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ABSTRACT A mathematical model was derived that describes peak force of contraction as a function of stimulus
interval and stimulus number in terms of Ca?* transport between three hypothetical Ca>* compartments. It includes the
conventional uptake and release compartments and recirculation of a fraction r of the activator Ca>*. Peak force is
assumed to be proportional to the amount of activator Ca®* released from the release compartment into the sarcoplasm.
A new extension is a slow exchange of Ca?* with the extracellular space via an exchange compartment. Six independent
parameters were necessary to reproduce the different effects of postextrasystolic potentiation, frequency potentiation,
and post-rest potentiation in isolated heart muscle from the rat. The normalized steady state peak force (F/ Fy,,) under
standard conditions varied by a factor of ten between preparations from rat heart. Analysis with the model indicated
that most of this variation was caused by two variables: the Ca?* influx per excitation and the recirculating fraction of
activator Ca?*. The influence of the Ca* antagonist nifedipine of the force-interval relationship was reproduced by the
model. It is concluded that the model may serve to analyze the variability of contractile force and the mode of actions of

drugs in heart muscle.

INTRODUCTION

It is generally accepted that the rise of intracellular free
Ca?* concentration after an electrical stimulus determines
the tension development of heart muscle (Fozzard, 1977;
Wohlifart and Noble, 1982; Fabiato, 1983). Several models
of cellular Ca?* transport have been developed to describe
the force-interval relationship in mammalian muscle. The
general hypothesis is that the action potential triggers Ca?*
release from an intracellular compartment into the sarco-
plasm. This activator Ca’* induces force production by the
contractile filaments. An uptake compartment sequesters a
fraction of the activator Ca?* and the Ca®* that enters the
cell during the action potential. Transport of Ca’* from the
uptake to the release compartment is assumed to occur
with a time constant of ~1 s (Manring and Hollander,
1971; Kaufmann et al., 1974; Morad and Goldman, 1973;
Edman and Johannsson, 1976; Wohlfart, 1979). The
delayed replenishment of the release compartment via the
uptake compartment has been postulated to explain the
fact that a change of the duration of one action potential
has an inotropic effect predominantly on the next contrac-
tion and not on the concomitant contraction (Antoni et al.,
1969; Braveny and Sumbera, 1970).

The previous models account for many aspects of the
force-interval relationship, however, not for the complex
mechanical restitution curve of rat myocardium (Fig. 1 A).
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A third exchange compartment has been postulated (Fig.
1 B) to account for the relatively strong contractions at
stimulus intervals of ~100 s. The physiological or anatomi-
cal counterparts for the three compartments may be the
sarcoplasmic reticulum for the uptake and release com-
partments (Katz, 1976) and a combination of the Na*/
Ca’*-exchange mechanism and the Na*/K* pump for the
exchange compartment (Schouten, manuscript submitted
for publication). Presently a mathematical description is
given of the three-compartment model to obtain quantita-
tive statements about the consequences of such a model.

DEFINITION OF THE “MINIMUM MODEL”

In the literature two different approaches to design a
model of excitation-contraction coupling of Ca* transport
in heart muscle can be distinguished: the abstract approach
and the fundamental approach (models of data and models
of systems, respectively. See DiStefano and Landaw,
1984).

Models of Data

Blinks and Koch-Weser (1961) described the force-
interval relationship in abstract terms of a positive and a
negative inotropic effect of activation (PIEA and NIEA).
The “effects” were assumed to be cumulative and to decay
with different time constants. Furthermore, they postu-
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A model of Ca?* transport in heart muscle fibers. The model was based on the analysis of the mechanical restitution curves of

trabeculae from rat heart. The curve represents peak force of the test contraction elicited after a single variable test interval, interpolated in a
train on constant intervals (inset). An example is shown in 4. The parameters of the model (B) determine specific parts of the restitution
curve, as indicated in A. Dashed lines in B represent slow Ca?* transport with rate constants a, 8, and . A® and A" represent the amounts of
Ca?* transported from the extracellular space into the intracellular compartments with each excitation. Solid lines represent instantaneous

Ca?* transport. See the text for a further explanation.

lated an independent “rested state contraction,” i.e., their
model consisted of five independent parameters that were
related to specific responses of heart muscle to various
stimulation patterns. The properties of heart muscle vary
greatly with the species of animal and region of the heart
from which the preparation is taken. Much of this variation
could, however, be explained on the basis of the three
parameters PIEA, NIEA, and the rested state contraction
(Koch-Weser and Blinks, 1963).

During the past twenty years the crucial role of Ca** in
the regulation of contraction has been established, and the
complex force-interval relationship is currently described
in terms of accumulation of Ca’* in, and time-dependent
transport between, intracellular compartments. In the
models of data neither the nature of the compartments nor
the transport processes is crucial. A model compartment
may represent a restricted volume within the cell or a
specific group of binding sites distributed throughout the
cell. Transport may represent displacement of Ca®* or the
transition between different states. Thus it is the effect (an
aspect of the force-interval relationship) rather than the
underlying physiological mechanism that appears in the
model. It follows that each parameter in the model should
represent a specific effect observed in the experimental
preparation. If possible, it should be evidenced that the
effects are independent or, in other words, it should be
excluded that a certain effect is a mere coincidence of two
or more others.

