gﬁ' Transactions on Biomedicine and Health vol 6, © 2003 WIT Press, www.witpress.com, ISSN 1743-3525

The cardiac cell model at normal and high
pacing rates with Markovian representations of

gating processes
(Computer simulation study)

B. Kogan, J. Better & 1. Zlochistyy
Computer Science Department, University of California, Los Angeles,
California, USA

Abstract

Over the past years significant results have been achieved in the mathematical
modeling and computer simulation of action potential generation and propaga-
tion using Hodgkin-Huxley formalism. The development of the single channel
clamp experiment technique has provided new experimental data, and also led to
a Markovian formulation of the ion channels gating processes. The advantages of
this formulation are: it makes the artificial Hodgkin-Huxley assumption of mu-
tual independence of gating processes unnecessary and also opens the possibility
of simulating the effects of drugs, toxins and genetic defects in channel proteins
on the behavior of cardiac cells.

The comparison of the effect of Markovian and Hodgkin-Huxley representa-
tions for major voltage dependent channels presented here shows that at normal
pacing rates both representations give the same action potential shape without
significant changes in its basic characteristics. For pacing rates encountered dur-
ing heart tachycardia and fibrillation, we observe that the Markovian representa-
tions yield maximum sodium and rapid potassium currents that decrease much
more than the corresponding currents in the cell model with the Hodgkin-Huxley
formulation. The decrease of the sodium current reduces the depolarization rate
and ultimately the velocity of wave propagation. The decrease of the rapid potas-
sium current increases the duration of the action potential and causes early after
depolarization in the presence of intracellular calcium accumulation and sponta-
neous sarcoplasmic reticulum Ca’"release.
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1 Introduction

Mathematical modeling and computer simulation are becoming increasingly
important in studying the mechanisms of cardiac arrhythmias and fibrillation
(the principal cause of cardiac sudden death). Computer simulations help to clar-
ify the basic mechanisms of these pathological processes and to develop the ap-
propriate treatments.

Over the past years, significant results have been obtained in the mathemati-
cal modeling and computer simulation of action potential (AP) generation and
excitation wave propagation in heart tissue using the classical Hodgkin-Huxley
(H-H) formalism'. Two generations of AP mathematical models were created
using this formalism. The first is based on the Noble model’ including its simpli-
fications, and further improvements based on the single cell clamp-experiments
data.

The second generation incorporates intracellular Ca’* dynamics that play a
major role in excitation-contraction coupling. Ca®* dynamics also produce a
feedback effect on the shape and duration of the AP affecting Ca** dependent
currents. For details see the short review”. Computer simulations with these
models show intracellular Ca®* accumulation under high pacing rates, which
leads to spontaneous Ca®* release. The latter produces quasiperiodic oscillations
of AP and the transition from a stationary spiral wave in a 2D tissue model to a
nonstationary one and followed by wave-front break up. These oscillations occur
due to the spatial heterogeneity in intracellular Ca** concentration created after
some duration of spiral wave propagation®.

During the last 15 years, a new approach that is based on the latest achieve-
ments of single channel™® clamp experiments, has been developed for the
mathematical description of the gating é)rocesses in voltage dependent channels
of cardiac and nerve cell membranes™ * 7 % ®. This approach considers channel
gating as a Markov process, and opens the possibility of simulating the effects of
drugs, toxins and genetic defects in channel proteins on the excitable cell’s be-
havior. More specifically, mathematical models of the cardiac sodium channel
have been developed with temperature dependence and recovery from inactiva-
tion'' and for calcium regulation'? in the ventricular myocyte. The effects of
genetic defects in both sodium' * and rapid potassium channels ' on cardiac
cell behavior have recently been investigated.

However, it remains unclear how the difference in the particular gating
process representation used translates into a difference in the cell’s behavior at a
given pacing rate, even for cells without immune-defects but with normal Ca**
dynamics. Here we show that the Markovian representations of Na and K; chan-
nels give larger decreases of the currents through these channels with pacing
rates increased from normal to that corresponding to tachycardia and fibrillation.
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2 Markovian representation of Sodium channel processes
2.1 General considerations

The effect of Markovian and Hodgkin-Huxley representations of sodium channel
gating processes on the major characteristics of the AP is investigated for two
cases: when the Basic Cycle Length (BCL) of excitation is normal (BCL = 1000
ms) and when it has been significantly shortened (BCL = 180 ms). For this pur-
pose we have chosen our modification* of the Luo-Rudy'® and Zeng'” models (in
the Hodgkin-Huxley formalism) and replaced in it the value of the open prob-
ability Oy = m’hj by Oy obtained using the Markovian approach.

