the mean Ca®* level increases with the degree
of stimulation. With regard to oscillations the two versions
of the CICR model mainly differ by the amplitude of the first
Ca?* spike and by its latency, i.e., the time that separates that
spike from the onset of stimulation (Dupont and Goldbeter,
1993).

PROPAGATING CA?* FRONTS AND SUSTAINED
WAVES OF TYPE 1

We have previously shown that the two-pool model based on
CICR can account for the propagation of solitary fronts of
cytosolic Ca®* of type 1, in one (Dupont et al., 1991) or two
(Dupont and Goldbeter, 1992) spatial dimensions. In these
simulations, parameter values were chosen so as to obtain
a periodicity of the order of 1 s when stimulation is main-
tained. When cytosolic Ca®* is elevated at one extremity
of the cell, a sharp band of increased Ca’" is then seen
to propagate towards the other extremity with a velocity

of about 100 um s~

Propagating Ca?* fronts: influence of the
distance between Ca?* pools

If Ca’* waves result from the sequential activation of
Ca®*-sensitive Ca®" stores distributed across the cell
(Berridge, 1990; Dupont et al., 1991) the phenomenon
must be markedly influenced by the spatial distribution
of Ca?* pools. This question can be conveniently inves-
tigated by means of computer simulations. The two-pool
model has been adopted for such a study, given that in
cardiac myocytes, which are the prototype of cells ex-

FIGURE 3 Comparison between Ca* fronts propagating in (A) a system
where the CICR domains are supposed to be equidistantly distributed
throughout the cell, and (B) a system where CICR occurs in a homogeneous
manner over the whole cell. The results are obtained by numerical simu-
lation of the two-pool model based on CICR defined by Eqs. 1-4a. An
inhomogeneous distribution of Ca?* stores favors the appearance of a sharp
Ca?* front resembling those experimentally observed in cardiac cells. In
both panels, the cell considered is 120 X 33 wm; to simulate the diffusion
process, the cell is represented as a mesh of 99 X 30 points. For (4), 13 Ca**
pools, each of which occupies four vertical rows of that mesh, are equi-
distantly distributed throughout the cell. In both cases, the cell is transiently
stimulated by raising initially the level of cytosolic Ca?* up to 1.3 uM in
the two extreme rows on the left. Everywhere else, the cell is assumed to
be initially at stable steady state. Parameter values are: (A) v, = 2.5 uM
sLy =0,V =80 uMs™L K, =1puM, V,, =455 uM s™}, Kz = 2 uM,
K,=10uM, k=105 k;= 157, D, = 400 um*s~’, and (B) v, = 1.5 uM
sLy =0,V =90 uMs LK, =09 uM, V,,, = 455 uM s™, K, = 2 uM,
K, =09 pM, k=85!, k= 1s""and D, = 400 pm? s™'. Moreover, as in
all subsequent figures, n =m = 2,andp = 4

Biophysical Journal

Volume 67 December 1994

hibiting waves of type 1, IP, does not seem necessary to
induce the propagation of Ca?* waves (Endo and lino,
1990) even if IP, has been shown to cause contraction of
skinned cardiomyofibers (Kijima et al., 1993). In fact,
when 3 = 0 or v, = 0, the two-pool model reduces to a
model containing a single Ca?* pool sensitive to cytosolic
Ca?*. Then the main influx of Ca?* into the cytosol, be-
sides CICR, is the one that originates from the extracel-
lular medium (v,).

Let us start with the propagation of solitary fronts after
transient stimulation. We shall consider in turn a continuous
and a nonhomogeneous distribution of Ca?* pools. A first
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difference between the spatial patterns generated in these two
cases pertains to the width of the front. As shown by the
comparison between Fig. 3, A and B, a discrete distribution
of stores favors the appearance of much sharper bands of
increased Ca®*. When discrete Ca®* pools are distributed
along the cell, the propagation of the front is brought
about by the sequential firing of the successive stores
while in regions between stores, Ca®* diffuses passively
and tends to return towards its (stable) steady-state level
given by Z, = v/k (see, e.g., Goldbeter et al., 1990).
Another difference between the waves obtained with a
homogeneous or discrete distribution of Ca?* pools pertains
to the relationship between the stimulation level and the ve-
locity of front propagation. As already shown by Sneyd et al.
(1993) in the case of a unique, continuous Ca®* pool dis-
tributed all over the cell, the speed of a solitary Ca®* front
increases with the intensity of stimulation in agreement with
the empirical Luther’s equation (Tyson and Keener, 1988):

Vo = K\/KD ®)

where K is a constant depending on the system, D the dif-
fusion coefficient for the propagator species (in the present
case: Z, cytosolic Ca®*), and k an apparent first-order rate
constant for the autocatalytic production of the propagator.
Increasing stimulation (v,8) leads to an increase in the rate
of autocatalytic production of Z and thus to an acceleration
of the front. Sneyd et al. (1993) have shown that the velocity
of the front may increase by more than a factor of three when
increasing the stimulation level and/or the extracellular Ca**
concentration. Numerical simulations in one (Sneyd et al.,
1993) or two spatial dimensions (data not shown) confirm
these analytical predictions.