Thus, the best model has the minimum number of
parameters required for an adequate fit of the data (Gar-
finkel and Fegley, 1984), and this is our definition of the
minimum model. In previous models the independence of
the parameters generally could not be verified (Manring
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and Hollander, 1971 [7 parameters]); and often the num-
ber of model parameters exceeded the number of experi-
mentally identified effects (e.g., Posner and Berman, 1967
[9 parameters]; Wohlfart, 1982 [16 parameters]), or the
authors did not give any justification for the parameters
(e.g., Markhasin and Mil’shtein, 1979 [more than 6
parameters?]; Tsaturyan and Izakov, 1979 [11 parame-
ters]). In our opinion such models are likely to contain
superfluous features.

Models of Systems

The alternative approach is to gather data from the
literature concerning fundamental mechanisms relevant to
the regulation of contraction (kinetics of the interaction of
Ca®* at the contractile filaments, the Ca>*—Mg?* ATPase
at the sarcoplasmic reticulum, etc.). The combination of a
number of such mechanisms may result in a system model
which reproduces all kinds of phenomena and eventually
also the force-interval relationship. In its most extreme
form the system model includes all aspects of heart muscle
physiology and becomes the maximum model. A modest
attempt has been reported by Kaufmann et al. (1974).
Their model (~20 parameters) included simplified formal-
izations of the kinetics of Ca®* transport by the sarcoplas-
mic reticulum, the mitochondria, and the sarcolemma. Of
course, it is difficult to establish the relative importance of
each of the many parameters to the force-interval relation-
ship.

This problem may be illustrated as follows: The model
developed by Kaufmann et al. (1974) was extended by
Wong (1981) with more detailed kinetics of the inward
transport of Ca?* during the action potential and of the
interaction of Ca?* with the contractile filaments. The
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final model contained 30 parameters. A few years later
Adler et al. (1985) extended the model further with a Ca®*
buffer in the sarcoplasmic reticulum, but made such
rigorous simplifications that the total number of parame-
ters was reduced to 11. As a result, the accuracy of the
simulated force-interval relationship was improved then.

There were two main reasons to develop a new version of
the model of the force-interval relationship: (a) the litera-
ture does not provide a real minimum model; and () the
available models do not reproduce the type of mechanical
restitution observed in heart muscle of the rat (see Intro-
duction).

THE MODEL

The model depicted in Fig. 1 B is similar to the conven-
tional model with respect to the presence of an uptake and
release compartment, the inflow of an amount A" per
action potential into the uptake compartment, and the
recirculation of a fraction r of activator Ca?* (cf. Morad
and Goldman, 1973; Wohlfart, 1979). Furthermore a slow
transport of Ca’* from the release compartment to the
extracellular space has been generally assumed to account
for the weak rested state contraction. New in the present
model is the introduction of an exchange compartment,
which controls such slow transport in both directions.
Filling of this compartment occurs through the excitation
dependent influx A°.

A minimum number of six parameters was necessary in
the model to meet the variation in the mechanical restitu-
tion curve (Fig. 1 A) following different stimulation pat-
terns. Three rate constants of Ca** transport, «, 8, and v,
account for the three phases of mechanical restitution. The
inflow of the quantities A" and A°® allow for the independent
variation of the amplitude of the early and late phases of
the mechanical restitution curve. The recirculating frac-
tion r represents the excitation-dependent coupling
between the early and late phase as observed during
post-rest potentiation, and r also accounts for the exponen-
tial decay of postextrasystolic potentiation.

To obtain a simple model the following assumptions are
proposed: (a) Force of contraction is proportional to the
amount of Ca?* released upon excitation from the release
compartment. This means that the kinetics of Ca’* binding
to the contractile filaments, and the influence of sarcomere
length are not considered in any detail. (b) The release
compartment empties completely with each excitation. (c)
The events of excitation, Ca®* release, contraction and
Ca’* uptake by the uptake compartment occur within an
infinitesimal time. The only time-dependent processes are
the Ca?* transport from the uptake to the release compart-
ment, between the release and the exchange compartments
in both directions and from the exchange compartment to
the extracellular space. As a consequence, the model will
not apply accurately to the events that occur after very
short intervals, when the duration of the processes of Ca**
release and contraction cannot be neglected. A detailed
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description of the time course of the events during the
contractions has been given by Wallinga-de Jong et al.
(1981) and by Landau and Valentini (1982). (d) Finally, it
is assumed that the transport of Ca>* between the release
and exchange compartments does not influence the content
of the latter. This implies that the exchange compartment
is assumed to be much larger than the release compart-
ment.

Ca?* Content of the Compartments As a
Function of Time

The unidirectional Ca®* transport from the uptake to the
release compartment is assumed to be proportional to the
amount of Ca?* in the uptake compartment, U(¢), accord-
ing to the differential equation

d U@) B
de

—a - U(2), (1)

where a is a constant and ¢ is the time. Given the boundary
conditions U(0) = U, and U(«) = 0 it follows that

Ut) = U, - e~ )

From the exchange compartment Ca®* is transported to
the extracellular space and to the release compartment.
For simplicity the latter transport is assumed to have no
effect on the Ca?* content of the exchange compartment,
as if the volume of this compartment is much larger than
the volume of the release compartment. Furthermore, the
transport to the extracellular space is assumed to be
proportional to the amount of Ca®*, E(f) in the exchange
compartment, hence the differential equation and its solu-
tion (boundary conditions E(0) = E, and E(w) = 0) are

dE(1)
w - Y E® (3)
E(t)=E,-e™, 4)

where v is constant. The Ca’* transport between the
exchange and release compartments in both directions is
assumed to obey diffusion kinetics, i.e., the flow of mass is
proportional to the concentration difference, as repre-
sented by the differential equation

dm 5. (E(t) ~ R(t))

dr - Ve Vi )
where m is the net transported mass in the direction of the
release compartment, E(¢) and R(¢) are the amounts of
Ca’ in the exchange and release compartments, Vg and
Vx are the volumes of the compartments and 6 is a
constant. For further analysis it is convenient to introduce
the following substitutions

