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SUMMARY

1. A mathematical model of membrane action potentials of mammalian
ventricular myocardial fibres is- described. The reconstruction model is
based as closely as possible on ionic currents which have been measured
by the voltage-clamp method.

2. Four individual components of ionic current were formulated mathe-
matically in terms of Hodgkin-Huxley type equations. The model in-
corporates two voltage- and time-dependent inward currents, the excita-
tory inward sodium current, y,, and a secondary or slow inward current,
%, primarily carried by calcium ions. A time-independent outward
potassium current, iK,: exhibiting inward-going rectification, and a volt-
age- and time-dependent outward current, ix,, primarily carried by potas-
sium ions, are further elements of the model. '

3. The ¢y, is primarily responsible for the rapid upstroke of the action

- potential, while the other current components determine the configuration
of the plateau of the action potential and the re-polarization phase. The
relative importance of inactivation of i; and of activation of ix, for termi-
nation of the plateau is evaluated by the model.

4. Experimental phenomena like slow recovery of the sodium system

i from inactivation, frequency dependence of the action potential duration,
all-or-nothing re-polarization, membrane oscillations are adequately de-
scribed by the model. v '

5. Possible inadequacies and shortcomings of the model are discussed.

INTRODUCTION

i The application of voltage-clamp techniques to the study of the mem-
brane ionic currents in heart muscle, has shown that the quantitative
analysis of the various ionic current components underlying cardiac

o
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action potential is much more complex than in nerve (for review see
Trautwein, 1973; McAllister, Noble & Tsien, 1975). While there is a great
deal of agreement on the main experimental results, there remain many
areas of uncertainty relative to the kinetics of the dynamic currents. A
complete kinetic analysis of all dynamic ionic currents in cardiac muscle
has not been possible because of the morphological complexity of the
preparations and technical limitations of the voltage-clamp methods.
Nevertheless, several quantitative studies which provide a better under-
standing of membrane ionie currents in cardiac muscle have emerged from
the application of the voltage-clamp. .

This paper is a report of a numerical simulation of the ventricular
myocardial action potential which seeks to incorporate the majority of the
experimental evidence. In a sense, it forms a companion presentation to
the recent publication of McAllister et al. (1975) on a numerical reconstruc-
tion of the cardiac Purkinje fibre action potential. There are sufficiently
many and important differences between these two types of cardiac
tissue, both functionally and experimentally, that a more or less com-
plete picture of membrane ionic currents in the myocardium must include
both simulations.

The primary emphasis in this paper will be on the role of the slow
inward current (is) mainly carried by calcium ions which plays a dominant
part in the creation of the myocardial action potential plateau, and which
forms an intimate link between electrical events at the membrane and the
contractile responses of the cell (cf. reviews Bassingthwaighte & Reuter,
1972; Reuter, 1973, 1974; Noble, 1975).

The model presented here relies on published data from various labora-
tories. To the degree that the model has permitted the definition of addi-
tional experiments that might elucidate a given characteristic of the
membrane ionic currents, we have attempted to perform some of those
experiments, and a limited amount of experimental data is incorporated
in this paper for corroborative evidence. The simulation is confined to
uniform ‘membrane action potentials’, and therefore does not define
conditions for propagation of the action potential.

METHODS

Experimental. The experimental data that are presented in this paper were all
achieved with the single sucrose-gap voltage-clamp technique (Beeler & Reuter,
1970a). This experimental approach has been modified in two ways since our
original report. Firstly, we have adopted a better bath grounding system, wherein
the test-bath is grounded through the summing junction of an operational amplifier
(New & Trautwein, 1972). Secondly, electronic switches permit the investigator to
produce a transition from current-clamp to voltage-clamp mode within 20 usec.
Thus he may produce a voltage-clamp at any time during a normal action potential
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or conversely may releaso the Preparation from the voltage-clamp at any time he
desires.

Mathematical. The bulk of the material presented herein represents a numerical
simulation of the action potential. Thig simulation is the result of the solutjon of a
system of eight, first order, simultaneous, non-linear differential] equations. The
simulations were performed using a sirnulation system, Simcon (Anderson, Knopp
& Bassingthwaighte, 1970), which Operates on a Control Datg Corporation 3500
computer. This system permits the investigator to interact with g numerical model
written in FORTRAN from an on-line terminal, During the simulation, model
results are plotted on an oscilloscope at the investigator’s termina] and he has the
ability to alter the model or the computational process during the simulation.
Moreover, he controls the over-all characteristics of the model through the inter-
active entry of an array of up to 300 barameters which define the model. The resultg
of each simulation are temporarily stored On magnetic disk and then may be re-
plotted to form figures, such as are used in this baper, or may be listed for more
detailed analysis.

The integration algorithm used to solve the differentia] equations is the Runge-
Kutta-Merson algorithm (Lange, 1960). This algorithm uses five evaluations of the
derivatives during each step of the integration, and produces both a resuls with
fourth-order accuracy, and a prediction of truncation error. The truncation error
estimate is used to control the step size of the integration procedure, in order to
optimize the time required for solution against the accuracy of the solution.

Any integration algorithm which incorporates an estimate of error in order to
control step size will have the maximum step size limited by the smallest time con-

of the action potential. Therefore, an algorithm was deviseq which monitors both
the difference between the value of this parameter and its steady-state value, and
the instantaneous rate of change of the membrane potential. If at any time during
the computation the Parameter and itsg steady-state value differ by less than 0-004,
and if the rate of change of the membrane potential ig also less than 0.5 V/sec, then
the algorithm ceages integrating this parameter. This increases integration speed in
two ways. Firstly, the System is reduced to seven simultaneous differential equa.-
tions, a relatively minor gain. More importa,ntly, however, the time constant govern-
ing the step size of the integration becomes an order of magnitude larger. During the
periods when this barameter is not being integrated, it ig continually set to jtg steady-
state value as determined by the membrane Dotential, and the rate of change of this
Parameter over the last integration step is monitored. If this rate of change exceeds

can be computed in about 40 gec,
Model program. The Primary model is g single Space-clamped patch of membrane
which consists of g membrane capacity with four parallel current paths. Eight

membrane potentia] across the capacity, the intracellular caleium ion concentration
as it is affected by 4,, and six activation or inactivation barameters for the varioug
conductances. At each step in time, the Runge—Kutta.—Merson integration
algorithm establishes g set of values for the variables being integrated (initial con-
ditions for the step) and provides these values: membrane botential, [Ca], and six
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conductance parameters; to a subprogram which computes the derivative for each
integrated variable. During this process, the individual ionic currents are deter-
mined and summed along with any ‘externally applied’ current to arrive at the
charging current for the membrane capacity, which then determines the derivative
of the membrane potential.

Within this basic computational approach, three different forms of simulation
are realized. The most common mode computes the action potential by starting the
integration algorithm with a set of initial conditions, and allowing the program to
proceed through subsequent integration steps. In the instance that a stimulus cur-
rent is desired, the derivative subprogram adds this external current to the ionic
currents during the appropriate time steps.

The second computational mode involves the simulation of an ideal voltage-clamp
experiment. This is done by setting the membrane potential equal to the desired
voltage-clamp stimulus. Computation is then reduced to the integration of the intra-
cellular calecium ion concentration as it is altered by the %,. In this mode the con-
ductance parameters for all channels can be expressed as simple exponential func-
tions and need not be integrated. The output in this instance.is the sum of the
ionic currents from the various channels.

