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Abstract

Although functional analysis has shown that electrical
remodelling in Atrial fibrillation (AF) patients is related to
PITX2 overexpression, this link between PITX2
overexpression and the likelihood of atrial arrhythmias
remains to be demonstrated directly. Therefore, utilizing
computer modelling, this study was to quantify the pro-
arrhythmogenic effects of PITX2 overexpression in the
human atrium at cell and tissue levels. In simulations,
Courtemanche et al.'s model of human atrial cell AP was
modified to incorporate experimental data on changes of
Iks and lca induced by PITX2 overexpression. The cell
models for normal and AF type ionic currents (Iks and lca)
were incorporated into the homogeneous multicellular 2D
tissue model. Effects of electrical remodelling induced by
PITX2 overexpression were quantified on ionic currents,
AP profile and AP duration (APD). Dynamic behaviors of
re-entrant excitation waves in the 2D model were
characterized. It was shown that the PITX2 overexpression
abbreviated atrial APD. In the 2D model, the PITX2
overexpression also stabilized and accelerated re-entrant
excitation waves, leading to rapid and sustained re-entry.
In conclusion, increased ks and reduced lca. due to the
PITX2 overexpression increases atrial susceptibility to
arrhythmia due to increased tissue vulnerability, shortened
APD and abbreviated wavelength.

1. Introduction

Atrial fibrillation (AF) is an extremely common clinical
problem, with an incidence that is rising, and significantly
affects morbidity and mortality[1]. Although current
therapeutic methods, which include antiarrhythmic drug
treatment, cardiac ablation and surgical therapy, have been
significantly improved over the past century, their efficacy
remains suboptimal and adverse effects exists[2]. These
adverse effects (AF-induced remodelling) are thought to
promote AF which is characterized a fast and irregular
heart beat[3]. However, genome-wide association studies
(GWAS) have identified a genetic predisposition
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underlying AF.

Human AF GWAS have implicated multiple
transcription  factors, including the paired like
homeodomain transcription factor 2 (PITX2). Three
PITX2 isoforms (PITX2a, PITX2b and PITX2c) are highly
expressed in humans during development. PITX2c is the
predominant cardiac isoform[4]. Dysfunction of PITX2c
predisposes to AF associated with both decreased and
increased expression (or activity) of PITX2c[5]. In a
previous study, P&ez-Hernandez et al. found that PITX2c
MRNA expression was significantly higher in human atrial
myocytes from chronic AF patients and this increase
correlated with the ks increase and lca. decrease[6].
Although these changes contributed to electrical
remodelling, the mechanisms underlying chronic AF was
not demonstrated directly.

Since complex electrical wave dynamics observed
during chronic AF is determined by the action potential
(AP) profile and AP duration. Here, using a multi-scale
computational model of human atrial tissues, we quantified
the impact of PITX2c overexpression on atrial electrical
activity at the cellular and two-dimensional (2D) tissue
levels.

2. Methods

The well-known Courtemanche-Ramirez-Nattel (CRN)
model[7] of the human atrial myocytes was chosen to
investigate the proarrhythmic effects of the up-regulated
PITX2c, because this model was wildly used to study
spatiotemporal characteristics of spiral waves at the tissue
and organ levels. These multicellular models are given by

= i + V- (DVVy,) ()

where the diffusion coefficient (D) is set to 0.031 mm?/ms

which can lead to a plane wave with a conduction velocity

(CV) of 0.27 mm/ms. Vi denotes the transmembrane

potential, C, denotes the total membrane capacitance, the

sum of all ionic currents (lion) is given by

Iion = INa + ICaL + INab + [Cab + [pCa + IKur

Finex + Ivak + Tto + Ikr + Iks (2
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where I, is reduced by 50% and I is increased by two-
fold under chronic AF condition, compared with the
normal condition (Figure 1A).

The CRN model for human atrial myoctes
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Figure 1. Schematic diagrams for human atrial myocytes
and homogeneous multicellular tissues. (A) Under chronic
AF condition, ks is increased and lca is reduced. (B)
Human atrial cell models were connected with gap
junctions to generate the multicellular tissue models. Here,
a homogeneous tissue model with 375x375 nodes.

