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Abstract

Purkinje fiber (PF) cells exhibit action potential (AP)
morphology and duration markedly different to those of
ventricle myocytes. In order to study heterogeneity at the
Purkinje-ventricular junction (PVJ), we construct a new
AP model for the canine PF cell based on detailed
experimental data of ion channel characteristics obtained
by voltage clamp techniques. Single-cell PF model is
incorporated into a 1D transmural strand model, which
is used to simulate the AP conduction through the PVJ
under physiological and short QT syndrome (SQTS)
conditions. Simulations produced the APD dispersion
patterns and pseudo-ECGs consistent with experimental
data wunder physiological conditions. Incorporating
changes to the activation kinetics and time constants of
the Iy, channel associated with the KCNQI gene
mutation resulted in the shortened QT interval
characteristic of SOTS.

1. Introduction

The conduction network of the Purkinje fibers (PFs)
plays an important role in ensuring the synchronized
timing and sequencing of ventricular contraction.
However, action potential (AP) morphology and duration
of the PF cells are markedly different to those of ventricle
myocytes (VMs), which may result in excitation
conduction abnormalities and genesis of arrhythmias
under certain pathological conditions. Primarily, the AP
heterogeneity at the Purkinje-ventricular junction (PVJ)
can contribute to the initiation of reentry [1] and triggered
activity [2].

Existing AP models of the PF cell, such as the
DiFrancesco-Noble model [3], were based on incomplete
and outdated experimental datasets. The aim of this work
is to construct a biophysically detailed AP model of the
canine PF cell using recent experimental data, and to
study implications of the AP heterogeneity between the
PF cells and VMs under the short QT syndrome (SQTS)
conditions caused by a mutation of the KCNQ1 gene [4].
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2. Methods

The dynamics of the membrane potential in a 1D
cardiac tissue strand can be described by the nonlinear
partial differential equation (PDE) [5, 6]:

W _ 0V Ly,
ot x> C

m

(M

Here, V' is the membrane potential, ¢ is time, x is the
spatial coordinate, D is the diffusion coefficient
characterising the electrotonic cell-to-cell coupling by
gap junctions, C,, is the cell membrane capacitance and
I, 1s the total membrane ionic current.

Our single PF cell model is based a modification of the
canine VM model of Benson et al. [6], which is itself a
derivative of the Hund-Rudy model [7]. Ion channel
conductance, steady state activation, inactivation and
time constants for all currents in the major model [6] —
Inas Inans Icar, Ix1, Ixr Ixs and I, — were modified based on
recent voltage clamp data [8]. Two pacemaking currents,
Ic,r and I;, present in PF cells but absent in VMs, were
introduced and fitted to available experimental data.
Simulations of the voltage clamp experiments [8] for
major ionic currents are illustrated in Fig. 1.

The 1D multicellular strand model consisted of 0.25
cm PF and 0.25 cm ventricular segments, each of which
was discretised by a spatial resolution of 0.1 mm,
forming 25 PF cells and 25 VMs (8 endocardial, 9
midmyocardial and 9 epicardial). Equation (1) was solved
using a finite-difference PDE solver that implemented the
explicit Euler method with time and space steps At =
0.005 ms and Ax = 0.1 mm, respectively. The strand was
stimulated with a current pulse at the start of the PF
region (x = 0), resulting in AP propagation through the
PVJ into the ventricular tissue. As conduction velocity in
the PFs is higher than in the ventricle [9-12], values of
the diffusion coefficient D were chosen non-uniformly
through the strand to produce experimentally observed
velocities of 1.8 m/s in the PF and 0.5 m/s in the
ventricular tissue.
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Figure 1. Fitting the PF cell model to the voltage clamp experimental data [8]. Ion channel current-voltage relationships

(top 6 panels) are modelled by first fitting steady-state activation and inactivation curves (bottom, left) and time constants
(bottom, right) to experimental data [8]. Here, I, is used as an illustrative example. TP is the voltage clamp test potential.
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Figure 2. Simulated PF cell AP (top), as compared to the
experimental recording (inset) [13]. The computed APD
restitution curve (bottom), validated by experimental data
[14].

3. Results

The AP produced by our PF cell model implementing
the modified ion channel kinetics is shown in Fig. 2. The
model reproduces the AP morphology and duration [13],
with the action potential duration (APD) at 90%
repolarisation of 371 ms (comparable to experimental
data of 373 ms), and the plateau potential of about -10
mV (comparable to experimental data of -10 mV).
Furthermore, the model reproduces experimental data
[14] of the APD restitution at various basic cycle lengths
(BCL), validating the model across the physiological
range of pacing rates (Fig. 2).