V,

E'(t) = 7“ - E(2) (6)
E
1)

B = 7R~ ©)]

15



Thus Eq. 5 becomes
dm ,
'd—t=l3° {E'(1) — R(1)} ®)

The release compartment gains Ca?* from the uptake (Eq.
1) and from the exchange compartment (Eq. 8)

dR(¢)
dt

—a-U@) +B-{E'(1) - RO} )

Using Egs. 2, 4, and 6, the solution for R(¢) can be found,
given the boundary conditions R(0) = 0 (all Ca** released
atz =0)and R(«) =0

U =2 (e e
R()=U, s (e e ™)

+ E. - B . (e™®

—e™. (10
o e™™). (10)

To simplify the notation we introduce the functions f and
g

f= E_g_; (e —e? and g-= ;f_ﬁ

(e —e™. (11)

Eq. 10 gives the amount of Ca** available for release when
an interval ¢ has elapsed since the previous release. Under
the assumption that peak force of contraction is propor-
tional to the amount of released Ca’* this equation
describes mechanical restitution (Fig. 1 A4).

Beat-to-Beat Changes

In this section equations will be derived for the Ca?*
content of the compartments as a function of the number of
stimulus intervals of constant duration. At the end of each
stimulus interval the amount of Ca®* in the three compart-
ments is given by Eqgs. 2, 4, and 10. These serve as the
starting condition for the next cycle and recurrence rela-
tions are obtained, except for the release compartment
from which all Ca?* is released, i.e., at the beginning of
each stimulus interval the release compartment is empty.
In Fig. 2 the sequence of events during the excitation-
contraction cycle is indicated, and the variables are
defined.

We define E, /{n) as the amount of Ca’* in the exchange
compartment at the beginning of the nth interval of T
seconds. During every excitation a constant amount, AF, of
Ca?* flows into the exchange compartment. According to
the basic assumptions the transport between the release
and exchange compartments does not influence the content
of the latter (Vx << Vg). By substitution of A° = AF .
Vr/ Ve, and with Eqgs. 4 and 6 it follows that

Eyr(n+ 1) =E,z(n) - e + A" (12)
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FIGURE 2 The parameters and variables of the model as defined during
the excitation cycles. From the left to the right the scheme shows the last
four of a train on n contractions. Then the interval between the contrac-
tions changes to T's, and the first interval is labeled 1. E{ (1) and U, (1)
are the contents of the exchange and uptake compartments, respectively,
at the beginning of interval 1. At T s the stimulus induces a complete
release of the content R;(1) of the release compartment, the fraction r of
RA(1) and the amount A" flow into the uptake compartment, and the
amount A°® flows into the exchange compartment. Within an infinitely
short time the starting conditions, E, 1(2) and U, 1{(2) for the second cycle
are settled.

In the steady state (n — o), E7{(n) becomes constant

AG

Egr() = T

(13)

The solution for Eq. 12 is
Eyr(n) ={E;7(1) — Efr(e)} - €770 4 E{1(x). (14)

The uptake compartment derives Ca’* from three sources:
(a) Let the nth cycle start with U, /(n). According to Eq. 2
this is reduced to U, {n) - e T at the end of the interval,
and this amount contributes to the next cycle. (b) A
fraction, r, of the released Ca®* (Eq. 10) is taken up by the
uptake compartment. (c¢) During each excitation an
amount A" of Ca?* flows from the extracellular space into
the uptake compartment. U, {n + 1) then equals the sum
of the above three contributions.

Upr(n + 1) = Uyr(n) - e T4+r
Af-Ur(n) + g+ Eiz(m}l + A% (15)
In the steady state (n — ), U, 1(n) is constant, hence

r-g-Eor(e) + 4
l—eT—r.f°

Uo.T(°°) = (16)

The solution of the recurrence relation of Eq. 15 is

-g-(Eqr(0) — Ejr(
Usr(n) = |r ge—v(r jl(-a)r _ ,.O:Tf( ))} . gD

r-g-(Eqr(0) — Egr())
e—-yT _ e-—aT I 'f

@ T+ )Y+ Upr(w). (17)

+ [Uo,T(o) - Upr() —
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The content, R(n), of the release compartment at the end
of the nth interval of T seconds follows from Eqs. 10 and 11
by substitution of R{(n) for R(¢), U, 1(n) for U, and E(n)
for E;

Rr(n) =f - Usr(n) + g - Eqr(n). (18)

This expression describes peak force as a function of
stimulus number at constant intervals of duration T.
Model simulations can be preformed for any stimulus
protocol, if at every change of T the number n is reset to
one.

