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ABSTRACT The effect of sudden local fluctuations of the free sarcoplasmic
[Ca**]; in cardiac cells on calcium release and calcium uptake by the sarcoplasmic
reticulum (SR) was calculated with the aid of a simplified model of SR calcium
handling. The model was used to evaluate whether propagation of calcium tran-
sients and the range of propagation velocities observed experimentally (0.05-15
mm s~") could be predicted. Calcium fluctuations propagate by virtue of focal cal-
cium release from the SR, diffusion through the cytosol (which is modulated by
binding to troponin and calmodulin and sequestration by the SR), and subse-
quently induce calcium release from adjacent release sites of the SR. The minimal
and maximal velocities derived from the simulation were 0.09 and 15 mm s
respectively. The method of solution involved writing the diffusion equation as a
difference equation in the spatial coordinates. Thus, coupled ordinary differential
equations in time with banded coefficients were generated. The coupled equations
were solved using Gear’s sixth order predictor-corrector algorithm for stiff equa-
tions with reflective boundaries. The most important determinants of the velocity
of propagation of the calcium waves were the diastolic [Ca**];, the rate of rise of
the release, and the amount of calcium released from the SR. The results are con-
sistent with the assumptions that calcium loading causes an increase in intraceltular
calcium and calcium in the SR, and an increase in the amount and rate of calcium
released. These two effects combine to increase the propagation velocity at higher
levels of calcium loading.

INTRODUCTION

Spontaneous contractions are known to propagate in cardiac cells (Fabiato and
Fabiato, 1972; ter Keurs and Mulder, 1984; Capogrossi and Lakatta, 1985; Allen et
al., 1985; Bahinski et al., 1986; Golovina et al., 1986), skeletal fibers (Coleman et al.,
1972; Natori et al., 1976), and in cardiac trabeculae (ter Keurs and Mulder, 1984),
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Direct microscopic examination in cardiac cells (Fabiato and Fabiato, 1972; ter
Keurs and Mulder, 1984; Capogrossi and Lakatta, 1985; Bahinski et al., 1986) and
direct microscopic examination and laser diffraction measurements in cardiac tra-
beculae (ter Keurs and Mulder, 1984) demonstrate unequivocally that local contrac-
tile activity propagates as contractile waves. The velocity of propagation is known to
vary with conditions that alter diastolic calcium concentrations in the cardiac cytosol
(ter Keurs and Mulder, 1984). The range of observed velocities was 0.05-3.0 mm
s!in cardiac cells (Golovina et al., 1986) and up to 15 mm s™' in cardiac trabeculae
(ter Keurs and Mulder, 1984). These contractions have been shown to result from
propagating waves of calcium in the myofibrillar space (Wier et al., 1987) and they
are independent of an intact sarcolemma (Fabiato and Fabiato, 1972). The peak
calcium concentration, as measured by means of aequorin, that is reached in the cell
during these oscillations has been reported to be between 4 and 40 uM (Wier et al,,
1983; Orchard et al., 1985). The transient rise of the cytosolic calcium level may
give rise to a transient depolarization, which can lead to triggered arrhythmias (Kass
and Tsien, 1982; Matsuda et al., 1982; ter Keurs and Mulder, 1984; Capogrossi and
Lakatta, 1985; Bahinski et al., 1986).

Under conditions where the diastolic calcium concentration in skinned myocytes
is less than most estimates of the resting diastolic calcium concentration in intact
muscle (i.e., pCa = 7.1), propagated spontaneous contractions were observed to
occur in a cyclical fashion (Fabiato, 1983). Fabiato has pointed out the cyclic release
of calcium, which initiates the propagating contractile waves in cardiac cell frag-
ments, is not related to calcium-induced calcium release, but rather corresponds to
release as a consequence of calcium overload (Fabiato, 1985a). The occurrence of
Ca** overloading and subsequent spontaneous Ca** release is not expected to
occur as readily in the undamaged intact myocardium even during conditions where
the diastolic [Ca**] is well above a pCa of 7.1 (i.e., after rapid stimulation). The
reason is that the diastolic [Ca**] is dynamic and an elevation would be expected to
be short-lived due to extrusion mechanisms. Therefore, the elevated [Ca**] would
not be sustained as in skinned preparations.