The changes caused by the SQTS can be implemented
into the model by modifying the kinetics of Ix, —
primarily, decreasing the slope of its steady-state
activation by 8% and shifting it by -18.15 mV, as well as
decreasing its time constant by 48% [4]. Fig. 3 shows the
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APD abbreviation under the SQTS conditions — VMs are
affected more than PF cells, with the APD shortened by
24% and 17% respectively.

Simulations of the 1D strand model resulted in feasible
AP propagation patterns, the APD dispersions and
pseudo-ECGs (Fig. 4). The SQTS conditions associated
with the KCNQI mutation resulted in the QT interval
shortening and increased T wave amplitude — two of the
main characteristics of the short QT syndrome [4].

4. Discussion and conclusions

We have developed the first biophysically detailed
mathematical model of the canine PF cell. Our model
accurately reproduces the AP duration, morphology and
restitution properties for the PF cells, as well as the AP
conduction characteristics through the PVJ, and thus,
provides a powerful tool for in silico investigation of the
PVJ phenomena. Our 1D strand study of the SQTS
demonstrates a causal link between the KCNQ1 mutation
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Figure 3. AP abbreviation in the PF cell (top) and VM

(bottom) under the SQTS conditions.
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Figure 4. Simulated APD dispersions (top) and pseudo-
ECGs (bottom) for control and the SQTS conditions.

and QT interval shortening due to changes in /. Further
simulations with the 3D ventricular wedge models [6] are
required to investigate whether changes at the PVJ under
mutant conditions increases the risk of arrhythmia.

Acknowledgements

The authors are grateful to Prof. Mark Boyett for many
stimulating discussions. This research was funded by the
EPSRC (PS) and BBSRC (OVA, HZ).

References

[1] Morley GE, Danik SB, Bernstein S, et al. Reduced
intercellular coupling leads to paradoxical propagation
across the Purkinje-ventricular junction and aberrant
myocardial activation. Proc Natl Acad Sci USA 2005;
102:4126-4129.

[2] Li ZY, Wang YH, Maldonado C, et al. Role of junctional
zone cells between Purkinje fibres and ventricular muscle
in arrthythmogenesis. Cardiovasc Res 1994; 28:1277-1284.

[3] DiFrancesco D, Noble D. A model of cardiac electrical
activity incorporating ionic pumps and concentration
changes. Philos Trans R Soc Lond B 1985; 307:353-398.

[4] Bellocq C, van Ginneken AC, Bezzina CR, et al. Mutation
in the KCNQI1 gene leading to the short QT-interval
syndrome. Circulation 2004; 109:2394-2397.

[5] Fenton FH, Karma A. Vortex dynamics in three-
dimensional continuous myocardium with fibre rotation:
Filament instability and fibrillation. Chaos 1998; 8:20-47.

[6] Benson AP, Aslanidi OV, Zhang H, et al. The canine
virtual ventricular wall: A platform for dissecting
pharmacological effects on  propagation  and
arrhythmogenesis. Prog Biophys Mol Biol 2007;
doi:10.1016/j.pbiomolbio.2007.08.002.

[7] Hund TJ, Rudy Y. Rate dependence and regulation of
action potential and calcium transient in a canine cardiac
ventricular cell model. Circulation 2004; 110:3168-3174.

[8] Han W, Chartier D, Li D, et al. Ionic remodeling of cardiac
Purkinje cells by congestive heart failure. Circulation
2001; 104:2095-2100.

[9] Vodanovic S, Turner LA, Hoffmann RG, et al. Actions of
phenylephrine, isoproterenol, and epinephrine with
halothane on endocardial conduction and activation in
canine left ventricular papillary muscles. Anesthesiology
1997; 87:117-126.

[10] Wiedmann RT, Tan RC, Joyner RW. Discontinuous
conduction at Purkinje-ventricular muscle junction. Am J
Physiol 1996; 271:1507-1516.

[11] Kanter HL, Laing JG, Beau SL, et al. Distinct patterns of
connexin expression in canine Purkinje fibers and
ventricular muscle. Circ Res 1993; 72:1124-1131.

[12] Joyner RW, Overholt ED. Effects of octanol on canine
subendocardial Purkinje-to-ventricular transmission. Am J
Physiol 1985; 249:1228-1231.

[13] Dumaine R, Cordeiro JM. Comparison of K* currents in
cardiac Purkinje cells isolated from rabbit and dog. J Mol
Cell Cardiol 2007; 42:378-389.

[14] Kondo M, Tsutsumi T, Mashima S. Potassium channel
openers antagonize the effects of class III antiarrhythmic
agents in canine Purkinje fiber action potentials.
Implications for prevention of proarrhythmia induced by
class III agents. Jpn Heart J 1999; 40:609-619.

Address for correspondence:
Philip Stewart

Schuster Building

The University of Manchester
Manchester

M13 9PL

United Kingdom

philip.stewart@postgrad.manchester.ac.uk