The third mode is an alternate approach to the simulation of the voltage-clamp
and incorporates the concept of an extracellular series resistance (Beeler & Reuter,
1970a). Here, the simulated voltage-clamp circuit controls the voltage across the
series combination of the membrane patch and a series resistance, R,. In this
instance, ’

iclnmp = (Vchmp - Vmembrane)/-Ru! (1)

where Vuuma, i8 the potential across the membrane patch. In order to simulate
this circuit, the derivatives for all integrated parameters including the membrane
potential are determined as if for an action potential, but at each integration step

%o1amp 18 determined from eqn. (1) and applied as an ‘external current’ in the deter-
mination of the membrane potential derivative. This then forces the membrane
potential to follow the desired clamp potential. The majority of voltage-clamp
simulations presented in this paper were done with the latter approach using an R,
of 200 Q.

THEORY

Basts for the model

General

As noted, the general form of the model is that of a space-clamped
patch of membrane. The nominal area for this membrane is one square
centimetre, but it should be recognized that the majority of experimental
results on which this work is based have not provided an accurate estimate
of membrane area. The membrane capacity utilized in this model is set
at 1 uF/em? which is close to experimental values in the literature (Weid-
mann, 1970), and to the generally accepted value for the capacity of
biological membranes. All ionic current densities refer to 1 cm2. The
scaling of the individual ioniec currents is chosen to provide current—
voltage relationships which match the best estimates obtained experi-
mentally, but which, when taken together, produce an acceptable shape
for the myocardial action potential. It should be noted, that the exact
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TaBLE 1. 4, equations and values which define currents

ix, = 0-35{4(exp [0-04(V, +85)] — 1)/(exp [0-08(F, + 53)] + exp [0-04(V, +53)])
+0-2(V, +23)/(1 —exp [ — 0-04(¥, +23)])}. (2)

A -
Ty = T {3)
where 2y, = 0-8(exp [0-04(V,, + 77)] ~ 1) /exp [0-04(V,, + 35)]. (4)
_ iNn = (gN.‘ms‘h'j+gNnC)(Vx;—E'Na)’ (5)
where gy, = 4, gy, = 00003, and FE,, = 50.
i, = ¢,.d.f.(Va —E,), (6)
where g, = 0-:09, and
E, = —-82-3—13.0287 In [Ca)],. (7)

In the equations above, currents (z) are in #Alem?, voltages (E, V) are in mV, con-
ductan.ces (g9) are in mmhofem?, and x,, m, A, 7, d and f are dimensionless. Membrane
potential, I, is taken as inside potential minus outside potential.

B, equations defining time derivatives in model

AV /dt = — (I/Cm)('ixl +'£x1 + I + fon = Pexternal)s (8).

where O, = 1.
d(Ca}/ds = —10-7.4,+0-07(10~7—[Ca],). (9)
dy/dt = (yo —y)/T,, (10)
where Ty = 1f(e, +8,), (11)
and Yo = ayf(a, +5,). (12)

In equations of B, times (¢, 7) are in msec, membrane capacity is in xF/cm?, [Ca),
is in molef1, rate constants («, #) are in msec-!, and remaining units are as in A.
Eqns. 10-12 show the method of computing the dimensionless conductance para-
meters using y to represent such a parameter.

C, defining function and values for rate constants (« or B)

@ = (Cyexp [Co(Ve +C03)]+0 (Vo +C ) (exp [Co(V, +C3)]+C,). (13)
Rate : :
con-
stant C, C, C, c, SO, Ce c,
(msec™!) (msec!) (mV-1) (mV) ((mV .msec)-1) (mV) (mV-1)

ey 0-0005 0-083 50 0 0 0-057 1
By, 0-0013 —0-06 20 0 0 —-0-04 1
oy 0 0 47 —1 47 —0-1 -1
P 40 —0-056 72 0 0 0 0
oy 0-126 —0-25 77 0 0 0 0
Ba 17 0 22-5 0 0 —0-082 1
oy 0-055- —=0-25 78 0 0 -0-2 1
By 0-3 0 32 0 (1] —0-1 1
oy 0-095 -0-01 -5 0 0 —-0-072 1
B 0-07  —0-017 44 0 0 0-05 1
a, 0-012 —0-008 28 0 0 0-15 1
B, 0-0065 —0-02 30 0 0 -0-2 1

v 2 - v T >
" v N
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value of the membrane capacity has little effect on the over-all shape of
the computed action potential, with the sole exception of the rapid
upstroke. During the other phases of the action potential, the shape is
primarily determined by the time constants of the dynamic ionic currents.

At various times, experimental evidence has been presented to postulate
a total of eight different ionic conductance components in various cardiac
muscle preparations (Trautwein, 1973). The model presented here incor-
porates only four of those components. These include: an initial fast inward
current carried primarily by sodium, iy,; a secondary or slow inward
current, is, carried mainly but not exclusively by calcium ions; a time-
activated outward current designated ix,; and a time-independent potas-
sium outward current designated ik, The rationale for the omission of the
other currents will be presented in the sections to follow.

The complete set of equations and constants that define the model are
given in Table 1. The general formulation for the ionic currents follows
the concepts introduced by Hodgkin & Huxley (1952). Egn. (6) is an
example of a linear current term. When all slow inward current pathways
are open or fully activated, s is determined by the linear current-voltage

relation: gs (Viy — Es) (Reuter, 1973; Reuter & Scholz, 197 6). At any point
In time, however, only a fraction of the pathways are open, and the
dimensionless conductance parameters d and S express the degree of
activation and inactivation of this current. These parameters are functions
of both membrane potential, Iy, and time. Investigations of the outward
currents in Purkinje fibres have shown that when fully activated these
currents have a non-linear, rectifying, current—voltage relationship. In
order to characterize these currents, McAllister ef al. (1975) adopted a
formulation that is analogous to the linear case. This is shown in eqn. (3),
where the non-linear current-voltage relation for the fully activated state,
ix,, is multiplied by the dimensionless activation parameter, ;.

The formulation for the time and voltage dependence of the activation
parameters follows the approach first proposed by Hodgkin & Huxley
(1952). With this approach, one defines a steady-state value for each
activation parameter, which value varies between 0 and 1 over the voltage
range of interest. This is referred to as the steady-state curve. The second
potential dependent parameter directly related to the activation para-
meter is its time constant as a function of membrane potential. Utilizing
these two factors, the rate of change of the activation parameter at any
given moment is expressed by eqn. (10). In order to define the values of the
steady-state curve, y,, and the time constant curve, Ty, use is made of
two rate-constant functions which are simply functions of membrane
potential (Hodgkin & Huxley, 1952). These rate constants, oy and gy,
then can be used to define the time constant curve and the steady-state

"
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curve according to eqns. (11) and (12). In order to simplify the reporting
of the actual values used in this model, we have expressed the alphas and
betas entirely in terms of a generalized function, with eight defining
coefficients. Table 1C gives the equation, and the defining coefficients for
all rate constants.