Due to the cyclic nature of local spontaneous contractions, multicellular prepara-
tions like cardiac papillary muscles and trabeculae can show scattered light intensity
fluctuations, spontaneous tension oscillations, and diastolic oscillations of intracellu-
lar Ca** as measured by Ca** indicators (Glitsch and Potter, 1975; Lakatta and
Lappe, 1981; Wier et al., 1983; Allen et al., 1984, 1985; Kort and Lakatta, 1984;
Orchard et al., 1985).

Spontaneous contractions of this type have a profound effect on force generation
for a given level of activator calcium (ter Keurs and Mulder, 1984; Orchard et al.,
1985; Capogrossi et al., 19864, b). Provided that the frequency of spontaneous con-
tractions is lower than the rate of stimulation of the preparation, the force gener-
ated by the muscle will be unaffected. Alternatively, the force may be reduced when
a synchronous release of calcium from intracellular stores occurs before stimulation
(Orchard et al., 1985; Capogrossi et al., 19864, b). The frequency of oscillations and
the velocity of propagation are influenced by conditions and chemical agents known
to alter intracellular calcium concentration and calcium handling by the sarcoplas-
mic reticulum (SR) e.g., [Sr**],, caffeine, ryanodine, verapamil, procaine, the fre-
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quency of stimulation, temperature, pH, Na*/K* pump inhibitors (Fabiato and
Fabiato, 1975; Natori et al., 1976; Lakatta and Lappe, 1981; Kass and Tsien, 1982;
Allen et al., 1984; Kimura et al., 1984; Kort and Lakatta, 1984).

Once calcium overloading has occurred at a focal region in the cell it seems plau-
sible that the released calcium could diffuse into the adjacent regions that are not
calcium overloaded, and cause calcium release from the SR by calcium-induced cal-
cium release. That such a mechanism may be responsible for a propagating contrac-
tile wave can be best appreciated in rat cardiac trabeculae (ter Keurs and Mulder,
1984). Propagating spontaneous contractions arise from the damaged end region of
the preparation where calcium overloading has occurred, resulting in a regional
spontaneous contraction (Mulder et al.,, 1989); these contractions propagate in a
synchronized fashion at constant velocity along the remainder of the muscle that
otherwise shows no signs of calcium overload (i.e., no local spontaneous contrac-
tions; ter Keurs and Mulder, 1984).

In this paper we examine via a computer simulation whether the phenomenon of
propagated contractions can be explained by a simplified model based on calcium-
induced calcium release and calcium diffusion. In particular our model is based on
focal release of calcium from the SR, which is followed by diffusion of calcium into
the adjacent cytosol, thereby inducing calcium release. Quantitative simulation pre-
dicts the range of velocities that have been observed experimentally. Previously a
model very similar to ours was proposed but the quantitative consequences were not
fully examined (Regirer et al., 1986).

METHODS

The experimental results of the previous article can be understood in terms of the model to
be described below. In essence the model is a one-dimensional representation of cardiac cells
and trabeculae in which focal release of Ca** from the SR diffuses into adjacent regions and
thereupon induces Ca** release from the adjacent SR by virtue of Ca**-induced Ca**
release. The release of Ca*™™* from the SR occurs at release sites (10 per sarcomere) when the
{Ca**] reaches a threshold for release (usually 1.2 uM). The release function was described as
an exponential rise and fall of the Ca** flux from the SR. This represents two first order
processes: one for activation and the other for inactivation of the SR Ca** channels. The
model incorporates the effect of binding of the released free Ca** to Ca** binding sites in
the sarcoplasm. Ca*” is sequestered in the SR by a Ca**-ATPase.