In the case of discrete Ca®"* stores, the propagation velocity
markedly depends on the distance between successive Ca**
pools (as illustrated in Fig. 7 below for the case of sustained
Ca?* waves), and only slightly on the stimulation strength
(Fig. 4). Indeed, whatever the stimulus, nearly the same
amount of Ca?* is released from the Ca®* pool nearest from
the initiation site; the time for this Ca®* increase to diffuse
to the next CICR site then depends on the distance between
the pools. This result, which is a theoretical prediction, has
not yet been corroborated by any direct observation on car-
diac myocytes. Also shown in Fig. 4 is the fact that in the
model, the latency of the Ca?* front decreases with the level
of the stimulus. This point has previously been studied in this
model in the absence of Ca®* diffusion (Dupont et al., 1990).

In agreement with experimental observations in cardiac
cells (Takamatsu and Wier, 1990) and oocytes (Girard et al.,
1992) and with the usual behavior of excitable systems, two
fronts started at opposite ends of the cell annihilate each other
upon collision (Fig. 5).

Sustained Ca?* waves of type 1

The preceding results pertain to the propagation of Ca’*
fronts generated in response to transient stimulation, the
stimulus being maintained only for a short period of time in
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FIGURE 4 Dependence of the propagation velocity and latency of a Ca**
front of type 1 on the level of stimulation in the case of a discrete distribution
of Ca**-sensitive Ca?* pools. The propagation velocity is much less de-
pendent upon the level of stimulation than in the case where CICR domains
are present throughout the whole cell. As expected from the study of the
model in the absence of diffusion, the latency of the front decreases with
the level of stimulation. Latency is here defined as the time required to reach
the maximum of the first Ca?* spike near the site of stimulation. The points
have been obtained by numerical simulation of the model based on CICR,
defined by Eqs. 1-4a. The dimension of the cell is 120 X 24 um and for
simulating diffusion the system is discretized into a grid of 100 X 30 points.
The system is initially at the stable steady state in the absence of stimulation.
Stimulation is applied in a transient manner, through an exponentially de-
creasing term (v,Be ™) added to the first equation of system (1) in the first
three rows of points. The cell is assumed to possess 17 equidistant, 3.6
wm-wide Ca?* stores. Parameter values are: v, = 2.496 uMs™, v, = 0, V,,
=80 uM s, K, = 1 uM, Vy; = 455 uM s}, Kz = 2 uM, K, = 1.01
uM, k = 1057, k; = 157! and D, = 400 pm* s,

comparison with the time necessary for the front to propagate
from one cell extremity to the other. Transient stimuli do not
allow one to account for the simultaneous propagation of two
Ca?* fronts often observed in myocytes (Takamatsu and
Wier, 1990; Lipp and Niggli, 1993) or Xenopus oocytes
(Girard et al., 1992; Camacho and Lechleiter, 1993). This
phenomenon results from the periodic operation of the Ca?*
signaling system because of continuous stimulation.

As myocytes and Xenopus oocytes differ in many respects,
we have examined successively the situation of Ca®* fronts
propagating at high velocity (~100 um s™?) in relatively
small systems, as in cardiac cells, and the case of slower
waves that propagate over much larger areas, as in Xenopus
oocytes. In both cases, numerical simulations provide in-
sights into properties of the waves such as their shape, ve-
locity, or period. The two-dimensional geometry considered
will be rectangular for myocytes and square-shaped for
oocytes.

Modeling Ca?* waves in cardiac cells:
dependence on the distance between
CICR domains

As shown in Fig. 6, sustained Ca?* waves can be obtained
in the model based on CICR in the presence of persistent
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FIGURE 5 Annihilation of two Ca?* fronts of type 1 propagating in op-
posite directions. The results are obtained by numerical simulation of the
model based on CICR defined by Egs. 1-4a. Conditions and parameter
values are as in Fig. 3 A, except that the cell is transiently stimulated on both
extremities by raising initially the level of cytosolic Ca* up to 1.3 uM in
the two extreme rows at each end.

0 1.8 uM

FIGURE 6 Modeling the simultaneous propagation of two Ca** fronts of
type 1 in cardiac myocytes. The figure has been obtained by numerical
simulations of the model based on CICR defined by Egs. 1-4a with
vy =34 uMs ™, V,, = 80 uM s, K, = 1 uM, Vy; = 455 uM s,
Ke=2pM,K,=1pM, k=10s"" k= 157" and D, = 400 pm? s,
In these conditions, the period equals 1.27 s and the propagation velocity
116 um s7%; these values are in good agreement with experimental obser-
vations on wave propagation in cardiac myocytes (Kort et al., 1985; Taka-
matsu and Wier, 1990; Lipp and Niggli, 1993, 1994). The dimension of the
cell is 160 X 40 um and for simulating diffusion the system is discretized
into a grid of 132 X 40 points. 17 Ca®* stores are spaced at equal intervals;
the stores and the intervals occupy four vertical rows of the grid, and are
thus ~4.85 um wide. The stimulation (v,8 = 4.3 pM s™!) is constantly
applied in the first four rows of points, i.e., in the first, left pool.

stimulation. Successive Ca®* fronts periodically (T ~ 1.3 s)
start from the left extremity of the cell, which is continuously
stimulated, and propagate toward the other extremity with a
velocity of the order of 120 wm s™!. Such values for the
period and velocity match those observed for Ca?* waves in

Biophysical Journal

Volume 67 December 1994

cardiac myocytes (Kort et al., 1985; Takamatsu and Wier,
1990; Lipp and Niggli, 1993, 1994).