Outward currents

The investigation of time-dependent outward currents in ventricular

myocardium has been limited. This limitation arises primarily from the
complication of the experimental method by the likely accumulation of
potassium ions within the extracellular spaces of the myocardial muscle
preparation during the long-lasting depolarizing voltage-clamps required
for the analysis of these currents (McGuigan, 1974; Cleemann & Morad,
1976). Experimental work with the cardiac Purkinje fibre by Noble &
Tsien (1968, 1969) has indicated the possible presence of three time-
activated outward currents (iK:, tx, and ix,), and a time-independent
potassium current exhibiting inward-going rectification (*g,). Available
experimental evidence in working ventricular myocardium, however, can
produce convincing evidence only for the presence of a single time-
activated outward current, iy, and for the background current, 'x,
(Beeler & Reuter, 1970@, and unpublished; McGuigan, 1974). The pace-
maker potassium current, i, (Noble & Tsien, 1968), seen in the cardiac
-Purkinje fibre, is probably not active in ventricular myocardium which
does not normally exhibit spontaneous depolarization. The very slowly
activated outward current, ix,,» seen by Noble & Tsien (1969) is either
not present in myocardial tissue, or is masked by the effects of extra-
cellular potassium ion accumulation. Since the time constants of activa-
tion of ix, are extremely slow in comparison with a single action potential,
this current component was not considered further in the present recon-
struction. In an earlier version of our model, where ixz was included, we
found that this current had a major influence on the shape of the action
potential only during very rapid stimulation.

Although ix, 18 quite variable in size in ventricular myocardial fibres
from different species, we have adopted the formulation of MeAllister ef al.
(1975), for both the time-activated outward current ’:"1 and the time-
independent outward current ik,- These formulations are given in eqns.
(2), (3), and (4) of Table 1, and the fully activated current—voltage rela-
tions are plotted in Fig. 1. In converting the formulae from those provided
by McAllister ef al. ( 1975), we re-scaled certain of the terms in the current—
voltage relations and shifted these relations along the voltage axis.
Although the general rationale behind this procedure was to account for
the difference in extracellular potassium ion concentration between the
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2-7 mM of their model and 5-4 my which we seck to model, the ultimate
criterion adopted by us was to match current—voltage relations seen in
ventricular myocardium, and to realize a reasonable plateau and re-

polarization conformation for our computed action potential.

-
o

\ Current (uAfem?)

7, (sec)

L) 0 T +4|o
(mV)

—80

Fig. 1. A, the fully activated current-voltage relationship for potassium; %,
is the maximum current that can be obtained for the time-activated outward
current; 4 is the background outward current which is present in the
model. B, the steady-state value for the activation parameter, xz;, and
values for 7, . The ordinate is dimensionless for x; and is in sec for 7,

It should be noted that the first term in the # formulation can be taken to
represent the residual effect of iy , the pace-maker current (Noble & Tsien, 1968_).
Although there is no evidence that this current participates in a dynamic form in
the normal myocardial action potential, it is conceivable that such a current 13
present in these preparations, but has an activation range sufficiently negative
relative to the normal resting potential, that it does not participate dynamically
in the formation of the action potential. Experimental evidence in potential ranges
more negative than the resting potential has not been pursued in myocardial -pre-

parations, and therefore cannot assist in the resolution of this question.

€

RN

~ Th
Tab]-
Stea.
stant:

Inwa;

Ex;
curren
tissues
mecha
sodiun
and in
clamps
the ac
MecAllis
sodium
& Hux]

The i
using ¢
of the n
the acti
(1955a)-
fibre act
the steac
re-invest
ents m

steady-/
for o, hOM
that the ;
less at my
the durat
Haas, Ke
hOWeVer,
Proceeds
responds t
shutting o
tion corres
re-polariza,
activation.
the inactiv
ductance P
by Haas ¢




'TER

to model, the ultimate
ltage, relations seen in
'mblo.)plateu,u and re-

pe 1al.

Current (uAjcm¢)

X1

7, (sec)

1
iship for potassium; ¢,
ime-activated outward
hich is present in the

m parameter, z;, and
nd is in sec for 7,,.

+40

mulation can be taken to
ent (Noble & Tsien, 1968).
ates in a dynamic form in
sle that such a current is
-ange sufficiently negative
3t participate dynamically
vidence in potential ranges
yursued in myocardial pre-
"this question.

“

VENTRICULAR ACTION POTENTIAL MODEL 185

The governing equations for the z;, activation parameters as given in
Table 1 are identical to those provided by McAllister et al. (1975). The
steady-state values for the activation parameter, z,,, and its time con-
stants, 7, arce plotted as a function of membrane potential in Fig. (.

Inward sodium current

Experimental evidence is only partially available for the inward sodium
current, iy,, in cardiac muscle. We have chosen, in line with work in other
tissues, to model the dynamic sodium inward current as a transient
mechanism, wherein the equivalent conductance of the membrane for
sodium is expressed as a maximum conductance multiplied by activation
and inactivation parameters. The fundamental limitations of voltage-
clamps applied to cardiac muscle have prevented the assessment of
the activation kineties of iy, at normal temperatures. Therefore, like
McAllister et al. (1973), we have adopted the formulation for the
sodium activation parameter, m, determined for squid axon by Hodgkin
& Huxley (1952).

The inactivation process for 7y, is somewhat more amenable to study
using conditioning potentials produced by voltage-clamp, depolarization
of the membrane with potassium chloride, or depolarization produced by
the action potential. Indeed, the earliest works in this area by Weidmann
(1955a) related to the inactivation process for the upstroke of the Purkinje
fibre action potential. Beeler & Reuter (1970a) reported measurements of
the steady-state inactivation curve, and much of this question has been
re-investigated recently by Gettes & Reuter (1974). All of these experi-
ments produce similar results in terms of the location and slope of the
steady-state inactivation curve, A,. The evidence for the time constant
for h, however, is not as strong. Voltage-clamp experiments would indicate
that the inactivation process for iy, must be complete within 10 msec or
less at most potential levels and a similar conclusion can be drawn from
the duration of the initial spike of the normal cardiac action potential.
Haas, Kern, Einwédchter & Tarr (1971) and Gettes & Reuter (1974),
however, provided strong evidence to the effect that re-activation of 1y,
proceeds at a much slower rate than inactivation. (Inactivation cor-
responds to changes in the parameter, %, from unity towards zero, or the
shutting off of the sodium channel during depolarization, while re-activa-
tion corresponds to the return of this parameter to a unity value upon
re-polarization as the sodium channel once again becomes available for
activation.) The finding that the re-activation process is much slower than
the inactivation process cannot be stimulated with a single, simple con-
ductance parameter for inactivation. Therefore, following the suggestion
by Haas et al. (1971) we have introduced in this model a second
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inactivation parameter designated J» such that the formulation for iy,
becomes that of eqn. (5). '

The steady-state inactivation parameter values j, and k., have
identical dependence on membrane potential whereas their time constants
are significantly different. The values for the rate constants for these two
parameters, along with those for m are found in Table 1 and the steady-
state values and time constants are plotted in Fig. 2. The rate constants

Tw®  Tm
100 5 0-25
(msecy | (msec)

i

T T

+40

(mV)

Fig. 2. A, time constants, and B, steady-state values for the activation
(my) and inactivation (A, j,) parameters of the sodium conductance,
xa» s functions of membrane potential.

for k were chosen by considering the effect of the time constant of & on the
excitability of the model, and the shape of the spike of the computed
action potential. v :

The values for 7| were derived by matching the experimental results of
Gettes & Reuter (1974) for potentials more negative than — 60 mV and
then ‘bending’ the 7; curve to be roughly parallel to 7, at more positive
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potentials. The steady-state inactivation curves, j,, and h,, were matched
to our earlier experimental results (Beeler & Reuter, 1970a; Gettes &
Reuter, 1974). The values for the m, b and j steady-state functions and
time constants, are plotted against membrane potential in Fig. 2.