From the above considerations the model can be represented in mathematical terms as a
set of seven coupled first order differential equations in time for each of the spatial grid
points (see below). In obtaining these equations the diffusion equation has been converted
from a partial differential equation to an ordinary differential equation using the finite differ-
ence method (Cannel and Allen, 1984; Crank, 1975). As a result, in the following equations
the subscripts will refer to spatial grid points that are equally spaced. The actual number of
coupled ordinary differential equations is 7 * N where N is the total number of grid points.
Specifically, we simulated 20-500 sarcomeres with 10 release sites and 100 grid points per
sarcomere. The differential equations for a single grid point are:

dC,(x;)/dt = D{Cy(xi,1) — 2C,(x;) + Cy(x;_)] + Fox;) 1)
dCylx))/dt = —kG,C\(x)Cs(x;) + kSglcal’ — Cylxy)) 2)
dCy(x;)/dt = —ancl(xi)CS(xi) + kzﬂ”[U‘OpT — Cs(xy)] 3
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dCy(x;)/dt = —kon Cy (%) Cy(x:) + ke Cs () — komCy(x;)Colx;) + ki Colx,) )
dCy(x:)/dt = kon C; () Cy(x;) — RorCi(x,) )

dCq(x;)/dt = kon Cy(x) Crlx;) — kit Co(x)) 6)

dC,(x))/dt = —kon Cy(x)Cylx;) + kapf Co(x;) o)

where C(x;) refers to a concentration at a location along the specimen:
C,(x;) calcium
Cy(x;) unbound calmodulin
Cs(x;) unbound calcium sites on troponin
C,(x;) unbound calcium-magnesium sites on troponin
Cs(x;) calcium-magnesium sites on troponin bound to calcium
Cs(x;) calcium-magnesium sites on troponin bound to magnesium
C,(x;) magnesium;
F(x;) = the calcium flux, which equals
dCsf(x;)/dt + dCs(x;)/dt — ACy(x;)/dt — Fp(x;) + Fr(x)); 8)

Fp(x;) = flux due to the SR calcium pump (see below); and Fp(x;) = the influx of calcium from
the release site (see below). Notice that only Ca** diffuses; the other six molecular species
defined above change in concentration by virtue of binding and dissociation only. The grid
points labeled i, i + 1,and i — 1 are 0.02 um apart.

The boundary conditions used in the simulation were dC,(x;)/(dt),.oL = 0, which corre-
spond to reflective boundary conditions where O and L refer to either end of the fiber. The
solution to the above set of equations was obtained by using a sixth order predictor-corrector
method with a variable step size (Gear, 1971). A vectorized version of this program was used
on the Cyber 205 at the University of Calgary.

The various constants and parameters used in Egs. 1-7 are tabulated in Table I. The rate
constants for Ca** binding to troponin and calmodulin were taken from the work of Rob-
ertson et al. (1981) and Potter et al. (1981). The concentrations of troponin and calmodulin
used correspond to those used recently by Wier and Yue (1986).

Calcium was assumed to diffuse along the preparation with a diffusion constant of 400 pm?
s~'. The diffusion constant for pure water is 700 um? s™' (Wang, 1953), which was used in
previous simulations (Cannel and Allen, 1984; Wier and Yue, 1986). The combination of the
fact that the intracellular milieu has an ionic strength of 0.17 and the presence of large pro-
tein moieties, causes the diffusion constant in the cell to be lower than in pure water (Phillies,
1974; Kruus, 1977). The “apparent’ diffuse constant is of course much lower since the bind-
ing sites included in the simulation reduces the amount of free calcium available for diffusion
(Kushmerick and Podolsky, 1969; Crank, 1975). The diffusion constant was assumed to be
homogeneous throughout the length of the preparation and thus no variations were assumed
to exist at cell boundaries.

The initial [Mg**] was assumed to be 3.15 mM (Fabiato, 1983) while the initial [Ca**] was
varied from 50 nM to 1 uM. From the initial conditions and the total concentrations of the
various Ca** binding sites used in the simulation, the initial concentrations of bound and free
binding sites could be determined (Gillis et al., 1982).