In agreement with the experimental results, the wave-
length, i.e., the distance between two successive fronts, is
slightly lower than the typical cell length. This theoretical
result was only obtained in the case of an inhomogeneous
distribution of Ca* pools. Indeed, if one considers that these
stores are homogeneously distributed in the cytosol, the suc-
cessive fronts cannot be sufficiently narrow to remain dis-
tinct from each other; the spatio-temporal structure then gen-
erated by the model qualitatively differs from experimental
observations. The conditions used to generate the wave in
Fig. 6 hold with the fact that the sarcoplasmic reticulum,
which serves as Ca®>* pool, possesses a spatially inhomoge-
neous structure.

We have seen in Fig. 4 above that when Ca®* pools are
assumed to be distributed in the cell in a discrete manner, the
model based on CICR predicts only a slight increase of the
front propagation velocity when increasing the transient
stimulation. In contrast, the spacing between the Ca?* pools
considerably affects the period and the propagation velocity
of the waves. To allow for the possibility that CICR occurs
in discrete locations but nevertheless involves a single Ca?*
pool, we may refer to the distance between CICR domains
rather than between Ca?* pools. A domain could represent
a cluster of Ca?*-activated Ca®* channels and could be re-
lated to the sites where Ca®* sparks (Cheng et al., 1993), focal
release (Lipp and Niggli, 1994), or hot spots (Parker and Yao,
1991) are observed.

As expected intuitively, the speed is maximal when CICR
is homogeneously distributed over the whole cell, whereas
the velocity decreases in a quasi-linear manner with the
distance between two successive CICR domains (Fig. 7).
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FIGURE 7 Dependence of the period and velocity of Ca* waves of type
1 on the distance between Ca®*-sensitive Ca®* stores (or CICR domains).
The points have been obtained by numerical simulations of Egs. 1-4a. The
dimensions of the cell are 120 X 24 pum, and for simulating diffusion the
system is discretized into a grid of 200 X 60 points. Constant stimulation
is applied in the first Ca?*-sensitive store of the system at the left extremity.
Each Ca®*-sensitive store occupies six vertical rows of the grid and is thus
3.6 wm wide; the number of stores depends on the distance that separates
them. Parameter values are: v, = 4 pM s™!, v, = 3 uMs™,, V,,, = 80 uM
sLK,=1puM, Vy; =455 uMs™, Ky =2 uM, K, = 1.0 uM, k = 10
s7, k= 157!, and D, = 400 pm? s™%.
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Interestingly, the period also decreases when these domains
get further away from each other. Wave propagation stops if
the distance between CICR domains exceeds a critical value
on the order of 4 um for the situation considered in Fig. 7.
This critical value, which holds with the distance that sepa-
rates portions of the sarcoplasmic reticulum in myocytes

(Moses and Delcarpio, 1983; Stern, 1992), is about 10 times

larger than the critical distance of 0.35 wm predicted by
Meyer and Stryer (1991) for the suppression of Ca* wave
propagation in a model based on a CICR mechanism.

The preceding results, which pertain to the situation en-
countered in cardiac cells, have been obtained by using a
value of 400 um? s™! for the Ca** diffusion coefficient
(Kushmerick and Podolsky, 1969; Whitaker and Irvine,
1984; Cheer et al., 1987; Donnahue and Abercrombie, 1987;
Backx et al., 1989; Girard et al., 1992). The latter value
differs from the value close to 40 um? s™! recently measured
in a cytosolic extract from Xenopus oocytes (Allbritton et al.,
1992), which we shall use in the next section to model Ca?*
wave propagation in oocytes. It should be stressed that such
a lower estimate of the Ca®* diffusion coefficient does not
permit one to account for the observations in cardiac cells.
In that case indeed, sharp Ca?* fronts of type 1 cannot propa-
gate at sufficiently high velocities for values of the kinetic
parameters that yield a period of oscillations on the order of
1 s. The measurement of the lower value for the Ca?* dif-
fusion coefficient in Xenopus oocytes could be explained by
the large Ca* buffering capacity of the preparation consid-
ered. It would be interesting to determine the Ca?* diffusion
coefficient in cardiac myocytes in physiological conditions.

Modeling Ca** waves in Xenopus oocytes:
dependence on stimulation, external Ca?*, and
rate of Ca®>* pumping into intracellular stores

It has been shown that the model based on CICR defined by
Egs. 1-4a can account for the existence of sustained con-
centric or spiral Ca>* waves resembling the ones observed in
Xenopus oocytes (Girard et al., 1992). By choosing the low
value for the Ca?* diffusion coefficient (40 um?s™?*) recently
measured by Allbritton et al. (1992) and values for the kinetic
parameters 60 times lower than the ones used by Girard et al.
(1992), the waves obtained in the present case are charac-
terized by a longer period and a lower propagation velocity
(Fig. 8) than in the study of the latter authors. As the system
is supposed to be sufficiently large (1000 X 1000 wm), two
fronts can be seen to propagate simultaneously in one cell.
The waves are of type 1 according to the criteria outlined
above.

The theoretical approach provides an easy way to inves-
tigate the effect of altering various factors on the waves gen-
erated by CICR. As many experiments have been performed
in Xenopus oocytes, we will use the situation illustrated in
Fig. 8 as a starting point for our investigations, except that
we have assumed that the IP,-sensitive store is located at the
left extremity in the entire two first rows (and not only in their
central part as in Fig. 8) to avoid the effects due to curvature.