The values in the model for the fully activated sodium conductance,

dxa, for the background sodium conductance, Fw, are 4-0 and 0-003
mmho/cm?, respectively. These values, the k parameter time constants, and
the absolute locations of the %, and m,, curves were arrived at empirically
by considering the interrelationships between the excitability of the
model, the maximum upstroke velocity, and the peak and width of the
action potential spike. The location of %, on the voltage axis and its
steepness agree with the experimental results by Gettes & Reuter (1974)
but %, is shifted by 5 mV towards negative potentials relative to the
experimental results by Beeler & Reuter (1970a). The maximum amount
of allowable cross-over between the steady-state curves for &, and m, is
determined from the membrane current-voltage relationships, as no
discernible ‘notch’ due to sodium has been observed experimentally in
these curves. Once this separation is established, the relative location of
both curves determines the threshold for the action potential. Finally,
the maximum value of the action potential spike and the width of the
spike are strongly determined by a combination of the inactivation time

constant for sodium, 75, and the maximum conductance, §; We sought
to model an excitation phase for the action potential which had a reason-
ably low threshold (— 60 mV) achieved a maximum rate of rise of at least
115 V/sec, and which realized a peak at about + 30 mV. The value for the

steady-state sodium conductance, gy,c, was chosen to produce a steady
sodium leak of about 0-4 xA/cm? at the resting potential. The sodium
reversal potential, Ey,, was chosen in this model at 50 mV.

It should be noted that the formulation for sodium inactivation that we have
adopted implies that the experimental approaches to measuring the steady-state
inactivation curve with voltage-clamp or KCl depolarization will produce a curve
that is the product of k., and Jo- It is worth considering, then, the difference be-
tween the curves &, and A2 (since j, equals &) that are likely to occur in these
tissues. One means of expressing an inactivation curve, is with the following equa-
tion (Hodgkin & Huxley, 1952):

ho = 1/(1+exp [(Va—R)/SD.

Here, the curve is characterized by a slope factor, S, and a half-point for the curve,
V,. The potential ¥, is determined as that voltage at which k. is 0-5. The slope
factor, S, is then:

dh -1
S={-¢4=22 .
v, |V =%
If the measured curve were indeed the square of the true inactivation curve, then
the measurement of the slope, taken at the half-point of the squared curve, will
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differ from the slope of the true inactivation curve by only 179, The primary
difference is that the half-point of the squared curve is shifted relative to that of the
true curve. For example, in our earlier work we reported a V, of —55 mV for the
sodium inactivation eurve, and a slope factor of 3 V. If indeed we were measuring
the square of an inactivation curve, then the true inactivation curve would have had
a slope of 3-5 mV, and the true inactivation curve would have been located at about
— 52 mV. These differences are smaller than the experimental error in the estimates.

In arriving at the formulation used in this model, we fitted the rate constant
equations for the sodium inactivation curves for both jo and A_ to the experi-
mental values that we had observed previously. For completeness, we have also
calculated an equivalent set of rate constants which could be used under the assump-
tion that our published figures represented an observation” of j « fo- This latter
formulation produces no significant changes in the model.

As a further note, Gettes & Reuter (1974) discussed alternative formulations of
Iy, activation and inactivation, for example, coupled activation-inactivation
kinetics (Goldman, 1975). We have adopted the approach proposed by Haas et al.
(1971) bhecause of its simplicity and its similarity to the other activation and in-
activation mechanisms used in this model. By adopting this approach we do not
mean to imply a belief in one physical alternative over the other, but, rather, we
recognize that present experimental evidence will not support the definition of a
more elaborate scheme. The resolution of the question as to what sort of process is
truly involved will require an experimental approach which provides extremely
close control of the membrane potential during the flow of iy, and realization of
such a controlled cardiac muscle preparation may be unlikely with methods avail-
able today.

Slow inward current

The characterization of i; has probably received more experimental
attention than other current component. Available evidence from most
laboratories indicates that in mammalian ventticular myocardium this.
current is carried predominantly by calcium ions when the preparations
are superfused with physiological salt solutions containing calcium con-
centrations in the range 1-10 mm (for review see Reuter, 1973; Reuter &
Scholz, 1976). This current is treated as a transient inward current, with
simple activation and inactivation parameters multiplying a maximum
conductance value (eqn. (6)). The activation parameter, d, and the inacti-
-vation parameter, f, cross-over strongly in the plateau range of potentials
for the cardiac action potential (Fig. 3). :

The shapes and locations of the activation and inactivation curves have
been fairly well determined by G. W. Beeler and H. Reuter (unpublished),
Bassingthwaighte & Reuter (1972), Reuter (1973, 1974), Trautwein,
McDonald & Tripathi (1975), and Reuter & Scholz (1976). The curves used
in defining this model represent a collation of the results obtained by
Beeler & Reuter (1970b), Reuter (1973, 1974), and Gettes & Reuter
(1974) and agree with recently published d,, and f, curves of Trautwein
et al. (1975) and Reuter & Scholz (1976). The steady-state activation and
inactivation curves, and the time constants as functions of membrane
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potential are shown in Fig. 3. Voltage-clamp studies indicate that the
activation time constants, 74, for 45 reach a maximum of 40 msec at —20
mV (Reuter & Scholz, 1976).

The time constant curve for the inactivation parameter, f, represents
a significant anomaly, when it is compared with the time constants deter-
mined for most other activation or inactivation parameters in excitable
tissues. These curves have generally been found to be roughly bell-shaped,
with the maximum value at approximately the half-point of the activa-
tion or inactivation pParameter in question. The time constant for J

s T
- 50~ 500
A (msec)

—80 —40 0 +40
(mV)
Fig. 3. 4, time constants and B, steady-state values for the activation

(d,) and inactivation ( f.) parameters of the slow inward conductance,
9. as functions of membrane potential.

however, appears from the best experimental evidence to be a continually
increasing function of membrane potential. Although it is possible that
this function might decrease at potentials more positive than + 15 mV,
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there is no experimental evidence for a maximum in the range of —20 mV
where the f, curve has its half-point. For cat papillary muscle New &
Trautwein (1972) described a U-shaped relation between 7y and membrane
potential in the range —40 to +40 mV. Although their finding has been
confirmed by Kohlhardt, Krause, Kiibler & Herdey (1975), Trautwein et
al. (1975) pointed out that the increase in 7; at negative potentials is the
result of an analytical error, and in principle they confirmed the shape of
Tt vs. Wy, relationship obtained by Beeler & Reuter (1970b) and Gettes &
Reuter (1974) (see also Reuter & Scholz, 1976). Another point of experi-
mental discrepancy relates to the time constants of inactivation and of
reactivation of is. While Gettes & Reuter (1974) did not find a major
difference between these two time constants in pig and calf ventricular
muscle, Kohlhardt et al. (1975) did describe such a difference in cat
papillary muscle (cf. Reuter & Scholz, 1976).