The SR Ca** pump was assumed to obey first order enzyme kinetics (Cannel and Allen,
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1984; Haynes and Mandueno, 1987):
Fp=d[Ca*™]/dt = Ve [Ca**]/([Ca™™] + K,y ) 9

where F, is the pump flux rate, V,, = 1.0 mM s, and K, =~ 1.0 uM (Ogawa et al., 1981;
Cannel and Allen, 1984). The use of first order Michaelis-Menten equation to describe cal-
cium reuptake by the SR appears to be justified since kinetic schemes devised to describe the
Ca**-ATPase activity of the SR have demonstrated that a rate-limiting step occurs in this
process (Haynes and Mandueno, 1987).

The release of calcium from the SR was assumed to occur from the release sites provided
that the [Ca**] at the release site reached a value above a particular threshold. This threshold
was usually assumed to be 1.2 uM. For some of the results discussed below the threshold was
varied in an attempt to examine the predictions of the model when different thresholds were
used. Both experimental work (Fabiato, 1985b) and previous modeling work (Wong et al.,
1987) on cardiac skinned fibers indicate that the release of calcium occurs only if the [Ca**]

TABLE 1
Parameter Value Source
Diffusion constant (D) 400 pm®s~* Assumed
Troponin Ca®* specific
Binding sites
Concentration (trop”) 70 uM Wier and Yue, 1986
Ca** on-rate (K3, 39 uM~'s™! Robertson et al., 1981
Ca®* off-rate (KTy) 19.6 371 Robertson et al., 1981
Troponin Ca** — Mg**
Binding sites
Concentration (trop™) 70 uM Wier and Yue, 1986
Ca’* on-rate (KI0) 100 uM 57! Robertson et al., 1981
Ca** off-rate (KT5) 0.33s™! Robertson et al., 1981
Mg?* on-rate (K2¥) 0.7 uM 15! Robertson et al., 1981
Mg** off-rate (K1) 33.3s7! Robertson et al., 1981
Calmodulin binding sites
Concentration (cal™) 50 uM Wier and Yue, 1986
Ca®* on-rate (KS) 100 uM~'s™! Robertson et al., 1981
Ca** off-rate (KS) 288 57! Robertson et al., 1981
Sarcomere length 2 um Assumed
Magnesium concentration 3.15 mM Fabiato, 1983
Diastolic calcium concentration 0.05-1 uM Assumed

is above a particular value. In skinned cardiac cells (Fabiato, 19855), for example, no release
takes place if the triggering {Ca**] does not exceed a pCa of 6.5. Thereafter, the release is
graded with the size and rate of increase of [Ca**] applied to the outside of the sarcoplasm.
Model parameters used to describe the experimental results in skinned fibers (Wong et al.,
1987) reproduce this property but do not predict propagation of calcium transients. Proba-
ble reasons for this reside in the slow kinetics of the calcium release process that have been
chosen in Wong’s model to predict the kinetic behavior of calcium transients in skinned cells
(Fabiato, 19855), which respond clearly more slowly than intact cardiac tissue (Allen and
Kurihara, 1980, 1982; Wier and Yue, 1986). When we used the kinetic scheme presented in
the work of Wong et al. (1987) (with the difference that we decreased their time constants by
a factor of >100) the predicted calcium transients could be made to match those that have
been reported for intact cardiac muscle. Secondly, Wong’s model assumed a shallow depen-