Ca?* Waves in a Model Based on Ca?*-induced Ca?* Release
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FIGURE 8 Modeling Ca?* waves of type 1 in Xenopus oocytes. The fig-
ure has been obtained by numerical simulations of the two-pool model based
on CICR defined by Eqs. 1-4a with ¥, = 3.1 pM min~?, V,, = 65 uM
min~}, K, = 1 uM, V3 = 455 pM min"?, K; = 2 pM, K, = 0.9 uM,
k=10 pM min~%, k; = 1 min~! and D, = 40 um? s~". In these conditions,
the period equals 83 s and the propagation velocity, 7.8 pm s™*. The di-
mension of the cell is 1000 X 1000 pwm. For simulating diffusion the system
is discretized into a grid of 64 X 64 points. Constant stimulation (v, = 0.12
M min™?) is applied in the central part of the first two rows of points, i.e.,
in boxes (1,22) to (1,42) and (2,22) to (2,42).

The most straightforward parameter to alter is the stimu-
lation level that is given by v, in the present model (Eq. 2).
Recall that we have assumed in this study that the IP,-
stimulated influx is localized in a specific region near the
plasma membrane. Fig. 9 A shows that in the model, as in
many other models proposed for repetitive Ca?* spiking, the
period of sustained oscillations and waves decreases when
the level of stimulation increases, in agreement with experi-
mental observations. The model also predicts a decrease in
the wave propagation velocity with increasing levels of
stimulation, a question that still remains unsettled from an
experimental point of view. The domain in v, values ex-
plored in Fig. 9 A is bounded by two values of this parameter.
Below v, =~ 0.2 uM min~!, no propagating waves are ob-
served. On the other hand, when v, = 1.05 uM min~’, the
behavior of the system becomes complex: the amplitude
and velocity of successive Ca>* fronts are highly variable and
some of them vanish in the course of their propagation.

In contrast, increasing the Ca?* influx from the external
medium into the cytosol of Xenopus oocytes has been shown
to increase both the frequency and the propagation velocity
of the Ca®* fronts (Girard and Clapham, 1993). Although in
the homogeneous version of the model (i.e., neglecting dif-
fusion of cytosolic Ca**) both the influx from the outside (v,)
and the release from the IP,-sensitive store (v,8) play a simi-
lar role, in the present situation, both parameters greatly dif-
fer in their spatial localization: v, is locally applied at the
left extremity of the system, while Ca* is supposed to enter
(and quit) the system in an homogeneous manner in each
point of the system. Such a situation is particularly appro-
priate for thin cells or for cases where the waves propagate
near the plasma membrane. As a consequence, increasing the
Ca** influx from the IP,-sensitive pool (v,B8) or from the
external medium (v,) has different effects (compare Fig. 9,
A and B). Indeed, increasing the latter influx leads to a con-
comitant increase in the frequency and in the propagation
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FIGURE 9 Period and velocity of Ca?* waves of type 1 resembling those
observed in Xenopus oocytes: effect of altering the rate of Ca?* influx from
the IP,-sensitive store (A) or the influx of Ca®* from the extracellular me-
dium (B). Conditions are as in Fig. 8.

velocity of the Ca?* fronts, in agreement with experimental
observations in Xenopus oocytes (Girard and Clapham,
1993).

Finally, we have altered in our numerical simulations the
maximal velocity of Ca>* pumping into the stores (V,,,) to
simulate the experiments performed by Camacho and
Lechleiter (1993), in which they studied Ca** wave propa-
gation in Xenopus oocytes expressing exogenous
Ca?*-ATPases. These authors observed that the period de-
creases as the rate of Ca?* pumping rises, while the propa-
gation rate remains roughly unchanged. The effect of pa-
rameter V,,, on the behavior of the model is complex and
depends on the conditions considered. In the absence of Ca?*
diffusion (data not shown), the model based on CICR defined
by Eqs. 1-4a predicts an increase in the period of oscillations
when V,,, is increased, in contrast with experimental obser-
vations. This also occurs (see Table 1) when taking Ca®*
diffusion into account, as long as the stimulus applied at the
left extremity of the system remains in the oscillatory domain
defined by two critical levels of parameter B (see, e.g.,
Dupont et al., 1991). However, a significant increase in fre-
quency with the rate of Ca?* pumping into the stores is ob-
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TABLE 1 Period (velocity) of Ca?* waves of type 1
resembling those observed in Xenopus oocytes:

effect of altering the maximum rate of Ca®** pumping into the
IP,-insensitive store, V,,, (conditions are those of Fig. 8).

v,B(uM min™")
Vi (WM min™?) 03 9.0

65 1223 s (10.0 pm s™7)
84 1499 s (12.4 pm s™%)

103.8 5 (9.0 pm s7%)
53.7s (4.9 ums™?)

tained in the simulations (see Table 1) when the IP; level is
large enough to bring the Ca®* signaling system in the stimu-
lated region largely above the oscillatory range. Under these
conditions, a more rapid removal of cytosolic Ca’* due to
larger V,, values will be associated with a higher frequency
of Ca?* oscillations farther away from the stimulated region.
In the situation considered in Table 1, the decrease in period
observed when increasing V), is quasi-discontinuous, with
a sharp drop around V,,, = 80 pM min~'. Moreover, as
expected from the results shown in Fig. 9 A, a decrease in
period is accompanied by a decrease in the velocity of the
waves.

‘The present results provide an explanation for the experi-
mentally observed increase in wave frequency in Xenopus
expressing exogenous Ca’*-ATPases, particularly in view of
the fact that this effect is more pronounced at higher IP,
levels (Camacho and Lechleiter, 1993).