Any attempt at modelling the influx of calcium into a muscle cell
requires particular attention to the formulation adopted for the reversal
potential for 5. In order for the contractile proteins of this tissue to relax,
the over-all intracellular calcium ion concentration at rest must be in the
range between 1 and 3 x 10~7 M. If one then computes the influx of cal-
cium from voltage-clamp experiments, or indeed from this model, the
intracellular calcium ion concentration will increase significantly, and -
bring about a reduction in the potential at which the current reverses and
becomes outward. Bassingthwaighte & Reuter (1972) attempted a study
of the interrelationship between clamped membrane potential, observed
15, and the apparent reversal potential. Their results indicate that the
reversal potential for 45 is much less positive than would be predicted from
a simple consideration of resting calcium levels in the muscle. Moreover,
their results indicate a very rapid shift in reversal potential for calcium
down to values as low as +40 mV within 20 msec of the application of a
voltage-clamp step. In their discussion, Bassingthwaighte & Reuter
(1972) postulated that the influx of calcium could be modelled to a first
approximation by treating the calcium current as though it flowed into a
volume of distribution that was only a few percent of total cell volume.
They were not able, however, to precisely determine the resting level of
the calcium concentration in that distribution space. In a recent study
on calf ventricular trabeculae Reuter & Scholz (1976) have shown that the
reversal potential, s, of i depends on the permeability ratio for caleium,
sodium and potassium ions. The low Es of less than +40 mV could be
explained by a hundred times higher permeability of these conductance
channels for calcium ions than for sodium or potassium ions. However,
since the concentrations of sodium and potassium ions in the bulk solu-
tions are much higher than those of calcium ions, a considerable fraction
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of i5 is carried by the monovalent cations. This leads to a reversal potential
of 75 which does not follow a simple Nernst relation. In calf trabeculae
Reuter & Scholz (1976) have not observed major shifts of E, during
depolarizing clamp steps.

In order to produce a first approximation to the experimental results
of Bassingthwaighte & Reuter (1972), we have chosen to model the intra-
cellular handling of calcium as though it flows into a small distribution
volume within the cell, from which it is removed by an uptake mechanism
which will reduce the calcium concentration in that compartment expo-
nentially with time to a level of 10~7 M. The rate constant for this uptake
i3 set at 70 sec™!. Thus the computer programme integrates the intra-
cellular calcium ion concentration, utilizing eqn. (9) for the derivative.
The reversal potential, B, is then calculated from [Ca?+]; with the Nernst
equation, as in eqn. (7). Although, as stated above, E is a mixed reversal
potential, the use of eqn. (7) simplified our calculations.

The final element relative to calcium movement in the model is that of

the fully activated conductance g5, which is on the order of 0-1 m-mho/cm?2
(Reuter & Scholz, 1976). The rate constant for uptake of calcium within
the model was arrived at empirically by consideration of the platean
shape and of the over-all duration for the simulated action potential. The
effects of modifications in the calcium handling system will be considered
in the Results section. :

Other currents

Earlier in this section it was indicated that at least four other current
components have at one time or another been postulated to exist in cardiac
muscle. These include a slow component of inward sodium current (Reuter,
1968), a dynamic chloride current (Dudel, Peper, Riidel & Trautwein,
1967; Reuter, 1968; Fozzard & Hiraoka, 1973) and the two additional
time varying outward currents (*k, and ix; Noble & Tsien, 1968, 1969).
The latter have been described clearly only for Purkinje fibres, and were
discussed earlier. We have omitted the slow sodium current from this
model because it is clear now that it is not a separable component of 7,
(Vitek & Trautwein, 1971). The evidence for the dynamic inward move-
ment of chloride is very strong in cardiac Purkinje fibres, but this current
component does not appear to be present to any significant degree in
ventricular myocardial preparations. In their report of the cardiac
Purkinje fibre model, McAllister et al. (1975) note that the chloride current
is required to produce a notch in the action potential, whereas our model
exhibits such a notch without that component. If such a current is added
to this model, its sole effect is to accentuste the notch between the spike
of the action potential and the beginning of the plateau phase. This

7 PHY 268
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discrepancy apparently results from the activation of is, which for inside
positive potentials is at least twice as fast in the Purkinje fibre model as
it is here. Moreover, the peak positive potential in their model is +40 mV
as opposed to +28 mV in our model. The combined effect is that 12 msec
into the action potential, where the minimum of the notch oceurs, igy in
their model is virtually fully activated, while in this model, 1, is about half-
activated at that time. Thus the notch in our model derives from the
continued activation of 45, superimposed on a relatively constant outward
current, whereas in the Purkinje model it is the result of a transient re-
polarizing current component superimposed on a relatively constant
inward current.

+40 -
o T T ) T 1
500
(msec)
= -
£
—40 -
—80 4

Fig. 4. The standard computed action potential (see text for details).

RESULTS
Action potential and Vimax

The fundamental simulation produced by this model is the reproduction
of a typical myocardial action potential as depicted in Fig. 4. The threshold
is at —60mV and the upstroke velocity of the action potential is
115 V/sec. After the initial spike the action potential reaches a maximum
during the plateau phase of +17 mV and remains at inside positive
potential levels for 153 msec. The maximum rate of repolarization is
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about 1-1 V/sec, and the duration of the action potential measured at
the point where re-polarization is 90 %, complete is 285 msec. The resting
potential is — 84 mV.

One of the first questions pursued with the basic model was whether
the altered formulation of iy, did indeed match the experimental results
of Gettes & Reuter (1974). One of the basic findings in their paper is the
observation of two different curves for the rate of rise of the action poten-
tial as a function of starting potential, depending upon the method of
measurement. If the conditioning depolarization which alters the rate of

1

Vimax or h.j

0
—90 —80 =70 -60

(mV)

Fig. 5. Relative action potential upstroke velocity (V,,.), and product
of Na inactivation variables (A.j) as functions of starting potential for
two experimental simulations. Right-hand curve is the product of h.j
plotted with values of ¥,,, (@) which result after a 500 msec conditioning
clamp to voltage V. Left-hand curve is the inactivation product with
Voae (O) values found when the stimulation is at different V., during the re-
polarization phase of a standard action potential.

rise of the action potential is accomplished with potassium chloride, or
with a long-lasting voltage-clamp step, then the half-inactivation (Vy) of
the upstroke of the cardiac action potential occurs in a potential range
between 15 and 25 mV positive to the resting potential. If, on the other
hand, an attempt is made to excite an action potential from a given mem-
brane potential during the re-polarization phase of the preceding action
potentials, which is often called ‘membrane responsiveness’ in the cardiac
7-2
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muscle literature, the upstroke of the extrasystolic action potential is
found to be half-inactivated at much more negative potentials. This dif-
ference is due to the fact that re-activation of 4y, is not an instantaneou.
function of the membrane potential. The simulation performed here
involved the recreation of that basic experiment.

Two different sets of upstroke velocities were determined and are plotted
in Fig. 5. For the first set, the membrane potential was pre-conditioned
with a voltage-clamp step to various potential levels for 500 msec,
and then released from clamp and stimulated. If the clamp duration is
greater than 74, but less than 7, the observed maximum rate of rise of the
action potential is related primarily to the inactivation curve, k. If the
clamp duration is greater than both 7, and 7, as simulated here, the
product of A,.j, will govern Vpmax, but the result is very similar (see
Discussion, p. 15). This has been confirmed with clamp durations as short
as 50 msec where the observed velocities fall a few millivolts to the right
of those plotted in Fig. 5 for 500 msec clamps. The alternative experiment
is performed by allowing the membrane to re-polarize at the end of the
action potential to the membrane potential desired, at which point the
stimulation of a second action potential is attempted.