MODEL SIMULATIONS

Mechanical Restitution

A large quantitative variation in the mechanical responses
has been observed between the individual trabeculae iso-
lated from rat heart. With respect to the qualitative effects
of various stimulus patterns on the different phases of
mechanical restitution all preparations behaved similarly
(Schouten et al., manuscript submitted for publication).
One set of parameter values was estimated that resulted in
representative simulations of the muscle responses to the
different stimulus patterns. In Table I the parameter
values are given that were used for all simulated responses
in this paper. The recirculating fraction is a dimensionless
constant. The rate constants «, 8, and # are in per seconds.
Twitch amplitude of the trabeculae was found to be
maximal (F,,,) at a calcium concentration of 2.5 mM,
given a temperature of 26°C and nearly optimal muscle
length (Schouten et al., manuscript submitted for publica-
tion). The experimentally measured peak force (F) was
normalized to F,,, resulting in the dimensionless fraction
F/F,,. In the model, peak force is assumed to be propor-
tional to the released amount of Ca%*, R{(n). To scale the
model the values of the parameters A" and A® were chosen
such that in the model simulations R{n) = 1 corresponds
to F = F,,, in the heart muscle preparations. It follows that
A" and A° can be regarded as dimensionless fractions. In
the next three paragraphs the simulations of mechanical
restitution are presented. The sensitivity of the results to
variation of the parameters is shown in the graphs.

Variation of Priming Frequency. The stimula-
tion protocol is depicted in Fig. 3 A4 (inset). An increase of
the priming frequency causes an increase of force at all test
intervals (Fig. 3 A4). Since the content of the exchange
compartment in the model is very sensitive to the frequency

TABLE 1
VALUES OF THE MODEL PARAMETERS AS USED FOR
THE SIMULATIONS SHOWN IN THE FIGURES

g=0011s""
A° = 0.018

y = 0.006 5"
r=0.65

a=1s"!
A =0.1
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of stimulation this protocol is particularly suitable to
determine the magnitude of A°. The influence of A° on the
mechanical restitution curve is shown in Fig. 3 B.

Extrasystoles. The strength of contractions in
heart muscle increases drastically after a few very short
stimulus intervals (extrasystoles). In the model such post-
extrasystolic potentiation is due to Ca?* accumulation in
the uptake compartment. The effect of extrasystoles is an
increase of peak force predominantly at test intervals of
~10 s, and the increase of peak force is approximately
equal to the product of the number of extrasystoles and A"
(Fig. 3 C). The influence of A" on the mechanical restitu-
tion curve is demonstrated in Fig. 3 D.

Period of Quiescence. ~The most complex effect
on mechanical restitution in trabeculae was obtained by
interposing a stimulus pause before the test interval (see
the protocol in the inset of Fig. 3 E). This intervention
caused an increase of force at short test intervals (post-
rest-potentiation), and a reduction at long test intervals.
The model response is similar (Fig. 3 E). The reduced
force at long intervals is due to the loss of Ca?* from the
exchange compartment during the 60-s pause. Since the
pause-beat (p in the inset of Fig. 3 E) itself is of large
amplitude, the recirculation fraction causes potentiation at
the subsequent short interval. In the absence of recircula-
tion (r = 0) there is no potentiation at the short test
intervals (Fig. 3 F).

The responses of the model shown in Fig. 3 are very
similar to the responses of ventricular trabeculae of rat
heart (Schouten et al., manuscript submitted for publica-
tion). The three different types of mechanical restitution
curves (Fig. 3, 4, C, and E) demonstrate the different
nature of postextrasystolic potentiation, frequency poten-
tiation, and post-rest-potentiation.

Decay of Postextrasystolic Potentiation

In the trabeculae the decay of potentiation follows an
exponential course (Fig. 4 4). It obeys the empirical
recurrence relation

F(n + 1) = D . F(n) + constant, (19)

where F(n) is peak force of the nth beat of the negative
staircase, and D is the empirical decay constant. D has
been interpreted to represent the recirculation fraction r
(Morad and Goldman, 1973; Wohlfart, 1979). The present
model predicts that D is determined not only by r, but also
by the three rate constants of Ca®* transport: «, 8, and v.
Simulations of the decay of postextrasystolic potentiation
were performed for varying test frequencies (inset, Fig.
5 A) and for varying priming frequencies (inset, Fig. 6),
using the parameter values given above.
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FIGURE 3 The influence of different stimulation protocols and of variation of model parameters on the simulated mechanical restitution
curve. Variation of priming frequency (A) has a similar influence on the restitution curve as variation of A° (B). The influence of extrasystoles
(C) compares to the influence of A* (D). Finally the increase of F at short intervals after a 50-s pause (E) is abolished when 7 = 0 ( F). Insets:
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FIGURE 4 The exponential decay of postextrasystolic potentiation measured on a ventricular trabecula from rat heart (4) and simulated

Ca?*. The recording was made in 0.8 mM Ca?*, at 26°C.

with the model (B). In the figure es stands for extrasystoles at 0.25-s intervals. F,,, is the maximal force in the trabecula obtained in 2.5 mM
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decay constant D was calculated according to Eq. 19 from test beats 1-8 (inset) for different test frequencies. In A4 the results of model
simulations (solid dots) are compared with experimental data (circles). In B the influence of variation of r on the relationship between D and

test frequency is shown.

Variation of Test Frequency. Fig. 4 B shows an
example of the response of the model to extrasystoles and
the negative staircase at different test frequencies. The
plots of F(n + 1) against F(n) of the model simulations are
linear, and D was calculated according to Eq. 19. D as a
function of test frequency results in a curve very similar to
that of heart muscle (Fig. 5 4). The dashed line in Fig. 5 4
represents the value of 7. It is obvious that D is a reasonable
estimate of r at the limited frequency range from 0.3 to
0.03 Hz. This is exemplified in Fig. 5 B, which shows the
influence of variation of r on D.
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FIGURE 6 The influence of priming frequency on the decay of post
extrasystolic potentiation. The stimulation protocol is depicted in the
inset. The decay constant D was calculated according to Eq. 19 from test
beats 1 to 8 (inset) for different priming frequencies. The results of model
simulations (solid dots) and of experiments with a trabecula from rat
heart (circles) are shown.
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Variation of Priming Frequency. Variation of
the priming frequency caused only a minor variation in D
in the model responses. This contrasts the much larger
variation in D in experiments with heart muscle (Fig. 6).
Since in these experiments and simulations the test fre-
quency was 0.2 Hz, the calculated D was probably repre-
sentative for r, as argued above. Because in the model 7 is
independent of the frequency, it follows that D is also
independent of the frequency. It must be concluded that in
the heart muscle, r increases with frequency and thereby D
(Schouten et al., manuscript submitted for publication).