968 THE JOURNAL OF GENERAL PHYSIOLOGY « VOLUME 93 - 1989

dence of the steady state values of the activation and inactivation parameters on the [Ca**].
This assumption again led to good correlation with the observations in skinned cardiac cells
(Fabiato, 1985b), but did not help to predict contractile wave propagation even when the
time constants for release were decreased as already mentioned above. This suggested to us
that the sensitivity of the release mechanism in the SR in intact cells is more sensitive to
calcium than was described by Wong’s model. Moreover, with acceleration of the kinetics of
SR-calcium release in Wong’s model, the amount of calcium that was released for any trigger
[Ca**] appeared to increase. The increase of the amount of released calcium depended on
the relative increases of the rates of activation and inactivation. Hence, because no accurate
information about the release kinetics were available to us we decided to simplify the release
process by assuming variable release kinetics in combination with a fixed threshold in this
model. This is equivalent to assuming a steep calcium dependence of the steady state value of
the activation and inactivation parameters or the existence of a regenerative calcium release.
The use of a threshold should be viewed as a first order approximation to a more realistic
description of the release process. The release process in our model is qualitatively similar to
those used by previous authors (Cannel and Allen, 1984; Yamaguchi et al., 1985).

If the [Ca**] was above the threshold at a release site, then the release rate of calcium
from the SR was assumed for simplicity to be a time-dependent process described by an expo-
nential rise and fall. In particular:

A(l —e™), with 0<t<1t,

Fy (10)

Ale™MW  with t,<t<w

where k is the rate constant for activation and deactivation of the SR calcium channel (&
ranged from 40-0.1 ms™!), t, = 2/k, A’ = A(1 — e™), and A is adjusted to obtain systolic
calcium concentrations between 6—-15 uM.

The actual range of rate constants for the release of calcium from the SR used in Eq. 10
was 0.1-40 ms™!. The variation of the rate of Ca** release from the SR used in our model
(i-e., an increasing rate of Ca** release with increasing Ca** loading of the SR) is consistent
with the data on birefringence changes in myocardium (Weiss and Morad, 1983). The second
component of the birefringence change shortly after stimulation reflects the Ca** release
process from the SR (Weiss and Morad, 1983). By increasing the extracellular [Ca**] from
0.18 to 2.4 mM, the rate of rise of the change in the birefringence signal varied by a factor of
about 20 in rat myocardium (Weiss and Morad, 1983). Other interventions such as the appli-
cation of epinephrine also increased the rate of rise of this signal. The time period of release
as indicated by the birefringence signal was decreased as the rate of rise of the signal was
decreased (Weiss and Morad, 1983). A larger range of rates of rise of the birefringence signal
would be expected than that reported by Weiss and Morad (1983} since these authors did not
examine a large range of different levels of loading of the SR. A large variation in the rate of
rise of the aequorin signal for different levels of SR loading, and therefore the Ca** release
rate from the SR, is not expected since the aequorin signal is expected to act as a filter with a
time constant of 5 ms at 30°C (Wier and Yue, 1986) and 20 ms at 22°C (Fabiato, 1985a).

The rate constants used in Eq. 10 for the rise and fall of the calcium release from the SR
were assumed to be the same for simplicity. This assumption was not necessary and it was
found that the major determinant of the propagation velocity was the rate of rise of the
calcium release from the SR.

Wong’s model (Wong et al., 1987) predicts a more rapid rate of release for larger amounts
of Ca** loading in the SR release compartment and for higher resting diastolic [Ca**]. Thus
in the model it was assumed that with high levels of Ca** loading of the SR and/or with high
diastolic [Ca**] the release process took place more rapidly. That is, the rate constants for
release were higher. Lower diastolic {Ca**] and lower levels of SR loading result experimen-
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tally in a reduced rate of Ca** release, an increased period of release, and a lower peak

[Ca**] for both cyclical spontaneous release and Ca**-induced calcium release. These results
are consistent with the experiments on skinned cardiac preparations (Fabiato, 1983; Fabiato,
19855). The increased period of release with decreased diastolic {Ca**] is explained by the
lower degree of inactivation of the SR Ca** channels and the reduced gradient for Ca**
release from the SR. The lower peak systolic [Ca**] can also be explained by the lower Ca**
gradient across the SR membrane. The level of Ca** loading of the SR also determines the
ease with which Ca** can be released from the SR (Fabiato, 1983). Thus the steady state
parameters that enter into the gating equations are expected to vary with the level of calcium
loading. For our model this would translate into a variation in the threshold for Ca** release
from the SR. Since the dependence of the gating parameters on the Ca** load of the SR is
only known qualitatively, we performed most of our calculations using a fixed threshold for
Ca** release.