The measurements of Fig. 5 produce a picture similar to the experi-
mental results of Gettes & Reuter (1974). In order to show more clearly
the relationship between inactivation and the peak upstroke velocity in
this experiment, we have also plotted the product of the inactivation
variables, A.j, as a continuous function of Vi on the same graph. The
observed velocity points fall close to these curves except for the points
measured early in re-polarization. These are lower due to compounding
factors such as 7x, and [Ca]; which are elevated at this point in the actior
potential and which tend to further slow the observed rate of rise. It i8%
clear from this Figure that the ‘membrane responsiveness’ curve utilizing’
the re-polarization of the preceding action potential to set the initial
potential does not reflect the sodium inactivation curves in any meaning-
ful way. Rather, it is dominated by the rate of re-polarization of the con-:
ditioning action potential and by the time that this allows the slow

variable, 7, to re-activate.

Determinants of action potential duration

One of the major questions which investigators have sought to resolve
is which ionie current is primarily respondible for the determination of the
duration of the myocardial action potential. This question is of interest
because the influx of calcium during the action potential occurs primarily
during the plateau phase, and hence the contractile state of the prepara-
tion will depend to a certain degree on action potential duration. In a
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system such as that modelled here, the plateau phase of the action poten-
tial is determined by the antagonism between the outward currents, g,
and i"x’ and the inward current, 7. Thus, the termination of the plateau
phase of the action potential could result from either the activation of ix,
or the inactivation of 5. Fig. 6 shows the values for the i inactivation
parameter, f, and the ix activation parameter, z;, during the standard
computed action potential. Clearly both of these parameters change
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Fig. 6. 4, variation of slow inward current inactivation parameter, f, and
outward current activation parameter, z,, during B, a standard action
potential.

throughout the plateau phase of the action potential, although f under-
goes a greater fractional change during the plateau than does z,. The
curves in Fig. 6 provide little insight into the question, however, as either
mechanism might be deemed responsible. Giebisch & Weidmann (1971)
studied this question in sheep ventricular trabeculae using a voltage-clamp,
and concluded that the decline of the inward current was the dominant
factor. Similar conclusions were reached by Beeler & Reuter (19705), New
& Trautwein (1972), and Reuter & Scholz (1976). McAllister et al. (1975),
however, conclude that the activation of ix, is more important in cardiac
Purkinje fibres.

J A —
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Given that our model is an admixture of results obtained from Purkinje
fibres for the outward currents, and from ventricular myocardium for the
inward current, we sought to gain further insight from experimentatior.
on the model. One way of doing this is to produce systematic alterations
of the individual ionic currents. The two panels of Fig. 7 show results of

+404 A
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Fig. 7. The effects of altering %, and ¢, parameters. 4, five action potentials
showing the relative effects of altering the fully activated currents for 7,
and 2, by *109%. The greater change is caused by alterations of 4,. B,
three action potentials showing the effect of increasing the time constants
for x; and f by factors of 2. Slowing the inactivation of ¢, produces the
greater changes. (Standard action potential indicated by S.)
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such alterations. In the first instance (Fig. 74), the fully activated current
values for ix and for 45 were changed by +109%, individually. A 109
change in g, produces a larger alteration in action potential duration, than
does an equivalent change in ;; Alternatively, one can change the time

- constant for the two parameters in question. In Fig. 7B are shown the
action potentials which result when the time constants for f and x, are
individually increased by a factor of two. Again, the duration of the action
potential is significantly more sensitive to an alteration in 4 inactivation
time than it is to an equivalent alteration in ix, activation time.

Although these results might argue for the decline in s being the
dominant factor in action potential length, we have also considered the
question of the effect of the larger time constant for z, at the resting poten-
tial (233 msec) compared to that for f at that potential (54 msec). The
shortening of the action potentials which occurs when the stimulus fre-
quency is increased or when extrasystoles are interpolated within a train
of action potentials at constant frequency is a well known phenomenon,
and is reproduced by this model. As the time interval between aetion
potentials is decreased, the variables z;, and f have less time to recover
(deactivate and re-activate, respectively). Thus, at the start of the action
potential in question, ix is already partially activated, and 4, is already
partially inactivated. Both effects will shorten the action potential, but
presumably the ix_effect may dominate since its longer time constant will
permit less recovery.

In order to test this presumption, we stimulated the model action
potential at various frequencies between 1 and 4/sec, and interpolated
extrasystoles at intervals from 667 msec down to 300 msec into a steady
1/sec train. As expected, the action potential duration decreases as the
proximity to the preceding action potential gets smaller. Moreover, the
change in duration begins to oceur at the proximity where x, begins to
build up, thus confirming the presumption that activation of x, is import-
ant for action potential shortening in this case even though the duration
decreases most drastically when f decreases. These results obtained with
the model action potential are very similar to those obtained experiment-
ally by Gettes, Morehouse & Surawicz ( 1972). ‘

In the process of questioning the relative importance of the inward and
outward currents for re-polarization, we have also sought a simple experi-
ment that might be applied to any cardiac tissue in order to assess the
roles of these currents. Kass & Tsien (1976) and Reuter & Scholz. (1976)
have suggested that a pulse of depolarizing current applied during the
early stages of the action potential ought to separate the effects. If ix
predominates, the added depolarization from such a current should in-
crease the activation of x;, and thus shorten the action potential. If 7 is
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dominant, on the other hand, the long time constants for f at inside
positive potentials will mean that the inactivation of i, will be little
changed, and the action potential may then be prolonged by the pro-
longed depolarization produced by the test current.

Fig. 84 shows an experimental test of this hypothesis on Purkinje
fibres and on ventricular myocardium from calf hearts. The Purkinje
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Fig. 8. A4, superimposed action potentials recorded from (a) a calf Purkinje
fibre and (b) & calf ventricular trabecula in Tyrode solution. Note shortening
of the action potential duration after application of constant depolarizing
current pulses at the beginning of the plateau phase in case of the Purkinje
fibre (from Kass & Tsien, 1976) and modest lengthening in case of the
ventricular trabeculae (H. Reuter, unpublished). B, corresponding recon-

structions. (See text for details.)

fibre result (Kass & Tsien, 1976), a shortening of the action potential after
depolarizing current pulses at the beginning of the plateau, is as one would
expect from the model of McAllister et al. (1975), while the ventricular
myocardial preparation shows a modest prolongation of the action poten-
tial under similar conditions indicating less influence of time-activated
outward current. Our own experiments in dog (Beeler & Reuter, 1970a),
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sheep, calf and cat hearts (Gettes & Reuter, 1974; Reuter & Scholz, 1976)
confirm the species difference in time-activated outward current, this
current being larger in dog and cat than in sheep or calf ventricular fibres.
~ Fig. 8 B is a simulation of two ventricular myocardium experiments. The
right-hand panel (a) is our standard reconstruction which shows virtually
no effect of the imposed current pulses on the action potential duration.
The left-hand panel (b) represents a modified model which may be more
closely applicable to myocardial fibres with large ix and which mimics
the Purkinje fibre results in Fig. 8 4 (see also Kass & Tsien, 1976, Fig. 40).
In this modified model, the relative importance of 45 and ix, for re-
polarization was reversed by reducing g; to two thirds its normal value,
and increasing ix, to twice normal. In order to retain a normal spike and

early plateau, g, Was also reduced to one half normal. Oppositely directed -

changes in the same parameters produce a model which shows clear
prolongation of the action potential when depolarizing currents are
applied, confirming that this simple experiment will demonstrate the rela-
tive dependence of action potential duration upon these two currents.

