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Abstract

Remarkable differences in action potential properties
between the Purkinje fibre and ventricular cells may lead
to abnormalities in excitation conduction through the
Purkinje-ventricular junction (PVJ) and arrhythmogenic
behaviour. We develop a family of electrophysiologically
detailed computer models for rabbit epicardial,
midmyocardial and endocardial ventricular myocytes, as
well as the rabbit Purkinje fibre cells, in order to
simulate a realistic APD dispersion during conduction
through the PVJ under normal conditions and under
pathological conditions of the short QT syndrome
associated with HERG N588K mutation.

1. Introduction

Excitation conducted through the Purkinje fibre (PF)
network to the ventricles determines their normal
electrical activation and contraction sequence. However,
remarkable differences in action potential (AP) properties
between the PF and ventricular cells [1, 2] may lead to
abnormalities in excitation conduction through the
Purkinje-ventricular junction (PVJ) and arrhythmogenic
behaviour [3-5]. Primarily, as action potentials (APs)
from PF cells are typically longer than ventricular APs, it
has been suggested that dispersion of the action potential
duration (APD) at the PVJ can result in unidirectional
conduction block [3], triggered activity [4] and reentry
[5] under both physiological and pathological conditions.

Computer simulations have been used previously in
order to reconstruct APs in a single PF cell [6] and AP
conduction in the whole fibre [7], as well as characterize
electrotonic modulation of the APD dispersion at the PVJ
[8]. However, the DiFrancesco-Noble model for a single
rabbit PF cell [6] used in the latter simulations has been
based on limited experimental data, whereas APs in
ventricular cells were simulated using the Luo-Rudy
model for a guinea-pig ventricular myocyte [9]. Hence,
there is a demand for up-to-date non-chimeric models of
the PVJ with realistic APD distributions.
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The aim of this study is (i) to develop a family of
electrophysiologically detailed computer models for
rabbit epicardial (epi), midmyocardial (M) and
endocardial (endo) ventricular myocytes, (ii) develop a
detailed model for the rabbit PF cell, (iii) simulate a
realistic APD dispersion due to intercellular electrotonic
interactions during conduction through the PVJ under
normal conditions, and (iv) explore changes of the APD
dispersion under pathological conditions of the short QT
syndrome (SQTS) associated with a gain-in-function of
Ik, channel due to HERG N588K mutation [10, 11].

2. Methods

Dynamics of electrical variables in cardiac tissues can
be described by the Hodgkin-Huxley-type nonlinear
partial differential equation (PDE) [7, 8]:

aa_v =V(DVV)-C'I. (M
t

Here V (mV) is the membrane potential, ¢ is time (s), V is
a spatial gradient operator defined within the tissue
geometry. D is the effective diffusion coefficient (mm®
ms™) that characterizes electrotonic spread of voltage via
gap junctions. Cy, (pF) is the cell membrane capacitance,
Ii,, is the total membrane ionic current (pA). Various
biophysically detailed mathematical models have been
developed to describe the voltage and time dependent
current /;,,, and hence, action potential (AP) properties —
primarily in a rabbit ventricular cell [12].

The equation (1) is solved for the 1D strand geometry
using a finite-difference PDE solver that implements the
explicit Euler’s method with time and space steps Ar =
0.005 ms and Ax = 0.1 mm, respectively.

2.1. Ventricular models

The LabHEART model [12] of the rabbit ventricular
AP was modified to incorporate newly available
experimental data on the membrane ionic currents and
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Fig. 1. Current-voltage relationships for transient outward
current, I,,, in a rabbit epi cell measured using the original
LabHeart model (grey line), our modified model (black
line) and in experiments (circles: o [15], @ [16]).

transmural heterogeneity of the rabbit ventricles [13-21].
Densities and activation/inactivation kinetics of all the
ionic currents were modified to account for the respective
experimental data: fast sodium, Iy, [13], L-type calcium,
Ica. [14, 15], transient outward, I,, and outward rectifier,
Ik [15, 16], slow delayed rectifier, Ik, and rapid delayed
rectifier, Ix, [15, 17, 18] and calcium activated chloride
current, Icycy [19, 20]. Transmural differences between
the epi, M, and endo cells were introduced based on the
experimentally reported differences in the current
densities of I, Ix; [16, 21], Ixs [17] and Icycay [20] in
these three cell-types. Correspondence between the
resultant model and the experimental data is illustrated in
Fig. 1, with [, used as an example.