Effects of Nifedipine

Ca?* influx during the action potential can be blocked in
heart muscle by adding nifedipine to the superfusion
medium (Mitchell et al., 1983). The effect of nifedipine on
the mechanical restitution curve of a trabecula is shown in
Fig. 7 A. Peak force was reduced predominantly at short
test intervals. A similar effect on the simulated curve is
obtained when A* = 0 (Fig. 7 B). In the presence of
nifedipine the influence of a preceding 60-s pause on the
mechanical restitution curve is very pronounced (Fig. 7 C).
This effect is reproduced by the model when A" is zero
(Fig. 7 D).

Differences between Preparations

A large variation in the normalized steady state peak force
(F./Frax) between preparations under the same experi-
mental conditions has been reported, and a variation in the
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FIGURE 7 The influence of nifedipine on the mechanical restitution
curve of a trabecula and of A" on the simulated curve. (4) Restitution
curves of a trabecula in 0.8 mM Ca?* at a priming frequency of 0.7 Hz, in
the absence (circles) and in the presence of nifedipine (0.1 mg/l). (B)
The simulated restitution curves at a priming frequency of 0.5 Hz for
A® = 0.1 (circle) and A* = 0 (dot). (C) Restitution curve of a trabecula in
the presence of nifedipine at a priming frequency of 0.7 Hz (solid dots)
and at the same priming frequency, but every test interval preceded by a
60-s pause (circles). (D) The simulated restitution curves for the same
stimulation protocols as in C, for A® = 0.

decay constant D, and in the degree of potentiation
obtained after one extrasystole (AF/F,,) (Schouten et al.,
manuscript submitted for publication). The latter variable
is the equivalent of the model parameter A". We have
analyzed the correlations between the variables for the
simple situation of stimulus intervals of 5 s. At these
intervals D is approximately equal to r (Fig. 5 4) and the
contribution of the exchange compartment to R,{n) can be
neglected. Eq. 18 then (for n = «) reduces approximately
to Eq. 20a, and the corresponding equation for the experi-
mental variables is given by Eq. 20b

Ry() = A%/(1 — 1)
Fs/me-(AF/qu)/(l _D)~

(20a)
(20b)

The error in Ry(«) introduced by the above approximation
is £16% for the data to be described below, using the
values of a, 8, v, and A° from Table I. From the prepara-
tions AF was measured as indicated in the inset of Fig. 8.
F,, AF, and D were measured from 39 preparations in one
or more (maximum 5) Ca?* concentrations, resulting in a
total of 69 values of each variable (circles and dots in Fig.
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8, A-D). The dots represent the values of 23 preparations
in 0.8 mM Ca?*, and these data were used for the following
analysis. The model predicts no correlation between AF/
F..xand 1/(1 — D), and thus the absence of a correlation
in Fig. 8 A is in accordance with the model. A positive
correlation is expected between F,/F,,, and AF/F,,, and
1/(1 — D), and Fig. 8, B and C shows that this applies to
the variations between the preparations. As expected from
Eq. 20b, the highest correlation coefficient was found
between F,/F,,, and (AF/F,)/(1 — D) as shown in Fig.
8 D. The slope of this relationship, however, was 0.44 (Fig.
8 D) instead of 1.0. A part of this deviation can be
explained from the interval dependence of the action
potential duration at 50% of its amplitude (APDs). In a
previous study (Schouten et al., manuscript submitted for
publication) it has been shown that the magnitude of
AF/F,,, was closely linked to APDs,. The APDj, of the
extrasystole (which determines AF) was prolonged by 50%
as compared to the steady state APDs, (which contributes
to F}), i.e., it is probable that during the extrasystole ~50%
more Ca?* flows into the cell than during a steady state
beat. The corresponding correction factor of 0.67 for AF in
Eq. 20b would result in a slope of 0.66. The cause of the
remaining deviation of the slope is unknown.

The analysis above applies to the 23 preparations in 0.8
mM Ca?*, and the results indicate that Eq. 20b is useful
for the analysis of the variations between preparations
under the same conditions. The analysis equally applies to
the variations between preparations in different Ca®*
concentrations (the correlation coefficients are given in the
legend of Fig. 8).

Post-Rest Depression of Peak Force

If stimulation is resumed after a 100-s pause, then the first
beat is potentiated because it is at the maximum of the
restitution curve. Due to the recirculating fraction, the next
beats are also potentiated, but progressively less. General-
ly, this descending staircase creates an undershoot of peak
force, and is followed by an ascending staircase to the
steady state peak force at the given frequency of stimula-
tion. The polyphasic transient after a pause has been
observed in atrial and ventricular heart muscle of mam-
mals (Koch-Weser and Blinks, 1963). For Fig. 9 the results
from two ventricular trabeculae from rat heart were
selected that showed large quantitative differences. The
preparation of Fig. 9 4 showed a small effect of an
interpolated extrasystole (AF = 0.037 - F,,,, left), which
may indicate a small influx of Ca’* during the action
potential (A").