All-or-nothing re-polarization

One of the experimental methods that has been used in the past to
characterize the plateau phase of the cardiac action potential, is to attempt
to force premature re-polarization of the action potential by applying
a constant current stimulus during the plateau phase of the action poten-
tial (Weidmann, 1951). This procedure generally shows that premature
re-polarization will occur if the current drops the membrane potential
below a threshold level, and that this threshold is at progressively more
positive potentials later in the action potential (Vassalle, 1966). In the
process of investigating this experiment with the model, we altered the
experimental method by imposing a brief voltage clamp during the action
potential (Fig. 9). When such a clamp is imposed either experimentally or
on the model, a decaying tail of inward current is observed if the mem-
brane potential during the clamp is more negative than the normal action
potential level. If the voltage-clamp is released at a time when the current
tail is still inward, the membrane will tend to depolarize a second time
and follow its normal course of re-polarization. Otherwise, i.e. if the net
current is outward, the membrane potential will re-polarize prematurely.
Examples of these phenomeéna in the model are given in the four panels
of Fig. 10. Here, voltage-clamps have been imposed at various intervals
of delay after the stimulus to the action potential, and held for varying
times. Analysis of these data shows that the duration of the clamp needed
to force premature re-polarization at any given potential level is directly
related to the time constant for the activation parameter, 74, for ¢5 at that
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potential level. Thus the clamp brings about a reduction in inward current
by deactivation of ¢s. If this process is not completed before the time when
the membrane potential is released from clamp, then ¢s re-activates and

produces a second depolarization to potential levels equal to or beyond (
those which would be achieved by the normal action potential. This can *

be seen most clearly in Fig. 9C and Fig. 10 D. The interaction between the
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Fig. 9. All-or-nothing re-polarization in a dog ventricular trabecula: 4, C,
hyperpolarizing clamp steps applied 50 msec or B, D, 120 msec after the
beginning of the action potential; 4, B, clamp steps (50 msec duration) to
different potential levels, or C, D, for different times (10-60 msec duration;
all-or-nothing response is best illustrated in C.

b

on-going inactivation of i; and the activation of 7x brings about a steadily(

higher potential level at which a clamp of any given duration will bring
about all-or-nething re-polarization. This can be seen by comparing the
voltage levels at which the action potential repolarizes prematurely in
A-C of Fig. 10 (cf. Fig. 94, B), and agrees with the experimental reports
of Vassalle (1966), Reuter & Beeler (1971), and McAllister ef al. (1975).

Oscillatory potentials

Although the electrical characteristics of the working myocardium are
such that these preparations seldom produce spontaneous activity,
numerous experimental conditions have been created where such observa-
tions can be made. Reuter & Scholz (1968) found that preparations in a
low sodium, high calcium medium produced membrane potential oscilla-
tions when depolarized with outward current. More recently, Katzung
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(1975) has reported a series of experiments on ventricular myocardial
preparations in a sucrose gap, wherein a steady depolarizing current
brings about oscillatory potentials in working myocardium in the absence
of any other ionic or pharmacologic intervention. This mechanism can be
readily simulated in the model as seen in Fig. 11 which shows the model
response to two different steady depolarizing currents. At a moderate
depolarization a stable oscillation of about one every 1-3sec results. At
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Fig. 10. All-or-nothing re-polarization induced by voltage-clamps imposed
during the plateau of a simulated action potential. 4, voltage-clamps com-
mence 25 msec after the stimulus, last for 35 msec, and are at levels of
—25, ~30, —35,and —40 mV. B, clamps are 35 msec duration, are imposed
75 msec after the stimulus, and are at voltage levels of — 25, — 30, — 35 and
—40 mV. C, voltage-clamps are 30 msec duration, imposed 125 msec after
stimulus, at voltage levels —20, —25, —30, and —35mV. D, effects of
varying the duration of voltage-clamps which start 25 msec after the
stimulus at the — 35 mV level; durations are 25, 35, 45 and 55 msec.

still larger depolarizations, the model exhibits a damped oscillation
around a stable potential level at —20 mV. These results match quite
well the experimental findings by Reuter & Scholz (1968) and by Katzung
(1975).

The two panels of Fig. 12 show the ionic current dependencies of this
oscillatory behaviour of the membrane. Fig. 124 shows two tracings
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created with a steady current of 21 A /ecm?. The earlier tracing is the basic
model, while the later-tracing was simulated with the conductance for the
sodium current, Jy,, set to zero such as might occur in the presence of
tetrodotoxin or in Na-free solution (Katzung, 1975; Reuter & Scholz, 'f'
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Fig. 11. Oscillatory potentials created with steady outward currents
of: A, 2:3 pAjem? and B, 2-8 yAfem?.

1968). The depolarization of the earliest action potential is brought about
by the active sodium system in the standard model. The subsequent
repolarization, however, does not proceed to sufficiently negative values
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to allow the re-activation of the sodium system. Thus the second and sub-
sequent oscillations brought about by the steady outward current produce
virtually identically shaped action potentials for the two reconstructions,
and the only difference in the action potential trains observed is the time
delay created at the occurrence of the first action potential.
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Fig. 12. A, effect on the oscillatory potentials of eliminating the dynamic
sodium inward current, 4y,. The earlier tracing is normal model, the later
one is model without 4y,. B, membrane potential and kinetic parameters
observed during & single cycle of 4. Activation and inactivation parameters
for 4,, d and f, and %, activation parameter, z,;, are plotted above the

oscillatory membrane potential.
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Since Fig. 124 demonstrates that the oscillatory behaviour is not a
phenomenon which depends on r\,u, it is of interest to investigate furt her
the ionic conductance mechanisms responsible for this oscillation. Fig.
12 B shows a single cycle of the oscillations from the upper panel plotted
along with the values for the conductance parameters which moderate i
and 4x. During the slow depolarization phase the change in membrane
potential results from a slow decay of the x, outward current. At about
—40 mV, 4 is progressively activated bringing about an increasing speed
of depolarization of the membrane. Subsequently, the combined factors
of the inactivation of i; and the activation ix, bring about repolarization
to about —70 mV. Thus this oscillatory behaviour is a ‘slow response’
dependent on 75. As a final note, oscillatory behaviour of the sort shown
here can be readily produced in the model in the absence of a stimulus by

simply increasing the leak conductance to sodium, gy, ¢, eightfold.