PROPAGATING FRONTS AND SUSTAINED CA?*
WAVES OF TYPE 2

For Ca?* fronts of type 2, a progressive rise of Ca?* along
the cell is followed by a quasi-homogeneous return to the
basal level. Such fronts can also be simulated by the model
based on CICR (Dupont and Goldbeter, 1992). From a theo-
retical point of view, for a given cell length, the difference
between waves of types 1 and 2 stems from distinct velocities
of the Ca®* exchange processes between the cytosol, the ex-
ternal medium, and intracellular stores. Indeed, Ca®* spikes
characterized by a longer period and a larger half-width
readily give rise to fronts of type 2 when Ca?* diffusion is
taken into account. Thus, the kinetics of Ca?* exchange
is much slower for waves of type 2 than for waves of type
1 when the dimension of the cell remains unchanged. In
particular, V,,,, which represents the maximum rate of pump-
ing of Ca®* from the cytosol into the stores, plays a pre-
dominant role in determining the shape of the front: an in-
crease in Vy,, results in narrowing the Ca?* spike in the course
of time in each point of space. This result agrees with the
experimental observation that spikes of cytosolic Ca** be-
come narrower in Xenopus oocytes expressing additional
Ca?* ATPases (Camacho and Lechleiter, 1993).

Again, it must be emphasized that a continuum should
exist between types 1 and 2 waves upon changing progres-
sively the dimension of the cell.
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Sustained Ca?* Waves of Type 2

If the stimulation leading to a Ca** front of type 2 is main-
tained in a medium where Ca>" pools are homogeneously
distributed in the whole cell, periodic Ca?* waves resembling
those observed in hepatocytes are generated by the CICR
model defined by Eqgs. 1-4a. Fig. 10 shows the evolution of
cytosolic Ca** concentration when using parameter values
that optimize the qualitative agreement between the numeri-
cal simulations and the experimentally observed waves of
type 2. Interestingly, the best agreement is obtained for phase
waves, i.e., when all parts of the system oscillate but with
different phases.

The typical aspect of waves of type 2 can be better char-
acterized when following the time evolution of cytosolic
Ca®" at increasing distances from the stimulation site as
shown in Fig. 11. There, one clearly sees that the rate of
decrease of the Ca>* level increases with the distance from
the stimulation site; as a consequence, the return of the Ca?*
concentration occurs more or less uniformly in the whole
system, in agreement with the observations by Thomas et al.
(1991) on hepatocytes and with the numerical simulations
performed by these authors by means of the present model
based on CICR. In qualitative agreement with their experi-
mental results (see Fig. 3 of their article) is the fact that the
amplitude of the Ca®* spike in the model is higher near the
stimulation site, decreases farther away, and then increases
again near the side opposed to stimulation. A slight differ-
ence between experiment and theory is nevertheless ob-
served: in the experiments, the largest peak corresponds to

t=34s t=40s t=41.2s t=50s

0 1.0 uM

FIGURE 10 Ca®" waves of type 2 generated by the model based on CICR.
Cytosolic Ca?* progressively rises throughout the cell, stays at an elevated
plateau, and thereafter decreases in a quasi-homogeneous manner in the
whole cell. The panels have been obtained by numerical simulations of Egs.
1-4a with vy, = 1.8 uM min"}, »,8 =0, K, = 1 uM, V,, = 93 uM min "},
Vus = 500 uM min~!, K = 2 uM, K, = 0.66 uM, k = 5.6 min~', k; =
1 min~" and D, = 400 um? s™". The system, whose dimensions are 250 X
250 pm, is divided into a grid of 60 X 60 points. Continuous stimulation
(v, = 22.8 uM min?) is applied in the central third of the first row on
the left. In these conditions, the waves generated by the system are phase
waves. The period and velocity of the Ca?* wave are equal to 41 s and 53
wm s, respectively.
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FIGURE 11 Temporal evolution of the cytosolic Ca** concentration in
different locations in space in the situation corresponding to Fig. 10. The
curves represent the time evolution of cytosolic Ca** in the middle of col-
umns 1, 11, 21, 31, 51, and 60 of the spatial grid.

the initiation site of the wave while here the largest peak
occurs at the opposite side of the cell.

Echo waves: role of boundary conditions

So far, we have considered the case where Ca®* exchanges
between the cytosol and the extracellular medium, taken into
account through the terms v, and kZ (see Eq. 1), occur in all
points of the system. Such a situation is particularly appro-
priate for thin cells. When these exchanges primarily take
place at the borders, as should be the case for planar sections
through thicker cells, echo waves are often observed in the
numerical simulations. An example is shown in Fig. 12

FIGURE 12 Echo wave of cytosolic Ca**. The data are generated by the
model based on CICR defined by Egs. 1-4a. The panels represent eight
successive images at 0.5 s intervals, 127 s after the onset of stimulation. The
system of 250 X 250 pm is divided into a grid of 60 X 60 points. Constant
stimulation (v, = 10.8 uM min™") is applied in the first left row of the
system. Only the four border rows are assumed to exchange Ca?* with the
extracellular medium, through the terms v, and —kZ, which are omitted
elsewhere in the evolution equations. Parameter values are v, = 1.68 uM
min~}, Vy, = 93 uM min™}, K, = 1 uM, V3 = 500 uM min~', K = 2
uM, K, = 0.66 uM, k = 18.8 min™, k; = 1 min~", and D, = 400 pm?*s~".
To allow for better visualization of the echo wave, the grey scale has been
modified for each individual panel; in all cases, black corresponds to the
maximum instantaneous Ca®* concentration and white to the minimum.
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where the initial wave stops before reaching the extremity of
the cell opposed to the initiation site because an echo-wave
has emerged from the distal side. There indeed, cytosolic
Ca?* concentration is high due to the influx from the extra-
cellular medium and to Ca?* accumulation owing to zero-
flux boundary conditions at the membrane. This echo wave
halts at a certain distance from the membrane because of the
refractoriness of the regions through which the initial wave
has traveled. Both the direct and the echo waves propagate
at a velocity of about 15 wm s~ in the case considered in Fig.
12. From an experimental point of view, echo waves of Ca**
have been observed in ascidian eggs by Speksnijder et al.
(1990).