The decay of potentiation was relatively slow (D =
0.77), indicating a large recirculating fraction (r), and
post-rest potentiation was strong (right). Postextrasystolic
potentiation was strong in the preparation used for Fig. 9 C
(AF = 0.32). The decay of potentiation was rapid (D =
0.51) and post-rest potentiation was weak in this prepara-
tion. Peak force declined to below the steady state level
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FIGURE 8 Analysis of the variations in F,/F,,,, AF/F,,, and in D between different preparations in different Ca’* concentrations. The inset
shows a schematical representation of the stimulation protocol and the variations in peak force (ES = extrasystole). In all graphs the data
points reflect the values of the variables as obtained from 39 preparations in 0.2-1.0 mM Ca?* (one to five different concentrations per
preparation). The data from 23 preparations in 0.8 mM Ca®* are indicated by the solid dots. The correlation coefficients given above each
graph were calculated from the data in 0.8 mM Ca?* only. The lines represent the least-squares linear fit for the dots (solid lines) and for all
data (dashed lines). The correlation coefficients for all data per graph were (4) 0.09, (B) 0.70, (C) 0.57, and (D) 0.87. The correlation
coefficients given above each graph apply to the 23 data in 0.8 mM Ca?* only. The intervals of 95% confidence of these coefficients, calculated
according to the jackknife method (Parr, 1983) were (B) 0.24-0.96, (C) 0.34-1.0, (D) 0.60-1.0. The differences between the correlation
coefficients in D and B (p = 0.06) and in D and C (p = 0.15) were not significant.

(indicated by dashed lines) in both preparations and the
undershoot is more pronounced after longer pauses. The
model reproduced the undershoot and after adjustment of
the parameter values, it also reproduced the quantitative
differences, as shown in Fig. 9, B and E. The phenomena of
post-rest potentiation and of post-rest depression (under-
shoot) reflect the kinetics of the exchange compartment.
From Fig. 6 it was concluded that the recirculating frac-
tion (or its physiological equivalent) in heart muscle
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decreases at low frequencies, or after a long pause. In the
model, 7 is a constant, and this may explain the fact that for

"a reasonable simulation, the parameters r and A" had to be

taken much smaller in Fig. 9 D, than the physiological
variables D and AF in Fig. 9 C. In the Discussion it is
argued that the recirculating fraction and the content of
the hypothetical exchange compartment are probably
related to the intracellular Na*-concentration, the kinetics
of the Na*/K* pump, and the Na*/Ca?* exchange mech-
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were calculated from the decay of potentiation after 4 and 10 extrasystoles in both preparations. The model parameters were adjusted in B to
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and were drawn to accentuate the post-rest depression of peak force.

anism. This explains the positive correlation between D
and the amplitude of the late maximum in the restitution
curve as obtained by variation of [Ca’*], and priming
frequency in heart muscle (Schouten et al., manuscript
submitted for publication). The positive correlation
between D and the amplitude of the late maximum in Fig.
9, A and C is in accordance with this idea.

DISCUSSION

The present model (Fig. 1 B) is an extension of the
conventional two-compartment model (see Introduction).
The new feature is an exchange compartment, which was
postulated to account for the slow phases of mechanical
restitution in isolated heart muscle of the rat (Fig. 1 A4).
Through experiments it was evidenced that peak force at
the short and long test intervals can be varied indepen-
dently (Schouten et al., manuscript submitted for publica-
tion). This property is represented by the terms f - U, and
g - Ein Eq. 18. A few assumptions were made to simplify
the model to the minimum number of six independent
parameters. The resulting analytical solution (Eq. 18)
allows for fast computer simulations. The mathematical
model reproduced the various force-interval relationships
observed in heart muscle (Figs. 3-5, and 7), and offers an
explanation for the different nature of three types of
potentiation. (a) Postextrasystolic potentiation is due to
Ca?* accumulation in the uptake compartment and there-
fore causes an increase of the early component of restitu-
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tion (Fig. 3 A). (b) Frequency potentiation is primarily due
to Ca’* accumulation in the exchange compartment and
causes an increase of the late component predominantly
(Fig. 3 C). (¢) Post-rest potentiation: After a 60-s pause
peak force is near the maximum of restitution. The asso-
ciated large amount of released Ca’* partly recirculates via
the uptake compartment. During the 60-s pause, however,
Ca’* is gradually lost from the exchange compartment.
Therefore the restitution curve determined after a pause
shows an increase of the early component, but a decrease of
the late component (Fig. 3 E).

The experiments with nifedipine demonstrate the value
of the model for analysis of the effects of drugs. Nifedipine
blocks the Ca?* influx during excitation (Henry, 1980;
Church and Zsoter, 1980). Probably it does not inhibit the
Na*/Ca’* exchange mechanism (Schouten and ter Keurs,
1985), which may be involved in the exchange compart-
ment (Schouten et al., manuscript submitted for publica-
tion). The selective reduction of the early phase of restitu-
tion (Fig. 7 A) is in agreement with this idea and the effect
can be simulated by the model when A" = 0 (Fig. 7 C).
Also in agreement are the facts that nifedipine abolishes
postextrasystolic potentiation but does not affect frequency
potentiation (not shown) and post-rest potentiation (Fig.
7, B and D).

This model was based on the analysis of mechanical
restitution in rat ventricular muscle. It should be noted,
however, that a late maximum in the restitution curve has
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been obtained at 30 s from cat papillary muscles (Allen et
al., 1976) and at 100 s from human ventricular trabeculae
(Quaegebeur et al.,, 1986) when either [Ca’*], or the
priming frequency was high. Probably the model applies to
heart muscle in general, but the best fitting values of the
parameters vary between species.