Calcium mechanisms

A common finding in cardiac electrophysiology is a shortening of the
action potential duration with increasing extracellular calcium ion con-
centration. On face value, one might expect that the calcium inward
current would be increased in this situation, owing to an increased driving
force, and ought to bring about an increase in action potential duration.
This, however, is seen only at very low rate of stimulation (<0-1 Hz;
Niedergerke & Orkand, 1966; Bassingthwaighte, Fry & McGuigan, 1976),
while at higher driving rates the action potential duration shortens. The
reason for this apparent discrepancy, however, is probably a secondary
effect of the change in extracellular and intracellular calcium ion concen-
tration on the conductance of the membrane to .potassium ions. Recent
reports by Meech (1972) working with Aplysia neurones, by Isenberg
(1975) in cardiac Purkinje fibres and by Bassingthwaighte et al. (1976) in
ventricular myocardium demonstrate that membrane conductance to
potassium can be significantly and rapidly altered by an alteration in the
intracellular calcium ion concentration. Moreover, one of the effects of an
increase in the extracellular calcium ion concentration in addition to
increasing ¢s will be to bring about an increase in the intracellular calcium
concentration via the Na—Ca exchange mechanism (Reuter & Seitz, 1968)
studied in various excitable tissues (for references see Blaustein, 1974).
Therefore in simulating the effects of an increase in extracellular calcium.
ion concentration, one ought also to make a concomitant change in the
formulation for the potassium currents. An example of the attempt to
simulate such behaviour is seen in Fig. 13. Here, the effects of producing
e-fold changes in the extracellular calcium ion concentration are modelled
by three changes in the basic model parameters. Firstly, the reversal
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potential computation for ¢ is altered in order to recognize the change in
the Nernst relationship brought about by the increase or decrease in
extracellular calcium concentration, [Ca],. Secondly, all potassium current
components in the model are altered by 15%, in the same direction as the
change in [Ca],. Thirdly, altering [Ca], will change the external surface
charge of the membrane and will result in a shift along the voltage axis

+40
0 T L
500
(msec)
s
£
—40 -
1 \"Low [Ca],
High [Ca],—=\%
—80 -

Fig. 13. Simulation of the effects of an e-fold increase or decrease in the
extracellular calcium ion concentration; plotted along with standard recon-
struction (dotted line). See text for details of model alterations.

of all conductance parameters (Frankenhaeuser & Hodgkin, 1957; Weid-
mann, 1955b; Reuter & Scholz, 1976). In our model, an e-fold increase in
[Ca], shifts all conductance parameters by 4 mV in the depolarizing
direction on the voltage axis. The resulting action potentials (Fig. 13)
demonstrate the characteristic change in action potential duration that is
seen with such an experimental intervention. Although i, is indeed larger
and results in a higher plateau in the instance of increased [Ca],, the
concomitant increase in potassium conductance brings about an earlier
re-polarization of the membrane potential. Moreover, the effect of 45 on
the plateau is accentuated by the shift in conductance Pparameters, and the
latter intervention alters the threshold of the rapid upstroke of the action
potential, increasing the threshold with increasing [Ca),.
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An increase in ig due to accumulation of [Ca]; (Bassingthwaighte et al.
1976) and accumulation of [K], (Cleemann & Morad, 1976) may also con-
tribute to the shortening of the action potential during rapid stimulation.

As was noted earlier, one of the greatest uncertainties in defining the
calcium conductance was the formulation of the intracellular handling
of calcium. The model ‘adopted here proposes that the calcium current

flows into a limited volume within the cell, and then is sequestered from

this volume by some intracellular process, probably the sarcoplasmic

+40 1
E;=74
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e 10 300
: (msec)

s
£

—40 4

—~80 A

Fig. 14. Effect on the simulated action potential of forcing constant reversal
potential E, at 74 mV, and 40 mV, along with standard simulation, S. (See '
text for discussion.)

reticulum (for further discussion of this see Bassingthwaighté & Reuter,
1972). One of the questions which we have sought to address with the
model is the effect upon the computed action potential of these assump-
tions. Alterations in the parameters which define this process have pre-
dictable effects: Thus, increasing the volume of distribiition brings about a
lesser reduction in calcium reversal potentlal The increased 13, which
results from the increased drivinhg force, produces a higher plateau and
longer action potential. Similar changes result if the rate constant at
which calcium is removed from this volume is increased. Of greater

mterest however, is the effect of keepmg Es constant. Fig. 14 shows two

such models along with the standard reconstruction. In the first, Es is

(
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held fixed at 74 mV, the level reached during the plateau of normal recon-
struction. This version deviates from the standard tracing only during the
early plateau phase, where &, in the standard reconstruction is changing
most rapidly.

The second altered reconstruction has Es fixed at 40 mV (Reuter &
Scholz, 1976). In this reconstruction g, and ix, are multiplied by 2-2 and
1-9 respectively, to arrive at approximately the same shape action poten-
tial. Again, there is little qualitative difference between this reconstruc-
tion and the standard version. Indeed, all of the phenomena discussed
earlier in the paper can be reproduced on any of these versions.

DISCUSSION

The main object of this paper has been the reconstruction of an action
potential of mammalian ventricular myocardium on the basis of ionic
currents measured in voltage-clamp experiments. Most of the detailed
properties of this model have been discussed in the Results. Hence it
remains to emphasize briefly some major features and shortcomings of our
reconstruction.

The membrane action potential model is based on two inward and two
outward current systems for which experimental evidence is available.
However, for the reconstruction of propagated action potentials it would be
desirable to have more detailed information about the kinetic properties
of the excitatory iy,. Unfortunately, none of the published voltage-clamp
methods applied to cardiac muscle are adequate to provide this informa.-
tion. Here we see one of the major shortcomings of our model, since it
does not predict action potential behaviour during conduction or con-
duction disturbances, e.g. during arrhythmias.

The other ionic currents, 4, ig, and ix , are defined experimentally much
better than iy,. Therefore it is not surprising that features of the cardiac
action potential which depend on these current components are simulated
quite well by our reconstruction. Re-polarization of the action potential is
induced by the time-dependent decrease of the slow inward current, i,
and by the increase of the time-dependent outward current, ix,- The rela-
tive contribution of both current components to re-polarization depends
on the animal species and on the experimental conditions. In most in-
stances the decrease of i, seems to be the dominant factor. However,
particularly during fast repetitive stimulation the build-up of ix becomes
important for the shortening of the action potential duration. '

The model simulates rather successfully ‘all-or-nothing re-polarization’
as well as the prolongation of the action potential after depolarizing cur-
rent pulses during the plateau. These features are primarily dependent on
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the kinetic properties of 5. The close agreement between experimental

results and computer reconstruction suggests that our model describes -

these kinetics quite accurately.

A very intriguing phenomenon is the oscillatory behaviour of the mem-
brane potential during application of a constant outward current. Such
oscillations were first described by Reuter & Scholz (1968) in ventricular
trabeculae superfused with sodium-free solution. Our reconstruction model
simulates these oscillations and confirms its independence of iy, and its
dependence on s and ix . Such pace-maker activity may be of importance
for generation of ectopic pace-makers in cardiac arrhythmias. It has also
been suggested that ‘slow responses’ which depend on 15 are important
for re-entrant arrhythmias (Cranefield, 1975).

A subject of major experimental uncertainty is whether and under
which conditions extracellular and intracellular accumulation, or deple-
tion, or both, of ions may occur. In our model we have incorporated only a
rapid and transient accumulation of intracellular calcium ions. However,
other changes in local ion concentrations may occur during normal or
pathologically altered action potentials. Thus, extracellular accumulation
of potassium ions has been observed under experimental conditions in
frog and mammalian ventricle (Cleemann & Morad, 1976; McGuigan,
1974). Such shifts in ion concentrations, if they occur #n vivo in the whole
heart, may be responsible for local changes in the shape of the action
potential which, in turn, should be reflected by the electrocardiogram.

A more complete model of the cardiac action potential than ours will
also have to include current components generated by electrogenic pump
mechanisms. It will be interesting to see how the inclusion of such mecha-
nisms will alter the basic properties of our action potential model.

This work has been supported by grants HL 12824 and RR 00007 of the U.S.
National Institutes of Health and by grants 3.734.72 and 3.598.75 of the Swiss
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