CA?* WAVES IN THE ONE-POOL MODEL

To study wave propagation in the one-pool model, the
level of IP, can still be treated as a parameter. However,
because IP, now behaves as a co-agonist for Ca** release,
it is of particular interest to treat IP; as an additional
variable to incorporate the effect of IP, diffusion. To this
end, a third equation has to be added to Eq. 1 to describe
the local evolution of IP, concentration. This equation
takes the form

%A _ R—kA+D 62A+62A 6
ot Y d a\ax? " ay? ©)
where A is the concentration of IP, and v, the maximal

rate of IP, production; R denotes the degree of PLC ac-
tivation; k, is an apparent first-order kinetic constant
characterizing IP, degradation; D, stands for the diffu-
sion coefficient of IP,, and x and y for the two spatial

0.5
r (A)
~04|
= r
=2 L
4 03
o S
e T R
§ 0.2 c Cytosolic Ca“*
g | P
50.1_ 3
o-IIIllllIIIIIIIII[|III||IIIIl||llll|llll
0 50 100 150 200 250 300 350 400

Time (s)

Biophysical Journal

Volume 67 December 1994

coordinates. Parameter 3, which represents the saturation
level of the IP, receptor in Eq. 2, can now be written as

A3
S VY ™

where K, denotes the dissociation constant of the IP, re-
ceptor. The results of the simulations do not noticeably
depend on the value of the Hill coefficient for IP, binding
to the receptor; here this coefficient is taken equal to 3,
in agreement with experimental observations (Meyer
et al., 1988).

In the one-pool model, because Ca** and IP; behave as
co-agonists for CICR, the wave only propagates when the IP,
concentration exceeds a critical level throughout the cell.
Such a situation is illustrated in Fig. 13. The level of IP; (bold
line) decreases exponentially with the distance from the site
of stimulation and rapidly reaches a constant value which,
above a threshold, allows for sustained Ca?* oscillations. Fig.
13, A and B, correspond respectively to situations where the
IP, level lies below or above this threshold. That wave propa-
gation requires a critical level of IP, has been established in
Xenopus oocytes (DeLisle and Welsh, 1992; Lechleiter and
Clapham, 1992).

The dashed line in Fig. 13 shows the evolution of the
concentration of intravesicular Ca?* near the stimulation site.
The filling level of the Ca?* store plays a predominant role
in the timing of Ca?* oscillations. Indeed, in the model, the
decrease in intravesicular Ca®* brings about the termination
of the Ca?* spike. It should be stressed that the pools are not
empty after the occurrence of a spike. Given that in the model
all concentrations are defined with respect to the total cell
volume and that the pools occupy a volume that is about 10

-
»

e o =
o ® = N

o
IS

VIIIIll‘ll!lllllllllllllr‘ll

o
N

o U U_4

o

Cytosolic or intravesicular Ca®* (uM)

50 100 150 200 250 300 350 400
Time (s)

FIGURE 13 Influence of the IP, level on cytosolic Ca?* waves in the one-pool model based on CICR. Propagation of sustained Ca>* waves fails to occur
when the level of IP, is too low (A4) and only occurs when the IP, level is sufficiently large (B), even though the influx of extracellular Ca®* (measured
by v,) remains the same in the two cases. The two panels only differ by the level of IP, established at steady state in the bulk of the cell; this level equals
0.1 mM in (A) and 0.2 mM in (B). The system of 250 X 250 um is divided into a grid of 64 X 64 points. In panel (A), the evolution of the concentration
of IP, and of cytosolic Ca** in the middle of the system are represented. In panel (B), the thin, solid curves represent the evolution of the cytosolic Ca**
concentration at the two extremities of the cell, in points (1, 32) and (64, 32) of the spatial mesh; the bold and dashed lines represent, respectively, the IP,
level and the intravesicular Ca?* concentration in the first of these points. The curves have been obtained by numerical integration of egs. (1-3, 4b, 5 and
6) with the following parameter values: v, = 1.7 uM min~, »; = 3 pM min!, V), = 25 pM min"}, K, = 0.5 pM, V,;; = 325 uM min !, K = 1 uM,
K, =06 uM, k = 10 min~', k, = 1 min™, », = 2 pM min "', k; = 1 min™", K, = 0.1 uM, D, = 40 pm? s}, and D, = 200 um? s~*. Cell stimulation
is achieved by setting parameter R equal to 0.7 in the central third of the first column of the mesh; everywhere else R is set equal to 0.05 in (A) and 0.1
in (B). For both panels, initial conditions have been chosen as the stable steady state obtained in panel (B) in the absence of stimulation.
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times smaller than the cytosol, Fig. 13 shows that the con-
centration of free Ca?* in the stores always largely exceeds
that in the cytosol.

DISCUSSION

The present study shows that a one- or two-pool model based
on CICR can account for Ca** oscillations and waves re-
sembling those experimentally observed in a variety of cells.
Because Ca”* waves appear to behave differently in various
cell types, it is of interest to try to understand the origin of
these peculiarities. To this effect, we have used a theoretical
approach to investigate questions such as the origin of quali-
tatively distinct types of waves and the incidence of the di-
mensions of the cell and of the spatial distribution of Ca**
pools, as well as possible differences between the one- and
two-pool versions of the model based on CICR.