Interpretation of the Compartments

The uptake and release compartments are probably
located in the sarcoplasmic reticulum of the muscle fibers.
An ATPase with high affinity to Ca>* has been identified
in the longitudinal tubuli. Through this pump, the reticu-
lum accumulates Ca’*. Excitation-dependent release of
Ca’* may occur at the terminal cisternae that are asso-
ciated with the sarcolemma (for reviews, see Katz, 1976;
Blayney, 1983; Carafoli, 1985). It is less clear which
structure or mechanism is represented by the exchange
compartment. The function of this compartment in the
model was to enable the derivation of a simple function,
which describes the two slow phases of mechanical restitu-
tion, i.e., the ascending limb (8 in Fig. 1 A) to the
maximum at 100 s, and the descending limb (y in Fig.
1 A). In previous studies, these two phases have always
been analyzed separately. Generally, force declines at
intervals longer than a few seconds in heart muscle of
species other than the rat, at moderate [Ca?*],, and the
late maximum is absent. The descending limb has been
attributed to leakage from the sarcoplasmic reticulum in
series with a small efflux from the cells via Na*/Ca**
exchange (Bass, 1976; Allen et al., 1976). To explain the
increase of force to the maximum at 100 s, Ragnarsdottir
et al. (1982) postulated that in rat heart there would be a
small influx during rest, until the Ca’* content of the cells
is in equilibrium with the extracellular Ca?*. Thereby,
however, they ignored the descending limb of the restitu-
tion curve in rat heart.

Nevertheless, the above explanations of the ascending
and descending limbs of the restitution curve (8 and « in
Fig. 1 A) can be combined, and we propose that the late
maximum reflects a small net influx on Ca?* that decays
with time to become a net outward flux after ~100 s. The
explanation may be as follows: It is generally accepted that
frequent stimulation leads to intracellular accumulation of
Na* (Cohen and Fozzard, 1982; Lee and Dagostino,
1982). This would reduce the efflux and enhance the influx
of Ca’* via Na*/Ca?* exchange (Reuter, 1974; Mullins,
1979; Johnson and Kootsey, 1985), i.e., a rise of [Na*];
results in a rise of [Ca>*]; and an increase of peak force
(Daut, 1982; Sheu and Fozzard, 1982; Chapman et al.,
1983). During rest, [Na*]; declines with a time constant of
20-100 s, due to the activity of the Na*/K* pump
(Gadsby and Cranefield, 1979; Lee and Dagostino, 1982;
Eisner et al., 1984) and, as a consequence, the net influx of
Ca?* will become less and eventually become a net efflux.
Crucial to this hypothesis is the assumption that the
sarcoplasmic reticulum continues to accumulate Ca®* dur-
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ing rest, until the sarcoplasmic concentration of free Ca’*
has dropped to a very low level and Ca”* uptake becomes
less than the leakage from the reticulum. The hypothesis is
attractive as it relies mainly on well-known mechanisms.
According to our interpretation, the exchange compart-
ment was postulated to obtain a simple and abstract
description of the slow phases of mechanical restitution
(see Definition of the Minimum Model), whereas the
Na*/Ca®* exchanger and the Na*/K* pump may be the
underlying fundamental mechanisms.

Decay of Potentiation

Postextrasystolic potentiation and the subsequent exponen-
tial decay have been described many times in literature for
isolated heart muscle (e.g., Hoffman et al., 1956; Scria-
bine, 1959; Garb and Penna, 1956) and also for the heart
in situ (Elzinga et al., 1980; Yellin et al., 1979). The
response of the model to extrasystoles is similar (Fig. 4).
The potentiation is due to Ca?* accumulation in the uptake
compartment. The decay followed an exponential course
and obeyed the empirical recurrence relation (Eq. 19). The
decay constant D (see Eq. 19) varied with the test
frequency in a complex way. Between 0.3 and 0.1 Hz, D
was almost equal to r (Fig. 5 B). At higher frequencies,
however, the rate constant a causes an increase of D. At
lower frequencies D is predominantly determined by the
rate constants § and +. It has been reported that D is fairly
constant over the frequency range of 1-0.01 Hz, and this
has been regarded as evidence for a constant recirculation
fraction (Morad and Goldmann, 1973). The present analy-
sis shows that the relatively small variation of D at this
frequency range reflects a mere coincidence of the com-
bined influence of four independent parameters. This
result illustrates the value of the present model.

Influence of Priming Frequency

In the model simulation the decay constant in almost
independent of the priming frequency, in contrast to the
much stronger dependence observed in heart muscle (Fig.
6). At the test frequency used (0.2 Hz), D is predominantly
determined by r as discussed above. Therefore, it has been
concluded that the physiological equivalent of r in the
muscles is probably frequency dependent (Schouten et al.,
manuscript submitted for publication). This can be
explained as follows. Extrusion of Ca?* during the contrac-
tions probably occurs via the Na*/Ca?* exchange mecha-
nism (Hoerter and Vassort, 1982; Schouten and ter Keurs,
1985). With increasing stimulation frequency, Na* accu-
mulates in the cells (Cohen et al., 1982) and this inhibits
Ca®* extrusion via Na+/Ca?* exchange. Hence, the
extruded fraction, 1 — r, will decrease, i.e., the recircula-
tion fraction, r, will increase. To incorporate such an effect
in the model, r may be related to the content of the
exchange compartment.
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Variations between Preparations