The cardiac cell sodium macroscopic current is calculated using the equa-
tion:

Ina = Gna™ O* (V - Ena)
Here: V is membrane potential; Ey, is the Nernst potential for sodium ions;
O(V.t) is the probability that the sodium channel is in the
open state; Gy, is the maximum conductivity of sodium channels
per cm’ of membrane surface.

For the H-H representation Oy = m’hj. The gate variables m, h and J are
solutions of well known first order independent ODEs. For the Markovian repre-
sentation Oy is obtained as a solution of a system of interconnected ODEs de-
rived from the kinetic model* represented in Fig.1. The full set of equations and
the values of the rate constants for the wild-type sodium channel can be found
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Figure 1: Markovian kinetic models of wild-type Na channel state
probabilities

2.1 Results

The open probability O of the sodium channel, the sodium current, Iy, , and the
AP are shown in Fig. 2 for both representations of channel gating processes at
slow (normal) rates of stimulation.
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Figure 2: Open probabilities, sodium currents and APs in model* for
BCL=1000 ms with different representations of sodium
channel gating processes: A: Hodgkin -Huxley (H-H), B:
Markovian

The maximum values of the open probabilities and of the corresponding
currents, Iy,, vary insignificantly from beat to beat for the cell model with either
the H-H or the Markovian representation of the gating processes. The absolute
values of O and Iy, are smaller for the Markovian representation than for the H-
H representation. It is possible to equalize the values of Iy, for both representa-
tions by increasing Gy, for the Markovian representation. Both representations
provide the same results at a slow rate of stimulation, as may be seen by compar-
ing the normalized values

(— ) - [(TNa )6 + (iNa )7 ]/2
Na /Norm ('I"N;1 )1

where (INa )i ,i=1,6,7 denotes the maximum sodium currents of the i AP.

b

The simulation data (Fig. 2) show that (TNa )Norm and Opg, for both represen-

tations differ from each other by ~5%. The results of the same simnlation at a
high pacing rate are presented in Fig. 3.
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Figure 3: The cell model” at a high pacing rate (BCL=180ms) and
different representations of sodium channel gating processes:
A: H-H representation, B: Markovian representation

In choosing representative AP’s for Oy, and (Ina)max at BCL = 180 ms we
were constrained by the fact that for the rhythm to capture requires a time of
close to three periods of stimulation; after ~1200 ms the accumulation and spon-
taneous Ca>* release in our model distort the picture. Therefore, we chose the 6™
and 7™ APs in (*). The averages of (O)max and (Ing)max for the 6 and 7™ APs is
taken since there was some variation in the AP characteristics for these two APs.

The simulation data are shown in the Table. 1.

Table I:
Computer simulation data Normalized
BCL = 180ms data
Model for AP # for AP # g 2
1t el 7116 7 ||
H-H 036 | 0.12 | 0.11 | 375 150 | 133 | 0.33 | 0.38
Markovian 0.21 | 0.02 1002 | 241 | 292 | 333 |1 0.08 | 0.13
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The normalized values of Op,, and (Ina)max = (dV/dt) 5. are three times smaller
with the Markovian representation than with the HH formulation.

3 Markovian model of the gating processes in a rapid Potas-
sium channel

3.1 General consideration

Clancy and Rudy’s"’ Markovian kinetic model for wild-type K, channel state
probabilities is shown in Fig.4. The model includes three closed states (Cy, Ca,
C3), an open state (O), and an inactivation state (I). The transition between C2
and Cl1 is voltage independent.
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Figure 4: Block diagram for Markovian model of cardiac cell rapid
potassium channel.

Closed state inactivation (Cl——17) is included from a single closed
state, allowing for reduced computational time. The transition rate between C1
and I is the same as from C1 to O. Ik, exhibits strong inward rectification due to a
rapid voltage dependent C-type inactivation at a positive membrane potential
(transition from O to I). The transitions between O and I are also dependent on
extracellurar potassium concentration [K']g,. As [K'ox is increased the transi-
tion rates decreases.

The Markovian representation of the potassium channel model is described
by a system of five linear differential equations, where the variables are the
channel’s state probabilities and the rate coefficients are either functions of V,,
or constant.