10 release sites per sarcomere were used since it was previously suggested by Fabiato
(Fabiato, 1983, 1985a) that Ca**-induced release of Ca** from the SR may take place in a
continuous fashion from the longitudinal SR. The velocities as predicted by the model were
reduced by ~30% at high velocities and 300% at lower velocities if the peak [Ca**] remained
fixed and the number of release sites was reduced to two per sarcomere.

In summary, our release functions were chosen as first order approximations of the more
realistic model, which incorporates activation and inactivation kinetics. A more realistic
model would incorporate these properties as well as the number, distribution, and permeabil-
ity properties of the SR Ca** channels as well as the degree of loading of the SR as a function
of the stimulation history and diastolic [Ca**]. Since little is known quantitatively about these
processes, the model of Ca** release was kept as simple as possible in order to test whether
the essential ingredients (Ca*” diffusion and Ca**-induced Ca** release from the SR) can
explain the experimentally observed range of propagation velocities.

RESULTS AND DISCUSSION

In obtaining the observed range of velocities from the simulation, four parameters
appeared important: (a) the diastolic calcium concentration in the cytosol, () the
rate of release of calcium from the SR, (¢) the threshold for the release of calcium
from the SR, and (d) the peak systolic calcium concentration. The latter three
parameters depend crucially on the diastolic cytosolic [Ca**]. For example, by
increasing the diastolic calcium concentration we expect a decrease of the threshold
for the release of calcium (Endo, 1985; Fabiato, 1985b¢). This is a direct conse-
quence of loading the SR. Furthermore, the rate of release of calcium from the SR
will increase (Weiss and Morad, 1983). The period over which calcium release takes
place will decrease as a result of more rapid inactivation of the release process due
to higher cytosolic resting calcium levels (Fabiato, 1985b).

Fig. 1 demonstrates the effect of a varied release rate, the diastolic [Ca**], and
the threshold for release of calcium by the SR. The top curve was obtained with a
diastolic concentration of 1 uM and a threshold for release of calcium of 1.2 uM. As
can be seen, varying the rate constant of calcium release has a profound effect on
the velocity of propagation. The middle curve of Fig. 1 was obtained with a resting
diastolic calcium level of 50 nM and a threshold for release of 1.2 uM. As can be
seen, there is a drastic decrease of the velocity of propagation between the top and
middle curves; this would be expected because much more time is required for the
local calcium concentration to reach threshold level. The bottom curve of Fig. 1
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corresponds to a diastolic calcium concentration of 50 nM and a threshold for
release of 2 uM, which leads to a further decrease of the propagation velocity as
compared with the middle curve in Fig. 1.

The effect of binding of calcium by calcium-binding molecules in the cell is shown
in Fig. 2. This curve was obtained by varying the diastolic calcium concentration
while the threshold for calcium release was kept at a fixed value above the resting
diastolic calcium level (i.e., [Ca**]y = 1.2 [Ca™* Jyaonc). As can be seen this only
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FiGURE 1. This graph shows the velocity of propagation vs. the logarithm of the release
time. The release time is defined as twice the inverse of the release rate from the SR. The
release time is directly dependent on the diastolic calcium concentration (g, see text for expla-
nation). The top curve (open triangles) corresponds to a resting diastolic calcium concentra-
tion of 1 uM and a threshold for calcium release of 1.2 uM. The middle curve (open squares)
results from conditions under which the resting diastolic calcium concentration is'50 nM
while the threshold is 1.2 uM; the decrease of the propagation velocity at all release times
results from the effect of the decreased calcium concentration on the time required to reach
threshold as a result of both the larger difference between the diastolic and the trigger con-
centrations of calcium (b) and of the decreased occupancy of the binding sites (c). The bottom
curves represent conditions under which the resting diastolic calcium concentration is 50 nM
while the threshold is 2.0 uM. The decreased propagation velocity results directly from an
increase of the difference between the diastolic and the trigger concentrations of calcium

@.

accounts for a twofold variation of the velocity of propagation. At lower velocities of
propagation the modulating effect of calcium binding approaches threefold. If one
assumes instantaneous binding of the available binding sites to calcium the above
threefold decrease in the velocity of propagation is very close to the change in the
apparent diffusion constant (Crank, 1975).