Except for the effect on the amplitude and latency of the
first spike, already observed for oscillations (Dupont and
Goldbeter, 1993) and for the role of IP, (see below), we did
not find any major differences between the behavior of the
one- and two-pool versions of the model based on CICR with
respect to Ca’>* wave propagation. Thus, the primary role
played by the autocatalytic CICR regulation in the occur-
rence of Ca* oscillations is recovered for the propagation of
intracellular waves. The influence of IP, on wave propaga-
tion nevertheless differs in the one- and two-pool versions of
the CICR model. In the two-pool model, oscillations and
waves can occur in the absence of IP,, provided that the Ca>*
influx (v,) from the external medium is sufficiently high. In
contrast, for Ca?* oscillations and waves to occur in the one-
pool model based on IP,-sensitive CICR, IP, has to exceed
a critical level as demonstrated by the comparison of A and
B in Fig. 13. The requirement for a sufficient level of IP, in
wave propagation fits the observation that Ca?* waves are
suppressed in Xenopus oocytes injected with heparin
(Lechleiter and Clapham, 1992) or antibodies against the IP,
receptor (Miyazaki et al., 1992).

As previously emphasized for solitary Ca2* fronts (Dupont
and Goldbeter, 1992), it appears that the two types of waves,
a steep Ca?* increase propagating as a sharp band as in car-
diac cells (waves of type 1), or a smoother rise followed by
a quasi-homogeneous return to the basal level as in hepa-
tocytes (waves of type 2) can readily be generated by the
model, provided that the appropriate parameter values are
used. The classification of waves into type 1 or 2 is never-
theless somewhat arbitrary, as a continuum likely exists be-
tween the two kinds of waves. Thus, imagining that one could
sufficiently increase the length of a cell while retaining a
period of oscillations on the order of 1 min, the progressive
transition from a wave of type 1 into a wave of type 2 via
intermediate patterns should be observed. Feasible is the con-
verse experiment that consists in shortening the period of
Ca?* oscillations by overexpressing gene products such as
Ca®*-ATPases (Camacho and Lechleiter, 1993). Upon de-
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creasing the period, Ca?* waves should progressively change
from type 2 to type 1.

We have first focused on type 1 fronts or waves, using
successively cardiac myocytes and Xenopus oocytes as pro-
totypes. The case of myocytes allowed us to investigate the
effect of altering the distance between the CICR domains. It
appears that the distribution of these domains markedly af-
fects the propagation velocity of Ca®>* waves. This was
shown here for waves of type 1 (Fig. 7), but a similar result
should hold for waves of type 2. Such a conclusion agrees
with observations indicating that the Ca** wave in oocytes
propagates more rapidly in the animal pole, which contains
more Ca* pools, than in the vegetal pole (see the theoretical
study of Cheer et al., 1987). The results also hold with ex-
perimental observations showing that the propagation rate of
the Ca®* wave in pancreatic acinar cells decreases from 12
to 4 wm s~ ! as the density of Ca?* pools decreases in distinct
parts of the cell (Kasai et al., 1993). We further showed that
waves of type 1 fail to propagate when the distance between
successive Ca®* pools falls below a few wm, which distance
is on the order of the one apparent from the discrete structure
of the sarcoplasmic reticulum in cardiac myocytes (Moses
and Delcarpio, 1983).

A related, theoretical study of the impact of the distance
between Ca?* channels on the velocity of propagation of a
Ca?* wave along the surface of intracellular stores has led to
aslightly different conclusion (Mironov, 1990). The distance
between two successive channels that maximizes the propa-
gation velocity is predicted in that study to be equal to 3 pm,
instead of being nil as in the present study. This difference
must be ascribed to the fact that Mironov considered the
existence of a three-state Ca®* channel (closed, open, and
inactivated). Thus, a rapid return to the closed state is favored
by some separation between two successive channels.

The distribution of Ca®* pools also influences the rela-
tionship between stimulation and propagation velocity. The
present study indicates that the propagation velocity of a
Ca?* front, or, equivalently, of the first wave of a train, de-
pends only slightly on the stimulation level when the Ca*
stores are distributed discretely throughout the cell. Although
these results have been obtained for waves of type 1, they
should also apply to waves of type 2. This result might ex-
plain why, in hepatocytes, the propagation velocity does not
significantly vary with the concentration of external agonist
(Thomas et al., 1991). The present results thus raise the pos-
sibility that differences as to the dependence of propagation
velocity on external stimulation in pancreatic acinar cells,
oocytes, and hepatocytes might originate from differences in
the spatial distribution of Ca®* pools.

The modeling of the type 1 waves encountered in Xenopus
oocytes allowed us to investigate the effect of altering dif-
ferent kinetic parameters on the period and velocity of Ca?*
waves. Thus, we have changed successively v,, the rate of
Ca”" influx from the extracellular medium, v, B, the velocity
of Ca*" release from IP,-sensitive stores, and V,,,, the maxi-
mum rate of Ca?* pumping into Ca?*-sensitive stores. The
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model based on CICR could reproduce the experimentally
observed behavior concerning an increase in period with in-
creasing influx both from the extracellular medium and from
the IP,-sensitive store (Berridge, 1993). In contrast, how the
velocity of the waves changes as a function of these param-
eters depends on the nature of the Ca?* influx considered. In

the model, a homogeneously increased influx of Ca*>* from

the extracellular medium leads to a rise in the propagation
velocity as observed after hyperpolarization of Xenopus oo-
cytes (Girard and Clapham, 1993). However, if the increase
is supposed to be localized at one extremity of the cell, to
model the existence of functionally localized IP,-sensitive
pools, the model predicts a decrease in the velocity of propa-
gation when Ca®* influx is increased.