In Clancy and Rudy" the macroscopic rapid potassium current I, is given
by:

I = G * P(O) * ( Vin- Ex)
where: P(O) — open probability of a channel; G, = 0.0135 * ( [K*]o)** - the
total maximum value of membrane K, channels conductance;
Ex = (R*T/F) *In([K*]y / [K'];) — reverse potential; V,, — membrane potential.

All the channel equations were encoded using C/C++ and added to the Luo-
Rudy modified cell model®. This set of equations was solved using an explicit
Euler numerical method with a constant time step of 0.005 ms.

The initial values of the K, channel state probabilities were obtained as the
steady state values of these probabilities at the resting potential
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(V= -86.4 mV) in the Markovian model of K| channel. The resting potential is
a membrane potential at which the net current through the membrane is equal to

ZCro.

3.2 Results

The effects of replacing the H-H formulation in the cardiac cell model* by a
Markovian representation are presented in Fig.5 for BCL= 1000ms. Notice that
the Markovian representation gives a smaller maximum value of the channel
open probability with more shallow changes during the time of AP. The notice-
able decrease in maximum values of Iy, has no significant effect on AP shape

and duration (~6%).
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Figure 5: The comparison of the cardiac cell model with different
representations of K, channel state probabilities. A: H-H
representation, B: Markovian representation.

At high pacing rates the difference in the behavior of channel’s open prob-
abilities during the AP is more pronounced (see Fig. 6 ). The corresponding
difference in Ik, leads to ~60% increase in APD for the Markovian model.
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Figure 6: The cardiac cell model at high pacing rate (~180ms). A:
K, channels with H-H formulation, B: Markovian formulation.

The significant decrease of the open probability of the channel at high pac-
ing rate and cotresponding decrease in I, allows us to suppose that a cell model
with a Markovian representation will facilitate the appearance of EADs. Indeed,
in Fig.7 we demonstrate that at a high pacing rate EADs appear in the model
with the Markovian representation for larger values of the coefficient Kpns (ca
(smaller values of I,; c)) in comparison to H-H representation.
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Figure 7: The AP patterns for equal Ky, necy at a high pacing rate for
different representations of the K, channel: A: H-H , B: Markovian.
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The arrows indicate the moment of last application of stimulus, which coin-
cide with the moment of spontaneous SR Ca release. Indeed, the first double
EADs appeared in the model with the Markovian representation for Kmpnyca)
=1.043 umol/l, while in the model with the H-H they only appear if this coeffi-
cient is decreased to 0.9 umol/l.

4 Discussion

The more recent cardiac cell models with the H-H formulation of the gating
processes are based on measurements of macroscopic currents in single cells and
the assumption of mutual independence of the channels’ gate variables. The de-
velopment of the single channel clamp-experiment technique has provided more
accurate data that reveals the stochastic nature of the gating processes. This has
led to the conclusion that channel state probabilities form an interconnected sys-
tem, and that a more accurate way to describe channel gating is by means of
Markov chains.

We have investigated here the effect of replacing the H-H formulation of
gating processes in sodium and fast potassium channels by a Markovian one (as
developed by Clancy and Rudy for wild type channels) in the LR cardiac cell
model with modified calcium dynamics. This particular model has a faster onset
of calcium accumulation and spontancous SR release. Our results show that at
normal pacing rates there are no significant differences in the basic characteris-
tics of the AP for either representation of gating processes. At high pacing rates
(corresponding to tachycardia and fibrillation) the Markovian representations
yield considerably greater decreases in open probabilities (hence in the corre-
sponding macroscopic currents) for both channels. Since not all tissue cells are
stimulated with “spiral wave periodicity”, the greater (Ing)max = (dV/dt)pa de-
crease in the Markovian model will lead to an increased heterogeneity in wave
propagation velocity and possibly to wave propagation instability. The greater
decrease in Iy, affects the delicate balance of currents during the repolarization
phase of the AP and could cause the appearance of EADs against the background
of SR calcium overload - which is shown in '® to support nonstationary wave
propagation.

The effect of introducing a Markovian representation for gating processes in
the (Ca®"). channel will be investigated as soon as the required experimental
data is available. Eventually we will explore how the (simultaneous) introduction
of Markovian representations of gating processes for all three channels (Na, K,
Ca) will affect isolated cell behavior as well as excitation wave propagation in
2D and 3D tissue.
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