The F,/F,,, varied by a factor of 10 between preparations
under the same experimental condition (0.2 Hz, 0.8 mM
Ca?*; Fig. 8, solid dots). The analysis shown in Fig. 8, 4-D
has interesting implications: (a) It has been shown that F,,

AF, and D increase with the extracellular Ca?* concentra- -

tion (Schouten et al., manuscript submitted for publica-
tion). It follows that for each individual preparation a
positive correlation can be found among the three vari-
ables. In the presence of nifedipine, however, AF (A" in the
model) was reduced (Fig. 7, 4 and B), whereas the
recirculation of Ca®*, and thereby D, was unaffected (Fig.
7, C and D). Further evidence for independent variation in
AF and D is given in Fig. 8 4. An important conclusion is
that AF and D are two independent determinants of the
force of contraction that can be measured in the intact
preparations. (b) Previous attempts to analyze transient
phenomena of contractility of the heart by means of D and
action potential duration have been successful for the
rabbit heart in situ. A positive correlation was found
between peak force of a given beat and both the peak force
and the action potential duration of the preceding beat
(Wohlfart and Elzinga, 1982). The same analysis did not
apply, however, to the intact dog heart (Elzinga et al.,
1981). These results indicate that the variable AF can be
used instead of the action potential duration. (¢) The heart
in situ is subject to the influence of mechanisms that
regulate blood pressure through the contractility of the
heart. This may mean that if AF, for instance, is affected
by some pathological condition, a compensatory change of
D may occur. The result would be a negative correlation
between the values of AF and D obtained from different
individuals. It follows that the present results probably will
not apply to the heart in situ in every detail. Eq. 20b,
however, may serve to analyze not only transient phenom-
ena, but also the steady state contractility, and to charac-
terize diseased heart muscle.

Shortcomings of the Model

Although the model presented in this paper offers an
explanation for a variety of phenomena, the following
limitations must be noted: (@) As mentioned in the mathe-
matical section, peak force is assumed to be proportional to
the amount of released Ca*. In myocardial preparations
maximal peak force is obviously limited by saturation of
one of the Ca’* handling mechanisms (Schouten et al.,
manuscript submitted for publication). Saturation kinetics
are not incorporated in the present model.

(b) The processes of contraction and excitation are
assumed to last an infinitesimally short time. Therefore,
the model probably does not apply to phenomena occurring
at intervals shorter than ~0.5 s, i.e., close to the duration of
a contraction.

(c) As argued above, the recirculating fraction is proba-
bly influenced by stimulation frequency and not a con-
stant, as in the present model.
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(d) Ca’* influx during the action potential is reduced
when the intracellular Ca* concentration is high, i..,
during strong contractions (Mitchell et al., 1983; Joseph-
son et al., 1984). This phenomenon has been interpreted as
a negative feedback mechanism that tends to prevent
excessive Ca?* loading of the cells (Braveny and Sumbera,
1970; Bassingthwaighte et al., 1976). The observed prolon-
gation of the action potential during a weak extrasystole is
in accordance with this hypothesis (Schouten, 1984;
Schouten et al., manuscript submitted for publication),
and the phenomenon was used to explain the deviating
slope in Fig. 8 D. Although good simulations of mechanical
restitution and of decay of potentiation were produced by
the model, the analysis given in Fig. 8 indicates that the
model should be extended with a parameter for the nega-
tive feedback mechanism.

(e) As shown by Hilgeman et al. (1983), a transient
accumulation or depletion of Ca’* may occur in the
interstitium upon a change of stimulation frequency. This
may affect the time course of the positive and negative
force staircases. To meet such effects the model should be
extended with a limited interstitial space.

(f) In the early version of the two-compartment model
it has been postulated that the release compartment
releases only a fraction of its Ca* content upon excitation
(Antoni et al., 1969; Braveny and Sumbera, 1970; Manr-
ing and Hollander, 1971). In later versions of the model
this fractional-release-hypothesis has been replaced by the
“recirculating-fraction-hypothesis” (Morad and Goldman,
1973; Edman and Johannsson, 1976). Recently Fabiato
(1984) reported evidence in support of the fractional-
release-hypothesis, however, he also assumed intracellular
recirculation of Ca®*. The present results do not justify to
extend the model with a parameter for fractional release.

(g) After a very long period of quiescence, the first
contraction will be independent of the proceeding stimula-
tion pattern. This so-called “rested state contraction* is
generally weak in ventricular, but strong in atrial muscle of
mammals (Koch-Weser and Blinks, 1963). In rat ventricu-
lar muscle, the rested state contraction can be measured
after ~20 min of quiescence. At 1 mM Ca’*, it shows a
large variation and ranges from 0.1 to 0.7 F,, (unpub-
lished observations). From Eq. 10 it is clear that R(wx)
approaches zero, and that the model does not reproduce
rested state contractions. To incorporate this property, a
constant small influx, j., into the exchange compartment

may be postulated. Thus, by substituting j. = j. - V;/V.
(see Eq. 6) it follows that
R(=) = E'() = jo/v (1)

Rt)=f-U+g-E;+(1—g—e™-ji/v. (22)

In conclusion, the model developed responds to many
different stimulation patterns in a similar way as isolated
heart muscle. The model may be a valuable tool for the
analysis of the site of action of drugs, as was indicated by
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the simulations of the effects of nifedipine. Since it was
possible to analyze the differences between preparations by
means of the model, it may serve to evaluate pathological
conditions in the intact heart.
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