From an experimental point of view, the relationship be-
tween the stimulation level and the rate of propagation of the
Ca®* waves is still unclear and could vary from one cell type
to another. Theoretically, it is easy to understand that a ho-
mogeneous increase of the baseline level of Ca?* permits a
more rapid local transition from the resting to the excited
state and thus a more rapid propagation of the wave. In con-
trast, when only the pacemaker region receives an increased
influx, its frequency is accelerated but one does not modify
the properties of the system elsewhere. As the system has less
time to fully recover its excitability between two successive
fronts, the propagation velocity of the wave will decrease.

Finally, the influence of the rate of Ca?* pumping has also
been investigated using as prototypes Ca>* waves resembling
those observed in Xenopus oocytes. The analysis shows that,
in contrast with the behavior of the homogeneous model, an
acceleration of pumping may, in certain conditions, be ac-
companied by a rise in the frequency of the waves as seen
in the experiments (Camacho and Lechleiter, 1993). The
simulations predict that this result can only be obtained when
the localized stimulus is such that the stimulated region of the
cell remains at a very high, nonoscillating level of Ca?*. It
is thus a region near the stimulated one that enters the os-
cillatory domain and behaves as pacemaker. Upon increasing
the rate of Ca** pumping into the stores, the system enters
the oscillatory domain in a region closer to the stimulation
layer, the pacemaker region is then subjected to a higher
effective stimulus. Hence the decrease in period observed
upon increasing parameter V,,, (see Table 1). The data in-
dicate that beyond a certain point the frequency increases
abruptly as a function of V,,,, an observation that calls for
further theoretical analysis.

- Waves of type 2, observed in hepatocytes or endothelial
cells, have been described as those for which the width of the
front is of the same order as, or larger than, the typical cell
length. We have shown that, for a given cell length, the oc-
currence of such waves implies that the Ca** exchange pro-
cesses are much slower than for waves of type 1. This hy-
pothesis is corroborated by some experimental observations.
Thus, astrocytes, whose size is approximately that of cardiac
myocytes, which provide a prototype for type 1 waves, show
waves of type 2 (Yagodin et al., 1994) probably because their
Ca’* exchange processes are slower than in the latter cell
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type. Accordingly, the period of oscillations is of the order
of 5-10 s in astrocytes, and <1 s in myocytes. In the same
manner, Xenopus oocytes, in which the period of Ca®* os-
cillations is of the order of tens of seconds, often display
waves of type 1 because of their huge diameter, on the order
of 1 mm (Camacho and Lechleiter, 1993).

On the other hand, it appears from the numerical simu-
lations that, if the stimulation is maintained, the best quali-
tative agreement between observations performed on type 2
waves and the behavior of the model is obtained when all
parts of the system are spontaneously oscillating with dif-
ferent phases, i.e., for phase waves. That some cell types may
in certain conditions display Ca>* phase waves is a working
hypothesis that calls for further experimental and theoretical
investigations.

When the volume of the cell is so large that Ca?* fluxes
between the cytosol and the extracellular medium only take
place at the boundaries of the two-dimensional system in the
present simulations, a phenomenon of echo wave is often
observed (see Fig. 12). This phenomenon is due to the type
of boundary conditions used. These conditions specify that
Ca®* cannot diffuse passively out of the system, the only
efflux term being given by the apparent first-order process
measured by the term —kZ in Eq. 1. As a result, the con-
centration of cytosolic Ca?* rises at the extremity of the cell
opposed to the site of stimulation, thereby initiating a Ca®*
wave that travels in the opposite direction and stops when it
reaches a zone of refractoriness left by the passage of the
primary wave. Echo waves have been observed in ascidian
eggs (Speksnijder et al., 1990).

In conclusion, it appears that much as for Ca?* oscillations,
a one- or two-pool model based on CICR is capable of ac-
counting for a variety of experimental observations on in-
tracellular Ca®>* waves when diffusion of cytosolic Ca?* is
incorporated into the kinetic equations. In particular, the
model accounts for the two types of waves that have been
experimentally observed. Using the two-pool CICR model,
Girard et al. (1992) have shown that it can also reproduce
spiral wave patterns such as those observed in Xenopus oo-
cytes. It is likely that the model could similarly account for
spiral waves recently observed in cardiac myocytes (Lipp
and Niggli, 1993). The model has further been applied and
extended to account for the intercellular propagation of Ca?*
waves (Sneyd et al., 1994).

The present results show that variations in properties of
intracellular Ca®* waves such as waveform, wavelength,
propagation velocity, and period can be modulated by al-
tering a number of factors such as the spatial distribution of
intracellular Ca?* pools, the dimension of the cell, or the
kinetic parameters measuring the various Ca*>* exchange pro-
cesses between the cytosol and intracellular stores. Of key -
importance for oscillations and waves of cytosolic Ca?* is the
destabilizing mechanism of CICR release. This conclusion
holds whether that mechanism operates in the presence of
two distinct Ca®* pools, respectively sensitive to IP, or Ca?*,
or of a single Ca®* pool sensitive to Ca*>* or to Ca?* and IP,
behaving as co-agonists for Ca®* release.
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