Three resultant single-cell models were incorporated
into a 1D tissue model (1) with the diffusion coefficient
D adopted to reproduce the transmural conduction
velocity of ~0.3 m/s [22, 23]. Figs. 2 and 3 shows that the
models also reproduce experimentally observed APs,
APD restitution curves [21, 24] and the transmural APD
dispersion patterns [24, 25]. Note that different patterns
of the APD dispersion can be simulated by changing
relative sizes of the epi, M and endo regions.

2.2.  PF cell model

Analogous techniques were used to construct an AP
model for the rabbit PF cell. Densities and kinetics of
several ionic currents were modified to account for the
available experimental data: late sodium, Iy, [26], L-type
calcium, Ic, [27], transient outward, [,, and outward
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rectifier, I, [28], slow and rapid delayed rectifiers, Ik
and Ix, [1]. Two pacemaking current absent in the
ventricular cells were added: T-type calcium, Ic,r [27],
and hyperpolarization-activated “funny” current, I; [29].
Note that experimental data for Ic, and Ic,r were
recorded from canine PF cells [27] — however, we used
them in our rabbit model as the AP waveforms in canine
and rabbit PF cells are quite similar [1].

Finally, the PF cell model was incorporated into the
heterogeneous 1D strand model (1), with the non-uniform
diffusion coefficient D adopted to produce the AP
conduction velocities of 1.5 m/s and 0.3 m/s for the PF
and the ventricular tissue, respectively; the values are
consistent with experimental measurements [22, 23].
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Fig. 2. Validation of the ventricular cell and tissue
models. Top: the APD restitution curves simulated with
the models for single epi (black line), endo (dark grey
line) and M (light grey line) cells, as compared to the
respective experimental measurements (diamonds [21]
and circles [24]). Bottom: spatial APD dispersion patterns
(lines) resultant from the transmural AP propagation in
the 1D ventricular strand model, as compared to the
respective experimental measurements (e [24], ® [25]).



3. Results

Simulations of the full 1D strand model produced
feasible AP waveforms (Fig. 3) and the APD dispersion
patterns (Fig. 4) similar to those observed experimentally,
with the APD at the PV]J shorter than in the free-running
PF, but still longer than in the ventricular tissue [1-4].

Removing voltage-dependent inactivation of the
delayed rectified current, Ix,, was utilized to simulate
SQTS associated with a gain-in-function of I, channel
due to HERG N588K mutation [10, 11]. Such “mutant”
conditions enhanced net I, and resulted in heterogeneous
APD shortening among epi, M, endo and PF cells, which
augmented the APD dispersion and shortened QT interval
in the resultant pseudo-ECG (Fig. 4). This provides the
first causative link between the HERG N588K mutation
and SQTS. Although under the mutant conditions the
APD in the PF cells was almost twice longer than in
adjacent ventricular cells (Fig. 4), the PF cells were not
able to drive the ventricular cells repetitively [4], which
shows the importance of intercellular electrotonic
interactions in modulating heterogeneity of the PVJ.

4.

Our computer models reconstruct realistic APs and APD
dispersion patterns within/around the rabbit PVJ under
physiological and pathological conditions. Such models
can be useful in clinical applications, e.g. for assessing
effects of anti-arrhythmic drugs on the PVJ conduction.
For instance, quinidine provides an anti-arrhythmic effect
in SQTS by decreasing the APD dispersion [30] — but at
the same time increases the PVJ conduction time delay
[2], which may increase probability of the uni- directional
conduction block [3]. Further simulations are required to
study the interaction between such opposing phenomena.

Discussion and conclusions
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Fig. 3. APs simulated with the PF and ventricular cell

models (black and grey lines, respectively), as compared
to the respective experimental recordings [1].
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Fig. 4. SQTS in the 1D model of the PVJ conduction.
Top: spatial APD dispersion patterns resultant from the

AP propagation through the PV]. Bottom: respective
preuso-ECGs recorded from the epicardial surface.

Future development of the model should also take into
account complex 3D morphology of the PVJ [31] in order
to explore interactions between electrophysiology and
anatomy of the tissue during the AP conduction.

In summary, the constructed electrophysiologically
detailed models of the rabbit PF and ventricular cells and
tissue provide a powerful computational tool for non-
invasive studies of electrical phenomena within the
heterogeneous PVJ. Shortening of the QT interval under
the defected Ik, inactivation conditions substantiates a
link between SQTS and the HERG N588K mutation.
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