In this study, we designed a 2D sheet model with
375 x 375 nodes to investigate the temporal-spatial
characteristics of electrical waves due to PITX2c
overexpression. The standard S1-S2 protocol was used to
induce spiral waves. A plane S1 stimulus was applied to
the bottom boundary to initiate a plane wave. Once this
wave had passed over the first half of the domain, an S2
stimulus was applied to the bottom left quarter of the
domain to initiate a spiral wave.

The partial differential equations were solved by an
explicit forward Euler approximation. Time and space
steps were set to be 0.005 ms and 0.1 mm, respectively.
The strength and duration of stimuli were set to be -80
pA/pF and 0.5 ms, respectively. APDgy,was defined as AP

duration (APD) at 90% repolarization.

3. Results
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Figure 2. AP, lca and Iks under normal and CAF
conditions. (A) The increase of PITX2c causes APD
shortening and a spike-type AP. (B) Compared with the
normal condition, the Ica. amplitude is reduced and the
dome of Ica was eliminated under the CAF condition. (C)
The outward potassium current Ixs was significantly
increased during the phase 3 of AP under the CAF
condition.

As described in Figure 2, PITX2c overexpression led to
APD shortening by reducing lca and increasing lIxs. The
dome of AP under the normal condition was eliminated
under the CAF condition. The measured APDg was
decreased from 267 ms to 172 ms (Figure 2A). During the
repolarization period of AP, a spike-type lca during the
phase 2 (Figure 2B) and a dome-type ks during the phase
3 (Figure 2C) were observed under the CAF condition.
Compared with the normal condition, changes in AP can
be attributed to reduced Ica and increased Iks.
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Figure 3. Simulated spiral waves in a 2D model of human atrium. Top panels show results from 2D re-entrant wave
simulation under normal condition. Bottom panels show results from the CAF condition. Frames from the 2D simulation

at time = 0, 270, 600, 800 and 1000 ms are shown.

To further examine whether the PITX2c overexpression
promotes and perpetuates AF, its effects on the temporal-
spatial dynamics of spiral waves were investigated. Figure
3 shows the increase in PITX2c under the CAF condition
supported a spiral wave to sustain. After the S1 stimulus,
the bottom half domain recovered at 390ms under the
normal condition and 270 ms under the CAF condition.
The life span of a spiral wave was <900 ms and >1000 ms,
in the normal and CAF conditions, respectively. Thus,
early repolarization and sustained spiral wave under the
CAF condition can be attributed to wavelength
abbreviation due to APD shortening.

4. Discussion

This study investigated effects of electrical remodelling
due to PITX2c overexpression under the CAF condition on
atrial electrical activity at the cellular and tissue levels. Our
main findings are as follows: (1) The electrical remodelling
arising from the up-regulated PITX2c abbreviated APD,
and (2) it stabilized and allowed electrical waves to
maintain in smaller tissue sizes that could not be occurred
under the normal condition. Consequently, these findings
demonstrate that PITX2c overexpression increases the
likelihood of AF due to APD shortening and thereby
wavelength abbreviation, which facilitate genesis and
maintenance of re-entrant excitation waves.

APD shortening is pro-arrhythmic. AF is characterized
by a marked shortening of the atrial APD and effective
refractoriness period as a consequence of alterations in the
expression and function of Ica. and Iks. In CAF patients,
the IcaL decrease and Iksincrease critically contribute to the

APD shortening[8-10]. In our study, under the CAF
condition, APD shortening and spiral waves can be
attributed to the lca. decrease and Is increase due to the
PITX2c overexpression.

5. Conclusion

Increased Ixs and reduced Ica. due to the PITX2c
overexpression increases atrial susceptibility to arrhythmia
due to increased tissue vulnerability, shortened APD and
abbreviated wavelength, which, in combination, facilitate
initiation and maintenance of re-entrant excitation waves.
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