The effect of the diastolic calcium concentration on the velocity of propagation is
shown in Fig. 3 for a threshold for calcium release of 1.2 uM. The top graph shows
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the results for a release rate of 0.2 ms™'. As is expected, the velocity of propagation
decreased with decreasing diastolic [Ca**]. This is a consequence of an increase in
the number of binding sites available for calcium binding as well as a larger change
in [Ca**] that is required to reach threshold for calcium release. The bottom graph
of Fig. 3 depicts the variation of velocity of propagation for a release rate of 40
ms~'. The velocity here is reduced for the same reasons as for a release rate of 0.2
ms~'. By comparing Fig. 2 with the bottom graph of Fig. 3, it can be seen that
binding accounts for ~ 25% of the observed change in velocity between resting dia-
stolic calcium levels of 1 uM and 50 nM.
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Fig. 4 shows the change in systolic [Ca**] as a function of time averaged over
three sarcomeres as the propagating calcium wave passes a fixed point in the prep-
aration. The graphs labeled A, B, A’, and B’ in Fig. 4 correspond to those in Fig. 3.
At high velocities the time-to-peak [Ca*™] is decreased. This is a direct consequence
of the increased release rate of calcium from the SR. At all velocities the rate of rise
starts slowly, which reflects the diffusion of calcium into the region from adjacent
sarcomeres. Once the local [Ca*™*] reaches the threshold for calcium release from
the SR, the rate of rise of the local calcium is much more rapid.

The rate of decay of the calcium concentration is qualitatively similar for the four
conditions shown in Fig. 4. At high release rates, however, the rate of decay is much
faster for low resting diastolic calcium concentrations. This is a direct consequence
of the large number of binding sites available for binding to released calcium, as

CALCIUM VS. TME
10ra velocity =220 pm 8- 0rg velocity =890 jm 8~
S
3 z
2 3
| 3
91827 45 ) 135 4 8121620 2 % 80 700
10-A,
g |
<
2468610 20 % 40 724681 20 £ rm
TME (ms) TME (ms)

FIGURE 4. This figure shows the calcium concentration averaged over three sarcomeres as a
function of time. The graphs labeled A, B, A’, and B’ correspond to the conditions as indi-
cated in Fig. 3. As explained in the text, the transients are qualitatively similar to the tran-
sients observed experimentally using the calcium-sensitive luminescent protein aequorin.

well as the larger diffusion gradients under these conditions. At the higher diastolic
[Ca**] the rate of decay reflects the kinetics of the SR Ca**-ATPase activity.

At lower release rates the decay curves are very similar, being a little faster for
high diastolic [Ca*™*]. Under conditions of slow release of calcium from the SR the
local binding sites become saturated during the release period, and thereby do not
contribute greatly to the decay of free calcium concentration. The decay rate is
dominated by the kinetics of the SR Ca**-ATPase.

Fig. 5 shows three-dimensional plots of the free calcium concentration in space
and time. The plots labeled A, B, A’, and B’ correspond to the points in Fig. 3. At
high release rates the wavelengths are long in relation to those at lower release rates.
As can be seen, the propagating waves are characterized by a rather rapid rise of the
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[Ca**] at the leading front of the wave and a more gentle decline of the [Ca**]
behind the advancing crest. For higher propagation velocities the difference
between the rising and falling edges of the propagating wave becomes much more
pronounced. At low velocities the [Ca*] is elevated over a distance of about 10
sarcomeres. At higher velocities the region in which the [Ca* "] is elevated is about
40 sarcomeres at low diastolic [Ca**] and greater than 350 sarcomeres at high dia-
stolic calcium concentrations. This is a direct consequence of the relatively low
Ca**-ATPase activity in the SR. Inclusion of the Na/Ca exchanger and Ca**-
ATPase in the sarcolemma would reduce the size of the region with an elevated

Velocky 220 pm s ™" Velookty 800 pm 8!

Ca" M)

Velocity 4.7 mm s-1 Velocity 15 mm s~!

(Ca 1M

SPAce ‘Pll) 1000

FIGURE 5. The calcium transients as a function of distance along the preparation at dif-
ferent times. The propagating nature of the calcium wave is evident from the figures. A, B,
A’, and B’ correspond to the conditions indicated in Fig. 3.

[Ca**]. Furthermore, the wavelengths are shorter at low resting diastolic calcium
concentrations for a given release rate.

The results of the simulation indicate that the release rate of calcium from the SR
was the major determinant of the variation of the velocity of propagated contrac-
tions. The release rate of calcium was assumed to depend on the level of calcium
loading of the SR, which in turn is related to the diastolic [Ca**]. The variation of
the rates of release of calcium by the SR with the level of calcium loading is sup-
ported by the kinetics of birefringence (Weiss and Morad, 1983) if one assumes that
measurements of the second component of the birefringence signal reflects the cal-
cium release process (Weiss and Morad, 1983). The shortest total release time used
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in the simulations represents a total release period of 0.3 ms, which is in the same
order of magnitude as the kinetics of the Na channel. We considered shorter release
periods unlikely. The use of two release sites per sarcomere instead of 10, results in
a slower propagation velocity, which has a larger impact at low velocities than high
velocities. At high velocities of propagation, the reduction of the number of sites
reduced the velocity by 30%. At low velocities this effect reduces the velocity by
about a factor of 3. This effect is a result of the Ca** sequestration by the SR.

An exponential rise and fall of release was chosen since no quantitative detailed
kinetics are available for SR calcium release. In assuming an exponential character
of the release rates we inherently assume that single first order processes control
activation and inactivation of the release. The actual kinetics are much more compli-
cated and depend on the gradient of calcium across the SR membrane and the
kinetics of opening and closing of calcium channels in the SR. The dependence of
the release of calcium on the rate of change of the calcium concentration and the
level of calcium has been examined by Fabiato, but no kinetic scheme involving on
and off rates for the binding of calcium to the regulatory sites of the channel is
available so far (Fabiato, 19855, ¢). Such a scheme does exist for skeletal SR but the
applicability of this to cardiac SR is questionable (Smith et al., 1985; Meissner et al.,
1986).

The use of a fixed time-independent threshold represents an approximation to
the more detailed release kinetics measured by Fabiato (19856). The simplified
assumption of a threshold for opening calcium channels is useful if the effects of
changes of cytosolic [Ca**] are slow compared with the kinetics of opening and
closing of the channel itself. We have varied the threshold over a factor of two in
this simulation; it is evident that larger variation of the apparent threshold will allow
for an even larger variation of the predicted velocity propagation of the calcium
wave.

Although we did not quantitatively study the relation between the propagation
velocity of spontaneous contractions and the amplitude of the initiating regional
contraction, we always observed that the amplitude of the regional contraction cor-
related with the velocity of the propagating contraction (Mulder et al., 1989). This
implies that calcium loading of the trabeculae may have caused a concerted effect
both on the initiating event (i.e., the regional spontaneous contraction) and the
threshold and rate of the calcium release process, as well as on the occupancy of the
binding sites (which affects diffusion and hence the time to reach threshold in an
adjacent region). This correlation is consistent with the model of calcium-induced
calcium release suggested by Fabiato (19855, ¢). Based on the close correspondence
of the observed propagation velocities (0.05-16 mm s™") and the propagation veloc-
ities predicted in our model (0.09-15 mm s™'), we propose that the observed range
of propagation velocities is consistent with the assumption that the propagation of a
calcium wave is mediated by calcium-induced calcium release coupled by diffusion.
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